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ABSTRACT: The structural deterioration observed in
maxillofacial skeletal conditions and associated
mucosal tissues is fundamentally governed by a
vicious cycle of sustained immunological activation
and severe oxidative stress. Consequently, this
continuous reactive oxygen species (ROS)
accumulation directly fuels the etiology of debilitating
diseases, notably bisphosphonate-related
osteonecrosis of the jaw (BRONJ), oral submucous
fibrosis (OSF), and periodontitis. Conventional
therapeutic regimens often exhibit compromised
localized efficacy or induce severe systemic adverse
effects. To surmount these delivery impediments,
tetrahedral framework nucleic acids (tFNAs) have
emerged as versatile three-dimensional DNA
nanostructure platforms. Characterized by high structural rigidity, intrinsic radical-scavenging bioactivity, rapid cellular
internalization, and precise programmability, tFNAs enable the targeted co-delivery of regulatory oligonucleotides, small-
molecule antioxidants, and bioactive peptides. This review evaluates how ROS modulate downstream oxidative stress and
inflammatory networks to drive tissue destruction and bone metabolic imbalances. Furthermore, we examine structural
optimization strategies, including the integration of tFNAs into hydrogel matrices, the incorporation of pH-responsive
lysosomal escape elements, and the conjugation of targeting surface ligands. Preclinical evidence demonstrates that
functionalized tFNAs networks effectively disrupt the self-amplifying oxidative stress-inflammation cascade, remodeling hostile
microenvironments to promote structural tissue regeneration. To conclude, this review delineates major clinical translation
hurdles, including industrial scale-up and pharmacokinetic elimination profiles. These considerations establish a conceptual
baseline for engineering future targeted oxidative therapies.

a
Pathological Mechanism

Therapeutic Outcome
Tetrahedral ;
i Framework Nucleic |
: Acid " o

Cell Bone

Tissue Repair
Proliferation  Regeneration

KEYWORDS: tetrahedral framework nucleic acids, ROS scavenging, oral diseases, nanotherapeutics

1 Introduction

As an essential biological safeguard, the inflammatory response is
activated upon exposure to detrimental factors like microbial
invasion or cellular injury. Ultimately, this complex biological
cascade strives to restore systemic homeostasis. Under physiological
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conditions, it eradicates localized infections, confines injury spread,
and orchestrates tissue healing. However, when overactivated or
unresolved, the inflammatory cascade shifts pathologically into an
auto-destructive process. This prolonged state causes progressive
tissue damage, clinically characterized by erythema, edema, calor,
dolor, and loss of function™”. While acute inflammation involves
transient microvascular responses, a failure in resolution establishes
chronic inflammation. Driven by persistent cellular dysfunction,
metabolic stress, or immune abnormalities, chronic inflammation
features pathological tissue remodeling and progressive fibrosis,
culminating in organ dysfunction®”. Accumulating evidence
highlights this cascade as a pivotal pathogenic link bridging oral
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diseases such as periodontitis, maxillofacial bone pathologies
including medication-related osteonecrosis of the jaw, and systemic
skeletal disorders such as rheumatoid arthritis and osteoporosis.
Furthermore, systemic low-grade inflammation drives widespread
conditions like cardiovascular disease and type 2 diabetes mellitus,
highlighting the profound interconnectivity between the oral cavity,
skeletal structures, and systemic inflammatory networks®*.

Serving as pivotal signaling intermediates within these biological
circuits, reactive oxygen species (ROS) are broadly classified into
two categories. This diverse chemical family encompasses radical
molecules, such as hydroxyl radicals (¢OH) and superoxide anions
(O,¢"), alongside non-radical oxidants like singlet oxygen (‘O,) and
hydrogen peroxide (H,O,)". ROS exert highly critically dose-
dependent, dichotomous effects. At physiological concentrations,
they act as indispensable secondary messengers by reversibly
oxidizing target proteins, thereby modulating cell proliferation,
differentiation, and immune defense. On the other hand, if the
buildup of ROS surpasses the scavenging capacity of cellular
antioxidant ~ systems, profound oxidative stress  ensues.
Consequently, vital cellular macromolecules, such as DNA arrays,
structural proteins, and lipid membranes, suffer permanent
biochemical damage. Ultimately, this molecular deterioration
promotes premature aging or necrotic cell death, acting as a
fundamental mechanism underlying the etiology of numerous
pathological conditions"". Crucially, a bidirectional feedback loop
exists between inflammatory cascades and intracellular ROS.
Physiologically, controlled ROS generation initiates host defense via
the nuclear factor-kappa B (NF-kB) and nucleotide-binding
oligomerization domain-like (NOD-like) receptor family pyrin
domain-containing 3 (NLRP3) inflammasome pathways, while
simultaneously activating the nuclear factor erythroid 2-related
factor 2 (Nrf2) negative feedback axis to restrict hyper-
inflammation. When these thresholds are breached, excessive ROS
hyperactivate  these cascades, amplifying the response.
Simultaneously, stimulated inflammatory cells secrete massive
amounts of ROS, which fundamentally degrade the adjacent
structural scaffolding. By perpetuating this positive feedback cycle,
these oxidative molecules critically drive the clinical worsening of
various severe conditions, such as rheumatoid arthritis and
periodontal disease .

Given this interdependency, targeted ROS clearance represents a
promising  therapeutic  frontier. Current ROS-scavenging
biomaterials predominantly fall into two categories. The first
encompasses natural antioxidants particularly plant-derived
polyphenols like curcumin and tannic acid, which neutralize free
radicals, chelate transition metals, and actively upregulate the
cytoprotective Nrf2/antioxidant response element (ARE) signaling
axis"". The second category involves functional nucleic acid
therapeutics, such as miRNAs and siRNAs. These molecules
regulate oxidative stress by promoting antioxidant gene expression
or silencing pro-inflammatory pathways.The second features
functional nucleic acid therapeutics, such as miRNAs and siRNAs,
designed to modulate the cellular oxidative stress network by
driving endogenous antioxidant gene expression or silencing
upstream  pro-inflammatory  pathways™. Compared with
conventional pharmacotherapies, these ROS-scavenging strategies
offer highly advantageous mechanisms. Traditional regimens rely
heavily on non-steroidal anti-inflammatory drugs (NSAIDs) and
synthetic glucocorticoids. While NSAIDs alleviate symptoms by
inhibiting cyclooxygenase (COX) enzymes, chronic administration
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is inextricably linked to gastrointestinal mucosal ulceration, elevated
cardiovascular risks, and hepatorenal toxicity®. Moreover,
prolonged systemic usage of glucocorticoids inevitably induces
profound metabolic disturbances including severe hyperglycemia,
secondary osteoporosis, and extensive immunosuppression®.
Consequently, targeted ROS-scavenging formulations bypass these
severe systemic toxicities, achieving safer, highly localized
inflammatory modulation. Despite their clinical promise,
conventional ROS scavengers are hindered by poor tissue targeting,
rapid physiological clearance, and exceedingly low systemic
bioavailability™.

To overcome these profound delivery barriers, advanced
nanoscale delivery platforms have attracted intensive research
interest. However, existing vehicles possess inherent limitations.
Specifically, synthetic polymeric nanoparticles risk long-term tissue
accumulation due to delayed degradation kinetics™; liposomal
carriers frequently suffer from poor structural stability and rapid
reticuloendothelial ~ clearance™; and  inorganic  metallic
nanoparticles face prevailing concerns regarding chronic systemic
heavy metal toxicity®. In this highly challenging landscape,
tetrahedral framework nucleic acids (tFNAs) have emerged as a
uniquely advantageous nanocarrier platform, addressing many
limitation of existing delivery vehicles. Unlike the heterogeneous
size distribution and stochastic drug encapsulation typical of
liposomes and polymeric nanoparticles, tFNAs offer absolute
structural uniformity and precise spatial programmability. The
structure of tFNAs is created through the self-assembly of DNA
into a defined geometric framework. Specifically, the architectural
foundation of tFNAs relies on the autonomous geometric folding of
synthetic genetic material these entities are composed of four single-
stranded DNA sequences programmed to form a stable pyramid
shape. They form highly uniform, structurally rigid tetrahedrons
with precisely controllable nanoscale dimensions spanning 10 -15
nm and unparalleled spatial programmability™*. The integration of
tFNAs into anti-inflammatory therapeutics offers multiple distinct
advantages. First, the structural framework possesses intrinsic ROS-
scavenging properties, which directly decreases cellular anti-
inflammatory effects by downregulating hyperactive NF-«xB
hyperactivation and cytokine networks®*'. Second, its compact
nanoscale geometry, combined with well-defined structural rigidity,
endows the platform with exceptional cellular uptake kinetics and
deep tissue penetration capabilities™. Third, the unique geometric
corners and hollow interior inherent to this tetrahedral framework
facilitate  exact, multiplexed functionalization. This allows
researchers to easily attach therapeutic agents, homing receptors, or
genetic payloads, enabling the delivery of multiple therapeutic
components at once™”. Finally, because tFNAs are constructed
entirely from natural nucleotides, they exhibit absolute
biocompatibility, predictable enzymatic biodegradability, and an
exemplary biosafety profile®*. Based on these combined attributes,
functionalized tFNA delivery complexes have been successfully
deployed in preclinical models of periodontitis, osteoporotic bone
defects, and other inflammatory disorders, demonstrating profound
efficacy in remodeling hostile oxidative microenvironments and
driving functional tissue regeneration™. As an advanced, highly
efficient delivery vehicle, tFNAs transport localized ROS scavengers
to act synergistically with the host tissue bed, significantly elevating
overall therapeutic outcomes and providing a highly versatile
platform for clinical translation and stomatological medicine.

Therefore, the current manuscript seeks to critically analyze how
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ROS govern the initiation and exacerbation of prominent
craniomaxillofacial disorders. Specifically, we focus on mucosal and
osseous afflictions like apical lesions, marginal periodontal
destruction, and submucosal fibrotic changes. Furthermore, this
article explores the mechanistic bridges connecting these localized
oxidative processes to broader systemic complications, notably
highlighting joint degeneration, intestinal inflammation, skeletal
fragility, and cardiac dysfunction. We focus explicitly on how ROS
specifically mediate downstream oxidative stress and inflammatory
cascades to drive progressive tissue destruction and bone metabolic
imbalances. Furthermore, this manuscript critically analyzes
contemporary engineering approaches alongside clinical translation
progress concerning the application of tetrahedral DNA vehicles.
Our primary focus lies in how these specific structures can
maximize site-specific oxidative radical scavenging. Ultimately, this
detailed exploration establishes a solid conceptual framework to
inspire future advanced redox-modulating pharmacological agents
(Fig. 1a-c).

2 Biological characteristics and signaling regu-
latory networks of ROS

ROS dictate cellular fate in the oral cavity, where physiological levels
orchestrate mucosal repair while pathological overproduction
induces severe oxidative stress. Across major stomatological
diseases, including periodontitis and maxillofacial osteonecrosis,
excessive ROS hyperactivate core inflammatory networks, such as
NF-kB, Mitogen-Activated Protein Kinase (MAPK) and disease-
specific metabolic pathways to drive progressive tissue destruction.
Compounding this intracellular damage, the harsh oral
microenvironment features fluctuating acidity, salivary flushing,
and dense pathogenic biofilms that severely degrade localized
antioxidant buffering and restrict exogenous drug penetration.
Consequently, persistent oxidative stress serves as the fundamental
pathological driver of oral diseases, necessitating advanced delivery

platforms to overcome these formidable microenvironmental
clearance barriers (Fig. 2a-c).

2.1 Biological characteristics of ROS

As previously established, ROS are intermediate metabolites
containing reactive oxygen atoms. Biochemically, scientists
categorize this diverse oxidative family into two principal subsets.
One classification involves highly reactive radical molecules,
explicitly O~ and «OH. The other classification contains non-
radical reactive counterparts, predominantly 'O, and H,O,"#*.
The kinetic profiles of these oxidative intermediates vary
significantly, evidenced by superoxide dismutase swiftly converting
the O,e anion into H,0,**. Thanks to its stability, H,O, freely
passes through lipid bilayers, serving as a crucial messenger for
communication between cells.'*** However, due to its fleeting
existence, the «OH species inflicts devastating, non-targeted
biochemical alterations upon critical biological polymers*. Finally,
separate reactive entities, notably 'O, combined with alkoxy
radicals, are chiefly responsible for executing pathogen clearance
and initiating lipid degradation™*". The stability of ROS is closely
tied to the local microenvironment; for example, acidic conditions
combined with free metal ions catalyze Fenton and Haber-Weiss
reactions, generating large quantities of ¢« OH",

The generation of ROS within cells originates from external
environmental triggers alongside internal physiological processes.
Internally, these oxidative molecules are primarily produced
through premature electron escape along the mitochondrial
respiratory pathway, coupled with the enzymatic functions of
NADPH oxidases (NOX)"*. Exogenous induction occurs through
exposure to ionizing radiation, ultraviolet light, environmental
toxins, and specific chemotherapeutic agents“*. During normal
biological homeostasis, low-level ROS serves essentially as crucial
intracellular signaling molecules. They regulate essential signaling
cascades, including MAPK/extracellular signal-regulated kinase
(ERK) and NF-kB, to mediate cell cycle progression and tissue
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Figure1l An overall summary of this review. (a) Oral pathogens trigger macrophage ROS overproduction; (b) Rigid, biocompatible tFNAs act as an active radical-
scavenging platform and a versatile nanocarrier for multi-drug co-delivery; (c) Intracellular delivery of tFNAs suppresses hyperactivated inflammatory signaling, driving

soft-tissue repair and bone regeneration. Created by BioRender.com.
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Figure2 Schematic illustration of the biological characteristics, signal regulation networks, and microenvironmental factors of ROS in oral diseases, alongside the
therapeutic mechanism of tFNAs. (a) Endogenous and exogenous sources of ROS balanced against cellular antioxidant systems; (b) Pathological oxidative stress triggers
downstream fibrotic, pro-inflammatory, apoptotic, and repair signaling cascades; (c) The hostile periodontitis pocket microenvironment marked by pathogenic biofilms,
fluctuating acidity, and structural tFNA-mediated therapeutic intervention. Created by BioRender.com.

regeneration™*). Furthermore, controlled ROS production is
required for mitochondrial mitophagy and phagocyte-mediated
pathogen clearance®™™”, while also maintaining the baseline
expression of cytoprotective genes via transcription factors like
Nrfz[()&b‘;’].

However, a state of profound oxidative stress is triggered if the
generation of ROS overwhelms the innate scavenging abilities of
intracellular  antioxidant  networks™.  This  pathological
accumulation causes direct damage to biomacromolecules, leading
to protein carbonylation, lipid peroxidation, and DNA mutagenesis,
such as the formation of 8-hydroxy-2'-deoxyguanosine (8-OHdG)
adducts”™ 7. Indirectly, sustained ROS levels activate inflammatory
transcription factors including Activator Protein 1 (AP-1) and NF-
kB®. This activation induces the secretion of pro-inflammatory
cytokines, including tumor necrosis factor-alpha (TNF-a),
interleukin-1 beta (IL-1B), and interleukin-6 (IL-6), which
subsequently promote cellular apoptosis and necrosis™”.
Consequently, a positive feedback loop is established where
mitochondrial damage causes further ROS leakage. Such disrupted
oxidation-reduction equilibrium acts as a universal underlying
mechanism propelling numerous persistent clinical diseases.
Specifically, this systemic imbalance heavily contributes to the
progression of neural degeneration, heart-related pathologies,
severe metabolic dysfunctions, and diverse oncological
formations””**!.

To effectively neutralize the cellular damage induced by ROS,
biological systems deploy a robust internal redox network. This
vital protective machinery intrinsically relies on specialized catalytic
proteins operating in tandem with various small-molecule radical-
quenching compounds®™. The enzymatic defense includes

Oral Science and Homeostatic Medicine, 2026, 2, 9610064
https://doi.org/10.26599/0SHM.2026.9610064

9610064 (4 of 29)

superoxide dismutase (SOD) for O,e~ disproportionation®, catalase
(CAT) for H,O, decomposition™, and the glutathione peroxidase
(GPX) and peroxiredoxin (Prx) families for reducing organic
peroxides™®?. These molecules intercept free radicals and terminate
lipid peroxidation chain reactions. Together, these spatially
compartmentalized networks maintain cellular redox homeostasis,
ensuring a physiological balance between signal transduction and
cytoprotection.

2.2 Regulatory networks of ROS in oral diseases

ROS serve as central upstream pathological signals in
stomatological and maxillofacial pathologies, including mucosal
inflammatory disorders, progressive fibrotic syndromes, osteolytic
skeletal lesions, and perioral cutaneous defects. These molecules
modulate downstream signaling networks centered on three
primary cellular axes, which comprise persistent pro-inflammatory
transcription, metabolic dysregulation, and accelerated apoptotic
cell death™**".

2.2.1 Common regulatory mechanisms

Across various oral diseases, pathological ROS accumulation
activates three signaling pathways, namely the canonical NF-xB
cascade, the MAPK network (comprising ERK, c-Jun N-terminal
kinase (JNK), and p38 mitogen-activated protein kinase (p38)), and
the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) survival
axis®”*!. Within this shared molecular framework, the canonical NF-
kB pathway mediates the local inflammatory response®’, the MAPK
network governs secondary pro-inflammatory amplification and
stress-induced apoptosis®, and the PI3K/Akt axis regulates cell
survival, matrix synthesis, and tissue repair kinetics”. Together,
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these interconnected pathways establish the mechanistic foundation
through which ROS mediate localized oral tissue destruction™.

Mechanistically, elevated ROS levels promote the degradation of
cytosolic Inhibitor of nuclear factor kappa-B (IkB) inhibitors,
facilitating the nuclear translocation of the NF-xB p65 subunit. This
translocation upregulates the transcription of pro-inflammatory
cytokines, primarily TNF-a, IL-1pB, and IL-6, leading to sustained
leukocyte infiltration. This transcriptional mechanism contributes
to the pathogenesis of chronic periodontitis, oral submucous
fibrosis (OSF), bisphosphonate-related osteonecrosis of the jaw
(BRONY), radiation-induced osteonecrosis of the jaw (RION), the
tumor-promoting  inflammatory ~microenvironment of oral
squamous cell carcinoma (OSCC), and non-healing mucosal
wounds®™”. Concurrently, sustained oxidative stress activates the
pro-apoptotic JNK and p38 MAPK cascades"™. This shifts the
balance of the Bcl-2 protein family by upregulating pro-apoptotic
effectors, such as Bax and cleaved Caspase-3, while downregulating
anti-apoptotic proteins, including Bcl-2 and Bcl-xL. This imbalance
induces apoptosis across various vital cell populations, including
gingival fibroblasts, epithelial cells, and osteoblasts, thereby
impairing localized regenerative capacity.Furthermore, while
transient, physiological ROS levels activate the PI3K/Akt network to
support cell survival, proliferation, and osteogenic differentiation,
pathological ROS accumulation suppresses this pathway. This
inhibition increases cellular apoptosis and impairs periodontal
regeneration, alveolar bone remodeling, and mucosal wound
closure™ . Consequently, despite differing clinical etiologies,
ranging from chronic mucosal defects to ROS-driven malignancies
like OSCC, various oral diseases share a reliance on this upstream
signaling network. Their molecular targets consistently center on
pro-inflammatory factors, apoptotic effectors, and matrix
remodeling enzymes, such as Type I collagen and matrix
metalloproteinases (MMPs)**¥.

While the distinct pathological characteristics of each disease
dictate specific downstream target molecules, these conditions
remain unified by their coordinated response to this shared
upstream signaling network.

2.2.2 Disease-specific regulatory mechanisms

Beyond activating universal inflammatory cascades, ROS accelerate
periodontal destruction through targeted mechanisms. Pathogens
such as P. gingivalis suppress the host Kelch-like ECH-associated
protein 1/nuclear factor erythroid 2-related factor 2 (Keapl/Nrf2)
(Keapl/Nrf2) antioxidant axis and evade NADPH oxidase 2
(NOX2) -derived ROS, thereby sustaining chronic infection*'".
Furthermore, ROS-induced mitochondrial damage causes
mitochondrial DNA (mtDNA) leakage into the cytoplasm,
activating the cyclic GMP-AMP synthase (cGAS)/stimulator of
interferon genes (STING) pathway. This alters the receptor
activator of nuclear factor-kB ligand ((RANKL) to osteoprotegerin
(OPG) ratio, promoting osteoclastogenesis. Concurrently, the
buildup of mitochondrial oxidative radicals initiates the functional
activation of the NLRP3 complex. Consequently, local cells
excessively secrete potent proinflammatory mediators, specifically
IL-1P alongside interleukin-18 (IL-18). This molecular molecular
cascade directly compounds the severity of localized mucosal
deterioration and drives rampant bone resorption*'™.

In OSF, ROS dysregulate collagen metabolism primarily via the
transforming growth factor-pl1 (TGF-f1)/Smad signaling axis"”.
Elevated intracellular ROS stimulate mucosal fibroblasts to secrete
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TGEF-P1, which phosphorylates Smad2/3 to drive the transcription
and deposition of Type I and III collagen™*"". Additionally, ROS
inhibit interstitial collagenase activity and upregulate tissue
inhibitor of metalloproteinases 1(TIMP-1), preventing matrix
degradation"”. ROS also activate the JNK/activating transcription
factor 2 (ATF2)/c-Jun network, establishing a positive feedback
loop for TGF-1 transcription that acts synergistically with NF-«xB
to sustain fibrotic progression!>"*""l,

In debilitating oral and maxillofacial skeletal pathologies,
including BRON]J and critical-sized periodontal bone defects, ROS
regulation is dictated by a bidirectional breakdown of
mitochondrial redox hubs coupled with severe osteoclast-osteoblast
uncoupling. Crucially, the ultimate cellular sources of ROS and
their corresponding downstream cascades differ profoundly
depending on the specific clinical background™. In skeletal
pathologies like BRONJ, nitrogen-containing bisphosphonates
block the mevalonate pathway, leading to intracellular ROS
accumulation. This ROS buildup suppresses the ERK1/2 pathway,
inducing cell cycle arrest in endothelial cells and keratinocytes. It
also inhibits the sirtuin 1 (SIRT1)/peroxisome proliferator-activated
receptor y coactivator la (PGC-la) axis, causing mitochondrial
collapse and apoptosis via Caspase-3 activation*""". Conversely, in
aggressive periodontal bone defects, ROS generation is frequently
driven by the dendritic cell-associated C-type lectin 2 (Dectin-
2)/spleen tyrosine kinase (Syk)/NOX2 axis. The resulting ROS
output activates MAPK networks (p38, JNK, ERK) to upregulate
osteoclastogenic genes, including nuclear factor of activated T cells
1 (NFATcl), cathepsin K (CTSK), and MMP-9"". Secondary
mitochondrial ROS leakage further activates cGAS-STING
signaling, perpetuating osteolytic expansion*.

In mucosal healing defects, such as diabetic oral trauma, the
impairment of the Nrf2/heme oxygenase-1 (HO-1) pathway delays
wound closure®. Targeted delivery of specific oligonucleotides,
such as microRNA-132 (miR-132), via DNA nanostructures restores
Nrf2/HO-1 expression. This intervention neutralizes ROS,
normalizes mitochondrial ultrastructure, suppresses inflammatory
cytokines, and promotes angiogenesis and collagen deposition”.

In summary, across various stomatological and maxillofacial
diseases, ROS function as central molecular regulators. While they
engage conserved transcription networks, they execute distinct,
tissue-specific  morphological ~ changes. This  mechanistic
understanding provides a foundational framework for designing
targeted nanomaterial therapies.

2.3 Effects of the oral microenvironment on ROS
regulation

The complex oral microenvironment dictates the fundamental
equilibrium between ROS generation and clearance*”". Pathogens
like P. gingivalis secrete butyric acid and hydrogen sulfide, actively
inhibiting host antioxidant enzymes'>*. Additionally, salivary
flushing limits the retention of exogenous antioxidants,
inflammatory acidity (pH 5.5-6.8) impairs CAT and GPX
activities™, and dense extracellular biofilms physically restrict
scavenger penetration*"!. Conventional clinical regimens relying
on mechanical debridement combined with systemic or localized
antibiotic administration successfully reduce absolute microbial
loads but fail entirely to restore local redox homeostasis
Consequently, underlying tissue destruction frequently progresses
unabated.
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In direct contrast, advanced self-assembled nanoscale delivery
platforms exemplified by tFNAs, provide an exceptionally elegant
engineering solution capable of systematically surmounting these
dual host and microenvironmental clearance barriers. Combining a
exceptionally rigid, remarkably highly compact nanoscale geometry
with dense, highly accessible multivalent surface functionalization
sites, tFNAs directly quench excessive localized ROS pools while
simultaneously delivering therapeutic payloads to precisely
modulate primary upstream transcription networks, including
canonical NF-kB, MAPK, and the central PI3K/Akt survival
axis®”. An in-depth, rigorous comprehension of this highly
dynamic, two-tiered regulatory paradigm combining intracellular
signaling cascades with hostile external microenvironmental
parameters establishes the mandatory theoretical foundation
driving the advanced mechanical design and subsequent clinical
translation of multifunctional tFNAs therapeutics™*®*.

3 Construction of ROS-scavenging materials
using tFNAs as delivery vectors

tFNAs serve as nanoscale delivery platforms for ROS scavenging
therapeutics due to their structural rigidity, biocompatibility, spatial
editability, and biodegradability™. As a structural core, tFNAs
enable the simultaneous attachment of various pharmacological
agents. Specifically, researchers can easily load these architectural
foundations with functional peptides, conventional pharmaceutical
compounds, and therapeutic genetic sequences. This spatial
integration allows for targeted tissue delivery and coordinated ROS
scavenging, thereby improving localized cellular uptake and
bioavailability within the oral microenvironment.

tFNA Assembly & Loading Strategies

1. One -pot Assembly
SN/

95°C,10min 4°C,20min

ST
ST

ssDNA tFNA

2.Covalent Loading

small molecule/
drug

peptide

Stability/
Robustness

3. Non-covalent Loading

Hydrophobic Interaction/
Encapsulation

Electrostatic
Interaction

Hybirdization

P SIRNA/MiCroRNA

Polyphenols/flavonoids e

3.1 Advantages and functionalization strategies of tFNA-
based delivery platforms

The successful assembly of tFNA-vehicles relies entirely upon the
programmed folding of four unique nucleic acid polymers. This
well-defined supramolecular structure emerges smoothly during a
simple temperature-regulating step, where the components are
heated simultaneously and then allowed to naturally equilibrate.
These strands assemble via Watson-Crick base-pairing into a rigid
three-dimensional tetrahedron with dimensions typically ranging
from 10 to 20 nm™*". Compared to conventional vectors such as
liposomes or synthetic polymers, tFNAs exhibit favorable
physicochemical stability, which helps maintain the structural
integrity of sensitive ROS scavengers in mucosal and skeletal
defects. Furthermore, researchers can customize incorporation
methods by considering the specific electrostatic properties, lipid
solubility, and physical size of the encapsulated agents. This
personalized design ultimately maximizes the structural integrity of
the therapeutics while enhancing their subsequent delivery into
target cells"*"".

The functional advantages of tFNAs carriers are primarily
attributed to several intrinsic properties (Fig. 3a-b)™. First, because
they are constructed from natural nucleotides, tFNAs demonstrate
high biocompatibility and negligible immunogenicity. Host
nucleases degrade the framework into non-toxic monomeric
nucleotides that are readily metabolized or excreted, making the
platform suitable for sustained delivery into sensitive oral mucosal
layers and periodontal attachment sites™. Second, the tetrahedral
geometry provides a rigid internal cavity and four distinct external
vertices, enabling the concurrent loading of diverse therapeutics via

Four Core Advantages of tFNA

Structural Stability &
Anti-degradation

O }XW@Z

Saliva Sustained
nucleases release

Excellent Biocompatibility

Degrad
y —

tFNA v Low Toxicity

Oral Microenvironment
Adaptability

‘ . H, \

TNF-a Receptor

High Targeting Potential

Solubility
10-20nm

keesssssssssssssssssssssssssssssssssssssssssssssssssssssssss

¢ Targeted Delivery & Syneristic ROS

Scavenging

M2 macrophage

e I ¥ @

.3
% Tissue repair
T # l

Synergistic ROS Scavenging

Periodontal Pocket

Figure3 Schematic illustration of the assembly, cargo loading protocols, core advantages, and localized applications of tFNAs. (a) The one-pot thermal annealing process
of constituent single-stranded DNA molecules alongside covalent surface immobilization and non-covalent payload strategies; (b) The four foundational biochemical
parameters consisting of biocompatibility, anti-degradation stability, receptor-targeted capability, and microenvironmental adaptability; (c) Targeted intracellular delivery
and mechanical free-radical clearance within infected periodontal pockets to promote tissue regeneration. Created by BioRender.com.
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non-covalent partitioning or covalent conjugation. This spatial
arrangement shields fragile payloads, such as unmodified siRNAs
or polyphenols, from salivary nucleases and proteases while
allowing controlled release into target tissues™*. Third, the
external vertices permit the stoichiometric conjugation of targeting
ligands, including cell-penetrating peptides or DNA aptamers that
recognize specific inflammatory markers like TNF-a. This targeting
capability promotes the accumulation of ROS scavengers within
periodontitis lesions, fibrotic zones, or skeletal defects, minimizing
off-target distribution™”. Finally, tFNAs nanocarriers maintain
structural integrity within humid and acidic inflammatory zones,
such as deep periodontal pockets, and their nanoscale dimensions
facilitate navigation through dense mucosal subepithelial spaces and
extracellular matrices™**”. Notably, the unfunctionalized tFNAs
framework can intrinsically scavenge intracellular free radicals,
providing a mechanical synergy with the encapsulated cargo™.

To accommodate various types of cargo, tFNAs employ two
primary functionalization strategies, namely covalent linkage and
non-covalent assembly (Fig. 3a)™.

Covalent loading involves coupling therapeutic agents to the
tFNAs backbone via stable chemical bonds to prevent premature
dissociation during transit, making it suitable for low-molecular-
weight drugs, targeting ligands, and therapeutic peptides™. This
surface immobilization can shield sensitive molecules from oral
proteases and extend their functional half-life"”. Optimizing these
reaction parameters is necessary to ensure that chemical cross-
linking does not distort the three-dimensional geometry of the
tFNAs core or compromise the biological activity of the cargo™.

Conversely, non-covalent loading relies on encapsulating
payloads within the central cavity or along the charged external
edges through hydrogen bonding, hydrophobic partitioning,

Table 1 Existing tFNA-based ROS-scavenging materials.

electrostatic complexation, or base-stacking. This approach
preserves the native structure of the cargo and is suitable for
functional oligonucleotides and lipophilic polyphenols"*.
Hydrophobic compounds partition directly into the central cavity,
whereas oligonucleotides hybridize with complementary single-
stranded DNA extensions engineered into the primary tFNAs
strands"”*™. Additionally, the inherent anionic polarity of the
nucleic acid framework permits spontaneous binding with various
basic proteins and other positively ionized compounds through
ionic attraction. Researchers can systematically design these
physical attachments to break apart when exposed to distinct
physiological triggers, particularly low pH conditions. Ultimately,
this ensures on-demand delivery of the medicinal cargo precisely
inside the intended cellular populations™.

By utilizing these distinct functionalization capabilities, a single
tFNAs platform can co-deliver multiple therapeutic modalities for
synchronized release triggered by localized pathological stimuli,
thereby enhancing therapeutic outcomes while minimizing
systemic toxicity"”. Consequently, customized tFNAs delivery
networks represent a viable strategy for precision medicine
applications in complex tissue microenvironments(Fig. 3c).

3.2 C(lassification and functions of ROS-scavenging
materials delivered by tFNA carriers

Using tFNAs as a delivery platform enables the co-delivery of
structurally diverse ROS-scavenging agents, integrating physical
quenching mechanisms with upstream signaling pathways to
achieve coordinated antioxidant therapy™. The characteristics and
delivery applications of various materials are detailed below
(Table 1).
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Abbreviations: RAGE, receptor for advanced glycation endproducts; TLR4, Toll-like receptor 4; STAT], signal transducer and activator of transcription 1;
Raptor, regulatory-associated protein of mTOR; mTORC1, mechanistic target of rapamycin complex 1; 86, ribosomal protein S6; SASP, senescence-
associated secretory phenotype; AMPK, AMP-activated protein kinase; ACC, acetyl-CoA carboxylase; BMP, bone morphogenetic protein; Runx2, runt-
related transcription factor 2; Osx, osterix; iNOS, inducible nitric oxide synthase; GSH, glutathione; FSP1, ferroptosis suppressor protein 1; TRAF6, TNF
receptor-associated factor 6; IRAK, interleukin-1 receptor-associated kinase; SMSC, synovial mesenchymal stem cell; CXCR2, C-X-C motif chemokine

receptor 2; MPO, myeloperoxidase.

3.2.1 Oligonucleotide materials

Therapeutic oligonucleotides, including regulatory miRNAs, gene-
silencing siRNAs, and single-stranded DNA aptamers, represent a
major class of payloads deployed on tFNAs platforms. These
molecules modulate upstream signaling networks governing
cellular redox homeostasis, complementing the intrinsic ROS-
scavenging capabilities of the tFINAs backbone!*"**4,

MicroRNAs (miRNAs) are endogenous, non-coding single-
stranded RNAs that regulate oxidative stress equilibrium by binding
to the 3"-untranslated regions (3'-UTRs) of target mRNAs involved
in ROS synthesis and antioxidant defense'”. When hybridized to
tFNAs structural extensions, these fragile RNA backbones are
protected against rapid enzymatic cleavage by systemic and salivary
nucleases®. For example, a tFNAs complex loaded with miRNA-
200c (miR-200c), termed T-200c, targets periodontal ligament stem
cells (PDLSCs) within periodontitis lesions. Upon endocytosis, the
delivered miR-200c silences Myeloid Differentiation Primary
Response 88 (MyD88) transcripts, thereby inhibiting the
MyD88/NF-kB signaling cascade, suppressing pro-inflammatory
cytokine secretion, and preventing secondary intracellular ROS
accumulation.  Simultaneously, this engineered formulation
stimulates the Akt/p-Catenin cellular preservation signaling
cascade. As a result, the overall survivability and redox defense
mechanisms of PDLSCs are significantly improved. Ultimately,
these combined cellular responses drive the comprehensive
restoration of both gingival architectures and the surrounding
maxillofacial skeletal defects™. Similarly, in OSF, a tFNAs vector
functionalized with miR-29b, designated T-29b suppresses the TGF-
B1/Smad signaling axis in mucosal fibroblasts while upregulating
the endogenous N1f2/HO-1 network, neutralizing intracellular ROS
and reducing pathological Type I collagen overproduction™”.

Small interfering RNAs (siRNAs) utilize the endogenous RNA
interference (RNAi) machinery to achieve sequence-specific
translational silencing of genes governing ROS synthesis, such as
NF-xB p65, NOX1, and NOX4, thereby arresting pathological ROS
generation at the transcriptional level”. The tFNAs core facilitates
intracellular transport directly into the cytoplasm, which increases
intracellular bioavailability and limits non-specific systemic oft-
target effects"™. In models of diabetic microvascular complications
and temporomandibular joint osteoarthritis, tFNAs loaded with
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siRNAs targeting the receptor for advanced glycation endproducts
(RAGE) or the NF-xB p65 subunit downregulate these pro-
inflammatory pathways and reduce ROS-induced cytokines. This
action works in coordination with the native tFNAs core, which
stimulates the Nrf2/HO-1 pathway and preserves mitochondrial
integrity (Fig. 4a-c)"***. Furthermore, in BRONJ models, tFNAs
carrying siRNAs against Toll-Like Receptor 4 (TLR4) silence TLR4
expression in infiltrating M1 macrophages. This down-regulation
prevents TLR4-mediated mitochondrial collapse and secondary
mitochondrial ROS (mtROS) generation by restoring the
expression of inner mitochondrial membrane fusion proteins
(Mfnl/Mfn2) and respiratory chain complexes. This genetic
intervention promotes the polarization of infiltrating macrophages
from the M1 phenotype toward the M2 phenotype, reducing
oxidative stress and skeletal necrosis™*’.

Single-stranded DNA aptamers, developed via the Systematic
Evolution of Ligands by Exponential Enrichment (SELEX) process,
fold into specific three-dimensional structures that bind target
proteins with high affinity and specificity. For example, aptamers
targeting the TNF-a protein can be integrated into tFNAs to
neutralize pro-inflammatory cytokines (Fig. 4d-f)"*"*". Integrating
aptamers into the tFNAs framework creates dual-function delivery
platforms capable of simultaneous tissue targeting and ROS
clearance. Surface-displayed aptamers drive the concentration of
the nanocarrier into target tissues via molecular recognition, while
the central tFNAs core addresses underlying oxidative stress™”. For
instance, a tFNAs delivery vehicle functionalized with BACEI-
targeting aptamers has been developed to cross the blood-brain
barrier and target amyloid-beta (AB) plaques in Alzheimer's disease
models. The displayed aptamers inhibit B-site amyloid precursor
protein cleaving enzyme 1 (BACE1) enzymatic cleavage activity to
halt pathological AP synthesis, while the tFNA core neutralizes
localized ROS pools within surrounding neuronal networks,
preventing ROS-induced apoptotic cascades (Fig. 5a-c)"*"*.

3.2.2 Small-molecule drugs

Low-molecular-weight antioxidant agents, primarily plant-derived
polyphenols and flavonoids, exhibit direct free-radical quenching
activity. Although these compounds are widely available and
possess significant intrinsic ROS-scavenging capacities, their clinical
application is often limited by hydrophobicity, rapid physiological
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Figure4 Drug loading profiles of tFNAs, including siRNA, DNA aptamer, and small-molecule drugs. Tetrahedral Framework Nucleic Acids Based Small Interfering
RNA Targeting Receptor for Advanced Glycation End Products for Diabetic Complications Treatment. (a) Schematic diagram illustrating the protective effect of Tsi
against AGEs-induced inflammation in macrophages; (b) Graphic illustration of this study; (c)Fluorescence microscopy assay detected the ROS level after different
treatments™ (blue: nuclei; green: ROS. Scale bar = 120 um). Copyright 2023, ACS Nano. Targeted therapy for autoimmune diseases based on multifunctional frame
nucleic acid system: Blocking TNF-a-NF-kB signaling and mediating macrophage polarization. (d) Schematic illustration of MTX@Tapt-tFNAs suppressed LPS-induced
inflammation; (e) Immunofluorescence images of ROS in RAW264.7 cells after different treatment for 24 h. (ROS: green). Scale bars are 200 um; (f) MTX@Tapt-tFNAs
was developed to combine the dual roles of MTX and TNF-a-targeted DNA aptamer for the targeted therapy of rheumatoid arthritis"*l. Copyright 2023, Chemical
Engineering Journal.

oxidation, and low bioavailability. Encapsulating these small
molecules within tFNAs structures successfully resolves these
limitations, improving their aqueous solubility, stability, and
localized delivery™>*-'*.

Plant-derived  phenolic molecules, namely tannic acid,
resveratrol, and curcumin, possess abundant hydroxyl moieties
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capable of quenching reactive oxidative species via the donation of
individual electrons or hydrogen atoms. Furthermore, these natural
biochemicals function as powerful stimulants for internal cellular
defense mechanisms. Specifically, they upregulate the Nrf2/HO-1
signaling cascade to induce the biological synthesis of native radical-
scavenging proteins". The stable core of the tFNAs framework
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Figure5 Drug loading profiles of tFNAs, including siRNA, DNA aptamer, and small-molecule drugs. BACE1 Aptamer-Modified Tetrahedral Framework Nucleic Acid
to Treat Alzheimer’s Disease in an APP-PS1 Animal Model. (a) Graphic illustration of this study; (b) Fluorescence image of ROS in SH-SY5Y cells;(c) Statistics of the

mean fluorescence intensity of ROS in SH-SY5Y. n = 4. *p < 0.05; **p < 0.01;
inflammatory activity of curcumin-loaded tetrahedral framework nucleic acids on

ns = no significance’. Copyright 2022, ACS Applied Materials & Interfaces. Anti-
acute gouty arthritis. (d) A structure diagram showing the composition of Cur-TFNAs;

(e) Immunofluorescence images of ROS in RAW264.7 cells (ROS: green). Scale bars are 100 um; (f) Immunofluorescence micrographs of LPS-treated RAW264.7 cells"”

(cytoskeleton: green; nucleus: blue; HO-1: red). Scale bars = 25 um. Copyright 2022,

shields these hydrophobic molecules from premature physiological
oxidation or enzymatic degradation within mucosal fluids. For
example, tFNAs encapsulate curcumin within their internal cavities
via hydrophobic partitioning and electrostatic adsorption. This
formulation facilitates the sustained localized accumulation of
curcumin directly into the inflamed joint spaces of acute gouty
arthritis models. Once internalized, the complex undergoes
controlled intracellular payload release, directly quenching ROS
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Bioactive Materials.

while concurrently suppressing upstream  pro-inflammatory
transcription networks (Fig. 5d-f)". Similarly, non-covalent loading
of resveratrol into the tFNAs framework increases its aqueous
stability and physiological half-life, allowing it to clear free radicals
and inhibit pro-inflammatory cytokine release within inflamed
lesions (Fig. 6a-c)™".

Plant-based ﬂavonoid structures, particularly — quercetin
combined with naringin, control reactive radical accumulation via
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Figure 6 Drug loading profiles of tFNAs, including small-molecule drugs and peptides. Resveratrol-loaded DNA tetrahedron nanocarrier attenuates acute gouty arthritis
via dual modulation of apoptosis and pyroptosis pathways. (a) Schematic diagram illustrating the proapoptotic effect of RESV on M1 macrophages and the anti-apoptotic
effect of tFNA on M2 macrophages; (b) Fluorescence microscopy images showing intracellular ROS levels after different treatments (blue: nuclei; green: ROS; scale bar =
100 um); (c) Quantification of intracellular ROS fluorescence intensity"”’. Copyright 2025, Chemical Engineering Journal. Suppression of Lipopolysaccharide -
Induced Sepsis by Tetrahedral Framework Nucleic Acid Loaded with Quercetin. (d) Schematic diagram of key inflammatory signaling molecules getting
involved in antiinflammatory effect of tFNA-Que; () Fluorescence microscope observation and thermal imaging of intracellular ROS level. Scale bar: 100 ym. Green:
ROS; (£, g) Quantitative detection and analysisof intracellular ROS levels by flow cytometry"”. Copyright 2022, Advanced Functional Materials.
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distinct electron-donating or hydrogen-yielding mechanisms.
Additionally, they readily bind unattached transition metals like free
copper and iron elements. Sequestering these catalytic ions crucially
blocks any secondary production of dangerous hydroxyl radicals
typically fueled by Fenton chemistry. Physiologically, these
multitasking compounds accelerate Nrf2/HO-1 protective signaling

i % £

Ts

#22wk | Sci@pen

9610064 (13 of 29)

and simultaneously inhibit standard ERK/NF-«B inflammatory
signal transduction. Consequently, researchers highly value their
ability to unite profound oxidative radical scavenging with
exceptional immunoregulatory benefits*. Incorporating flavonoids
into the tFNAs platform enables sustained intracellular delivery via
caveolin-dependent  endocytic maximizing  their
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bioavailability®. For instance, a tFNAs nanocarrier loaded with
quercetin suppresses ERK1/2 phosphorylation and halts the nuclear
translocation of the NF-kB p65 subunit. Concurrently, the complex
drives intracellular ROS clearance via hyperactivation of the
Nrf2/HO-1 axis. This multi-pathway modulation has been shown
to suppress LPS-induced macrophage inflammatory cascades,
alleviate systemic inflammation in septicemia models, and reduce
acute lung, liver, and kidney injury scores (Fig. 6d-f)!*'.

3.2.3 Polypeptides

Therapeutic peptides are low-molecular-weight amino acid
sequences engineered for intrinsic ROS-scavenging activity,
biocompatibility, and cellular targeting. These peptides neutralize
ROS free radicals through reactive amino acid side chains and
function as ligands that activate endogenous host antioxidant
networks. Covalently conjugating or electrostatically complexing
these peptides onto the external surfaces of tFNAs vectors protects
them from proteolytic degradation and rapid clearance, thereby
extending their local stability and cellular delivery efficiency™.

The primary therapeutic peptides loaded onto tFNAs platforms
include dual-function anti-inflammatory/antimicrobial sequences,
such as GL13K and pro-regenerative healing motifs, such as
REGRT. These peptides operate in synergy with the free-radical
quenching properties of the native tFNAs core to support soft-
tissue and skeletal wound repair. For example, the host-defense
peptide  GLI3K  possesses anti-inflammatory, free-radical
quenching, and antimicrobial properties. The polyanionic tFNAs
framework loads cationic GL13K peptides onto its external surfaces
via electrostatic adsorption. When applied to infected dermal or
mucosal defects, the complex neutralizes LPS-induced ROS bursts
and downregulates the transcription of pro-inflammatory
cytokines, such as IL-1B, TNF-a, and IL-6, thereby breaking the
cycle of microbial infection and tissue inflammation in cutaneous
wounds, mucosal ulcers, and periodontitis lesions (Fig. 7a-c)"*'*.
Similarly, the pro-regenerative peptide REGRT acts as an agonist
that promotes localized neoangiogenesis by triggering ERK1/2
phosphorylation, while also demonstrating independent
antioxidant capacity and «OH quenching kinetics. Covalently
conjugating REGRT to the external vertices of the tFNAs
framework shields it from enzymatic cleavage by tissue proteases,
enhancing intracellular delivery into wound cell populations. Once
internalized, the complex upregulates the expression of endogenous
HO-1 to neutralize intracellular oxidative stress induced by
Advanced Glycation End products (AGEs), accelerating closure in
refractory diabetic cutaneous ulcers and chronic mucosal wounds
(Fig. 7d-f)i™.
3.3 Design tFNA

and optimization strategies for

nanocarriers

To optimize the localized delivery efficiency of tFNAs carriers,
improve intracellular bioavailability, and accommodate the distinct
biochemical parameters of specific pathological
microenvironments, the structural architecture of tFNAs vectors
requires rational optimization. To address challenges such as deep
anatomical concealment, continuous fluid erosion, enzymatic
degradation, and localized tissue acidity, various advanced
engineering methodologies have been developed. These primarily
focus on combining tFNAs with functionalized hydrogels,
embedding intensely specific lysosomal escape mechanics, and
displaying targeted surface ligands (Fig. 8).
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3.3.1 tFNA-hydrogel composite delivery systems

Biomedical hydrogels possess favorable biological compatibility,
tunable hydrophilicity, mechanical support, and sustained-release
characteristics. Integrating functionalized tFNAs networks directly
into hydrogel matrices addresses the limitations of rapid fluid
washout and short localized tissue retention times associated with
aqueous tFNAs formulations. This structural combination
establishes stable reservoirs that facilitate long-term ROS clearance
and sustained transcriptional regulation within challenging wound
beds"”. Mechanistically, the surrounding hydrogel functions as a
controlled sustained-release depot wherein intact tFNAs
nanostructures or pre-assembled tFNA-drug complexes are
uniformly embedded.

When applied topically to extensive tissue defects, such as
thermal burns or deep chronic diabetic ulcers, the hydrogel matrix
undergoes controlled swelling upon absorbing inflammatory
wound exudates. This degradation process slowly releases the
embedded tFNAs complexes into the underlying wound bed over
extended periods. Concurrently, the cross-linked polymer network
physically shields the embedded tFNAs frameworks from
immediate attack by tissue endonucleases, thereby increasing
carrier biological stability"**"*, For example, topical application of
an optimized composite tFNAs hydrogel to contaminated thermal
burns allows the matrix to immediately quench excessive
extracellular ROS. Simultaneously, the persistent discharge of these
DNA frameworks facilitates their deep tissue infiltration, leading to
the profound deactivation of subsequent NF-kB inflammatory
signal transduction. Ultimately, this localized immunomodulation
strictly prompts invading wound macrophages to transition into
the restorative M2 subpopulation, thereby accelerating complete
structural healing"*". Similarly, in applications designed to accelerate
the closure of refractory diabetic ulcers, an injectable composite
hydrogel incorporating tFNAs loaded with therapeutic miR-21-5p
(TR21@TS) has demonstrated therapeutic efficacy. The released
complexes activate the intracellular Nrf2/HO-1 axis while
suppressing canonical NF-kB signaling, reducing localized oxidative
stress and cytokine output, including TNF-a, IL-1f3, and IL-6.
Concurrently, the delivered miRNA drives downstream signaling
through the pro-survival Akt cascade, stimulating localized
neoangiogenesis and organized Type I collagen matrix deposition
to promote wound closure”. Additionally, these hydrogels possess
injectability, shear-thinning, and self-healing properties, which
allow them to conform to irregular wound geometries and improve
administration convenience.

3.3.2  Construction of pH-responsive tENA vectors

Following cellular endocytosis, unfunctionalized tFNAs delivery
vectors are typically routed through the classical endolysosomal
pathway. The acidic environment (pH 4.5-5.5) and enzymatic
profile of the lysosomal lumen can cause structural degradation of
the carrier and chemical inactivation of sensitive payloads, thereby
reducing cytosolic bioavailability. To bypass this biological
checkpoint, specialized pH-sensitive single-stranded DNA
sequences such as specifically cytosine-rich i-motif domains, are
embedded into the tFNAs skeleton to construct lysosomal-
responsive nanoboxes"**". Under neutral conditions (pH 8.0), the i-
motif sequence remains linear, and the tFNAs structure remains
closed to protect the internal payload. However, when the carrier is
internalized into the lysosome, the acidic environment (pH 4.5-5.5)
induces the i-motif sequence to form a four-stranded quadruplex
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Figure7 Drug loading profiles of tFNAs, including small-molecule drugs and peptides. Tetrahedral framework nucleic acids/hyaluronic acid-methacrylic anhydride
hybrid hydrogel with antimicrobial and anti-inflammatory properties for infected wound healing. (a) Schematic diagram of the preparation of HAMA/tFNA-GLI3K
hydrogel; (b) Quantification of ROS in HaCaT cells; (c) Quantification of expression of inflammatory factors (IL-1f, IL-G, TNF-q, and p65) in HaCaT cells"*. Copyright
2024, International Journal of Oral Science. Tetrahedral framework nucleic acids-based delivery promotes intracellular transfer of healing peptides and accelerates diabetic
would healing. (d) Total antioxidant capacity assay results of tFNA and p@tFNA; (e) Fluorescence quantitative detection of ROS production with equalization by cell
counting in control group, H,O, group, H,O," peptide group and H,O," p@tFNA group; (f) croscope examinations and interactive 3D surface plot reconstruction of
intracellular ROS levels of endothelial cells in the control group, H,0, group, H,O," peptide group and H,O,” p@tFNA group"*. Copyright 2022, Cell Proliferation.

structure. This conformational change triggers the dissociation of
the tFNAs skeleton, opening the nanocage to release the internal
load™. For example, when anti-inflammatory siRNA is
encapsulated within a lysosome-responsive tFNAs nanobox, the
acidic lysosomal pH triggers structural opening and payload release.
The released siRNA silences pro-inflammatory genes such as TNF-
« via RNA interference, significantly inhibiting lipopolysaccharide-
induced intracellular ROS production. Concurrently, the tFNAs
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framework itself degrades within the lysosome, preventing carrier
accumulation™. This pH-gated responsive design improves
intracellular dehvery efficiency and endolysosomal escape kinetics
for fragile nucleic acid therapeutics, ensuring precise upstream gene
silencing and redox regulation™”.

3.3.3 Active targeting strategies for enhanced delivery precision

The specific pathological localizations and subcellular organelles
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driving severe oxidative stress pathologies exhibit immense clinical
heterogeneity. For instance, Alzheimer's disease lesions are
restricted to deep cerebral networks, rheumatoid arthritis
predominantly involves hyperactive synovial macrophages, and
diabetic periodontitis is characterized by metabolic dysregulation
localized within the mitochondrial matrices of PDLSCs!"*"***>"., By
modifying the surface of the tFNAs carrier with exogenous
targeting molecules, accurate delivery of antioxidant or nucleic acid
drugs to specific lesion sites and subcellular structures can be
achieved, minimizing non-specific distribution and improving
safety.

The selection of surface targeting ligands must be customized to
match the molecular fingerprint of individual disease states. In
rheumatoid arthritis models, modifying the tFNAs surface with a
TNF-a aptamer for the co-delivery of methotrexate targets
macrophages in inflammatory joints, blocking the TNF-o/NF-«kB
pathway, reducing ROS levels, and promoting M2 macrophage
polarization"*. For Alzheimer's disease, conjugation with a BACE1
aptamer enables tFNAs to cross the blood-brain barrier, inhibit -
amyloid production, and clear neuronal ROS to mitigate oxidative
stress injury™. Similarly, in diabetes-related periodontitis,
triphenylphosphine (TPP), a small mitochondrial targeting
molecule, can be covalently linked to the tFNAs surface to deliver
loaded quercetin directly to the mitochondria of PDLSCs, thereby
activating the Nrf2/HO-1 pathway to eliminate excessive ROS and
restore osteogenic differentiation”™. Furthermore, for ischemia-
reperfusion induced acute renal injury, functionalizing tFNAs with
renal tubular epithelial cell-specific ligands, such as integrin-binding
peptides, enables active targeting to renal tubular cells, delivering
antioxidant payloads into the cytoplasm to reduce mitochondrial
dysfunction and apoptosis™”.
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3.3.4 Other optimization strategies

Beyond primary functionalization methods, tFNAs delivery
efficiency and transmucosal penetration can be improved by
optimizing framework dimensions, modifying surface charge, and
constructing hybrid lipid-nucleic acid nanocarriers™*"*,
Compressional tuning of individual DNA strands can reduce the
tFNAs framework to an ultra-compact size of 10 to 15 nm, which
facilitates penetration through dense oral mucosal layers and
subepithelial extracellular matrices™*’. Concurrently, coating the
polyanionic tFNAs surface with cationic lipids, such as 1,2-di-O-
octadecenyl-3-trimethylammonium propane (DOTMA) , reverses
the net surface charge to positive values, enhancing cellular
endocytosis via electrostatic interactions with negatively charged
membranes of target cells". Furthermore, hybrid tFNA-liposome
systems integrate the targeting specificity of the structural nucleic
acid core with the high payload capacity of lipid bilayers for multi-
drug co-delivery. Crucially, even unfunctionalized tFNAs exhibit
intrinsic ~ bioactivity, ~characterized by the suppression of
malondialdehyde (MDA) output, upregulation of intracellular SOD
activity, and inhibition of canonical NLRP3 inflammasome
assembly to alleviate oxidative stress and neuroinflammation.
This dual role as both an adjustable carrier and an active
therapeutic agent provides a solid rationale for the translation of
composite tFNAs systems in regulating tissue redox parameters
within complex stomatological and orthopedic microenvironments.

4 Applications of tFNA-based drugs in oral-
related diseases

tFNAs exhibit exceptional preclinical efficacy in treating oral soft-
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tissue and maxillofacial inflammatory diseases due to its stable
nanoscale geometry, biocompatibility, spatial editability, and
intrinsic capacity to quench excessive ROS™. Functionalized
tFNAs therapeutics effectively resolve complex oxidative stress
networks across various disease states (Fig. 9a).

41 Applications in soft tissue inflammation-related
diseases

Excessive ROS accumulation constitutes a primary pathological
hallmark of acute and chronic oral soft tissue inflammation. This
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Figure9 Applications of tFNA-based nanomedicines in stomatological diseases. (a) Schematic summary of tFNA-based therapeutic applications across oral and
maxillofacial diseases. The central tFNA nanocarrier can be loaded with specific therapeutic payloads (miRNAs, siRNAs, aptamers, small molecules, or peptides) to target
distinct pathological microenvironments. Surrounding panels detail the corresponding disease models—including diabetic oral wounds, periodontitis, oral submucous
fibrosis (OSF), facial nerve injury, temporomandibular joint osteoarthritis (TMJOA), alveolar bone defects, and bisphosphonate-related osteonecrosis of the jaw
(BRONJ)—highlighting the specific upstream signaling pathways modulated by tFNAs to achieve effective ROS clearance and structural tissue regeneration;
Created by BioRender.com. Enhancing Diabetic Oral Wound Healing with miR-132 Delivered Through Tetrahedral DNA Nanostructures. (b) Schematic
representation of the fabrication of miR@TDN and its application in a diabetic rat oral mucosal wound model; (c) Representative images of HOMFs stained
with ROS under different treatment conditions. Scale bar: 100 um; (d) Timeline of the wound treatment process"*". Copyright 2025, Small.
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oxidative stress hyperactivates inflammatory signaling networks
and cytokine output, thereby compromising cellular integrity and
extracellular matrices™™"*. Self-assembled tFNAs permanently
resolve soft-tissue hyper-inflammation by combining their intrinsic
free-radical quenching capacities with the potent antioxidant and
anti-inflammatory activities of their cargo. Their compact nanoscale
dimensions and biocompatibility allow these nanostructures to
smoothly navigate sensitive mucosal layers and resist rapid salivary
washout™.

4.1.1 Perioral skin trauma

During oral mucosal and perioral wound healing such as diabetic
defects or severe lacerations, substantial bursts of toxic ROS are
generated. This unbuffered oxidative output induces fibroblast
apoptosis, halts Type I collagen synthesis, disrupts mitochondrial
networks, delays wound closure, and elevates infection risks"*”.
Conventional treatments, relying on passive barriers and
antimicrobials, fail to restore the localized host redox balance.
Advanced tFNA-based biomaterials provide an active intervention
strategy. For instance, tFNAs loaded with functional miR-132,
designated as miR@TDN precisely modulate inflammatory and
cytoprotective networks to achieve synergistic ROS clearance and
accelerated repair.

In vitro assays show that miR@TDN efficiently penetrates
compromised oral fibroblasts, reducing H,0,-induced intracellular
ROS by up to 80.39%. This preserves mitochondrial integrity and
stimulates survival, proliferation, migration, and capillary tube
formation in primary human umbilical vein endothelial cells
(HUVECGs). In vivo evaluations using diabetic rat palatal defect
models demonstrate that subepithelial injection of miR@TDN
significantly accelerates wound closure and Type I collagen
deposition. Mechanistically, it upregulates the Nrf2/HO-1
antioxidant axis, suppresses pro-inflammatory cytokines, including
IL-1p and IL-6, and drives neoangiogenesis as evidenced by
increased CD31" density, confirming its clinical value in resolving
diabetic oral mucosal trauma (Fig. 9b-d)"".

4.1.2  Oral submucous fibrosis

OSF is a chronic disease where excessive ROS accumulation
abnormally activates mucosal fibroblasts, causing excessive collagen
deposition, mucosal sclerosis, and restricted mouth opening.
Traditional treatments only alleviate symptoms without reversing
fibrosis"”. tFNA-based materials achieve disease intervention
through targeted delivery and pathway regulation. Specifically,
tFNAs loaded with miR-29b, termed T-29b, targets mucosal
fibroblasts with high ROS expression. In vitro, T-29b significantly
inhibits the TGF-P1/Smad2/3 pathway, reduces ROS-induced
collagen deposition, and downregulates fibrosis-related proteins,
such as a-SMA, Collagen I, fibronectin and vimentin.
Simultaneously, it activates the Nrf2/HO-1 antioxidant pathway to
clear ROS and restores E-cadherin to maintain epithelial integrity.
In animal models, T-29b improves oral mucosa pathology in
arecoline-induced fibrosis, reduces collagen volume fraction, and
reverses sclerosis, offering a precise nanostrategy for OSF treatment
(Fig. 10a)™.

4.1.3  Oral-related nerve injury

Severe oral and maxillofacial trauma often damages peripheral
nerve structures, specifically trigeminal and facial nerve networks,
triggering immediate, substantial bursts of toxic ROS. Unbuffered
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oxidative stress induces neuronal apoptosis, suppresses axonal
sprouting, degrades Schwann cell networks, and causes permanent
paresthesia, neuropathic pain, and motor deficits"”. Traditional
nerve repair methods fail to effectively clear ROS, resulting in low
repair efficiency®. tFNA-based ROS scavenging materials protect
nerve cells and promote axonal regeneration. For example, loading
these tetrahedral frameworks with neuro-modulating miR-22
creates a specific therapeutic complex designated as MiDs. This
engineered system effectively drives resident immune populations
toward the healing, anti-inflammatory M2 classification. Working
cooperatively, the foundational DNA scaffold actively eliminates
harmful oxidative radicals while severely limiting programmed
neural cell death. Furthermore, this combined molecular action
encourages local Schwann cells to adopt a regenerative cellular
profile, ultimately expediting the regrowth of damaged nerve fibers.
In vitro, MiDs significantly reduce LPS-induced ROS and NO levels
in macrophages, downregulate pro-inflammatory factors, primarily
TNF-a and IL-6, and enhance Schwann cell proliferation and
migration. In animal models, the system improves motor function
in facial nerve injury, promotes structural recovery of nerve axons
and myelin sheaths, and shortens repair time (Fig. 10b-d)"".

4.2 Applications in oral and maxillofacial inflammatory
bone diseases

Complex oral and maxillofacial inflammatory pathologies are
universally ~characterized by persistent, destructive ROS
accumulation across the compromised bone bed. This concentrated
oxidative output directly damages mineralized matrices, triggers
widespread osteoblast apoptosis, shuts down critical osteogenic
transcription factors, and hyper-activates pre-osteoclasts. This
cascade leads to unregulated osteoclast differentiation, severe
pathological bone resorption, critical-sized defects, and avascular
bone necrosis®*”. Self-assembled tFNA-based ROS-scavenging
biomaterials offer an exceptionally superior intervention strategy to
resolve skeletal hyper-inflammation and drive robust bone
regeneration. By utilizing targeted delivery to directly quench ROS
while delivering pro-osteogenic or anti-osteolytic cargo, tFNAs
reconstruct the localized skeletal metabolic balance. Furthermore,
their optimal physical dimensions and absolute biocompatibility
perfectly navigate the dense matrices of maxillofacial bone.

4.2.1 Temporomandibular joint osteoarthritis

The core pathology of TMJOA involves excessive ROS
accumulation following articular cartilage injury, which aggravates
cartilage damage and inflammation, ultimately limiting joint
activity®". Traditional anti-inflammatory treatments fail to reverse
cartilage injury. However, tFNA-based materials simultaneously
scavenge ROS and protect cartilage. For instance, tFNAs can load
NEF-kB-targeting siRNA, designated as Tsi, or the natural alkaloid
cepharanthine, termed tFNA@Cep, for targeted delivery to the TM]
lesion. In vitro experiments demonstrate that Tsi significantly
reduces IL-1B-induced ROS, inhibits the NF-kB pathway, activates
the Nrf2/HO-1 antioxidant pathway, reduces matrix
metalloproteinases, specifically MMP-3, MMP-9 and MMP-13),
and protects chondrocyte viability. Conversely, tFNA@Cep
regulates the cGAS-STING-NF-kB axis, promotes M2 macrophage
polarization, reduces intracellular ROS, and indirectly enhances
chondrocyte anabolism by upregulating Sox9, Col II, and Aggrecan.
In animal models, both Tsi and tFNA@Cep successfully alleviate
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Figure 10 Applications of tFNA-based nanomedicines in stomatological diseases. Tetrahedral framework nucleic acid-based delivery of microRNA-29b: A precision
nanotherapeutic strategy for oral submucous fibrosis. (a) Reduction of ROS in hOMF after different treatments was detected by fluorescence pictures'™. Copyright 2025,
Chemical Engineering Journal. Modulation of the Crosstalk between Schwann Cells and Macrophages for Nerve Regeneration: A Therapeutic Strategy Based on a
Multifunctional Tetrahedral Framework Nucleic Acids System. (b) The effects of different concentrations of MiDs, tFNAs, and miR-22 on NO release from RAW264.7
after injury were detected within 24 h; (c) The expression of ROS in RAW264.7 after 24 h of different treatments was detected by flow cytometry; (d) Images of ROS

expression in RAW264.7 after 24 h different treatments"®”. Scale bars = 250 um. Copyright 2022, Advanced Materials.

cartilage degeneration and subchondral bone loss, improve joint
structure, and inhibit TMJOA progression (Fig. 11a-b)!""*.

4.2.2 Bone defects

Clinical situations demanding extensive osseous repair, primarily
including widespread skeletal fragility and complex jawbone lesions,
are frequently complicated by severe local oxidative stress. High
concentrations of reactive oxygen intermediates critically paralyze
the mitotic expansion and functional specialization of local
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osteoblast populations. In addition to suppressing the activation of
essential bone-synthesizing genes, this extreme oxidative state
aggressively drives osteoclast-mediated structural breakdown,
thereby completely undermining the overall formation of healthy
skeletal architectures®”. tFNA-based materials accelerate jaw
formation by scavenging ROS and promoting osteoblast activity. In
related studies, tFNAs were utilized to carry the natural flavonoid
naringin (forming the TNC complex) targeted to jaw defects. The
intrinsic radical-scavenging capacity of tFNAs significantly reduces
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Figure 11 Applications of tFNA-based nanomedicines in stomatological diseases. Efficient Delivery of siRNA via Tetrahedral Framework Nucleic Acids: Inflammation
Attenuation and Matrix Regeneration in Temporomandibular Joint Osteoarthritis. (a) Fluorescence microscopy to determine the reactive oxygen species (ROS) levels of
chondrocytes after different treatments (blue: nuclei; green: ROS. Scale bar: 100 um)™. Copyright 2024, ACS Applied Materials & Interfaces. Tetrahedral Framework
Nucleic Acid-Based Cepharanthine Attenuates TMJOA via cGAS-STING-NF-kB Pathway Modulation and Macrophage Reprogramming. (b) Representative ROS
staining images (nucleus: blue; ROS: green, scale bar: 50 um). Group I: Control group; Group II: LPS group; Group III: LPS group under tFNA treatment; Group IV: LPS
group under Cep treatment; Group V: LPS group under tFNA@Cep treatment". Copyright 2026, ACS Applied Materials & Interfaces. Tetrahedral Framework Nucleic
Acid Composite Hydrogel Loaded with Naringin for Full Alveolar Bone Regeneration. (c) The ROS test of the co-culture system of Chitosan Hydrogels and BMSCs!"”.
Copyright 2025, ACS Applied Materials & Interfaces. A Multifunctional miRNA Delivery System Based on Tetrahedral Framework Nucleic Acids for Regulating
Inflammatory Periodontal Ligament Stem Cells and Attenuating Periodontitis Bone Loss. (d) Immunofluorescence images of cellular ROS. (Scale bar: 50um) and the
quantitative analysis of immunofluorescence results"*". Copyright 2025, ACS Applied Materials & Interfaces.

oxidative stress damage in bone marrow mesenchymal stem cells runt-related transcription factor 2 (Runx2), OSX, and bone
(BMSCs), thereby promoting their proliferation and osteogenic morphogenetic protein 4 (BMP4). In animal models, applying a
differentiation. In vitro, TNC treatment significantly enhanced TNC-composite chitosan hydrogel to a full-thickness alveolar bone
BMSC alkaline phosphatase (ALP) activity, mineralized nodule defect accelerated new bone formation, improved bone volume
formation, and the expression of osteogenic proteins, including fraction (BV/TV) and trabecular thickness, and promoted the dual
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reconstruction of cortical and cancellous bone (Fig. 11¢c)"".
4.2.3 Periodontitis

Periodontitis involves pathogenic bacterial infections such as P.
gingivalis that trigger local inflammation and excessive ROS
accumulation. This oxidative stress destroys the periodontal
ligament, inhibits alveolar osteogenesis, promotes bone absorption,
and causes tooth loosening®>*. Traditional scaling removes
bacteria but cannot reverse ROS-induced injury. However, tFNA-
based materials scavenge ROS and protect bone through synergistic
therapies, such as using tFNAs alone, loading them with miR-200c,
termed T-200c, or loading quercetin modified with a mitochondrial-
targeting molecule, designated as TTQ. tFNAs intrinsically reduce
ROS and inflammatory factors by inhibiting the MAPK/ERK
pathway. T-200c inhibits the MyD88/NF-«B pathway and activates
Akt/B-Catenin to promote periodontal ligament stem cell

proliferation and osteogenesis. TTQ targets mitochondria to deliver
quercetin, activating Nrf2/HO-1 to clear ROS and inhibit NF-«B-
mediated inflammation. In vitro, these systems significantly reduced
ROS in stem cells and macrophages while inhibiting IL-1p and
TNF-a. In vivo, they alleviated gingivitis and alveolar bone
absorption in periodontitis rats; additionally, TTQ effectively
improved bone microstructure in diabetic periodontitis models
(Fig. 11d, 12a)"™,

4.24  Bisphosphonate-related osteonecrosis of the jaw (BRONJ)

BRONJ is a severe complication driven by excessive ROS
accumulation, leading to osteocyte apoptosis, osteonecrosis, and
local inflammation®”. Traditional treatments struggle to alleviate
this oxidative damage. Recent studies covalently coupled tetrahedral
DNA nanomaterials with TLR4-targeting siRNA, forming the TDN-
TLR4-4siR complex, targeting overactivated M1 macrophages at

b
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g’ L7
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Figure 12 Applications of tFNA-based nanomedicines in stomatological diseases. Mucosal Gingipain Vaccine Based on Framework Nucleic Acid Engineering for the
Treatment of Periodontitis. (a) ROS levels in T2DM-PD cells after different treatment"®. Scale bar = 100 pum. Copyright 2024, Chemical Engineering Journal.
Functionalized DNA Nanomaterials Targeting Toll-Like Receptor 4 Prevent Bisphosphonate-Related Osteonecrosis of the Jaw via Regulating Mitochondrial
Homeostasis in Macrophages. (b) Graphic illustration of the establishment and treatment procedure of rat BRON]J and the photographs of wound healing
after tooth extraction in rats (normal control, ZA-induced BRONJ, ZA+TDNs treatment, ZA+TDN-siRNA treatment, and ZA+TDN-4siR treatment groups. Red
circle refers to tooth extraction site; (c) Mitochondrial ROS levels in macrophages treated with ZA and TDN-TLR4-4siRNA". Scale bar = 100 pm. Copyright 2023,
Advanced Functional Materials.
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the osteonecrosis site. This system effectively silences TLR4, blocks
mitochondrial dysfunction, significantly reduces mitochondrial
ROS (mtROS), and restores mitochondrial membrane potential. It
also upregulates mitochondrial fusion proteins (Mfnl/Mfn2) and
respiratory chain complexes to reverse MI1/M2 polarization
imbalance. In vitro, TDN-TLR4-4siR significantly reduced ROS in
zoledronic acid-treated macrophages, decreased pro-inflammatory
factors, such as TNF-a and IL-6, and promoted anti-inflammatory
interleukin-10 (IL-10) release. In animal experiments, the system
accelerated extraction socket healing in BRONJ rats, reduced dead
bone formation, and promoted the regeneration of new bone and
collagen fibers (Fig. 12b-c)™.

5 Current progress, translational bottlenecks,
and future perspectives

Based on existing literature, the development of tFNA-based ROS-
scavenging biomaterials has shown systematic progression. The
current research landscape exhibits several defining characteristics
across material construction, mechanistic exploration, and
preclinical validation.

5.1 Evolution of active tFNA therapeutic platforms

To address complex oral osteo-inflammatory diseases, the
construction of tFNAs has evolved from passive delivery vehicles
into highly active, multifunctional interventions. Recent design
strategies heavily emphasize precision delivery by loading small-
molecule antioxidants such as curcumin or regulatory
siRNAs/miRNAs to improve localized target tissue retention and
overcome  the  traditional limitations of  systemic
administration®”*),  Furthermore, researchers are increasingly
incorporating nanozymes, which are nanomaterials with enzyme-
like catalytic properties—into the tFNAs framework to provide
intrinsic, continuous ROS scavenging against persistent oral
oxidative stress™. Alongside these developmental strides,
researchers have successfully fabricated intelligent nanoscale
vehicles engineered to sense their immediate biological
surroundings. This approach enables controlled therapeutic
unloading in specific spatial and temporal contexts. Specifically, the
medicinal payload is liberated only when activated by unique
physiological changes, notably the localized low pH environments
typically found within inflammatory lesions"*"**"*. Together, these
advancements drive the development of immensely -efficient,
spatiotemporally controllable nanoplatforms tailored for localized
oral and maxillofacial therapies.

5.2 Elucidation of multiplexed therapeutic mechanisms

Early studies primarily focused on the direct, physical neutralization
of ROS by tFNAs complexes™. Current understanding, however,
reveals that their core efficacy stems from the systematic regulation
of complex pathological signaling networks. Rather than acting
through a single pathway, tFNA-based materials intervene in the
ROS, inflammation and tissue destruction axis through multiplexed
modulation. ~ Specifically, these complexes attenuate pro-
inflammatory cytokines and substantial ROS bursts by inhibiting
NF-kB signaling and NLRP3 inflammasome activation™*"*,
Simultaneously, they enhance cellular antioxidant defenses by
activating the Nrf2 pathway in periodontal stem cells and local
macrophages'*™*, while actively governing cell survival and
extracellular matrix metabolism via the PI3K/AKT axis®’. This
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comprehensive network intervention effectively disrupts the vicious
cycle driving chronic oral inflammatory diseases.

5.3 Preclinical validation in complex in vivo models

With exceptional biosafety and in vitro antioxidant activity widely
verified, tFNAs platforms have demonstrated robust efficacy across
various complex in vivo models, including periodontitis, oral
mucositis, jaw necrosis, and critical-sized bone defects!*>>!%%,
These preclinical studies conclusively confirm the powerful anti-
inflammatory effects of tFNAs and highlight their profound
potential for oral and maxillofacial tissue regeneration via targeted
microenvironmental modulation. Consequently, the primary
therapeutic objective has fundamentally shifted from mere
symptom alleviation to driving root-cause structural tissue
reconstruction”*.,

54 Crucial translational challenges and limitations

Despite the encouraging preclinical trajectory of tFNA-based ROS-
scavenging biomaterials, their transition into standardized clinical
modalities is hindered by several formidable barriers. The primary
challenge lies in elucidating the precise in vivo behavior of tFNAs
within the highly dynamic, heterogeneous microenvironments
characteristic of oral diseases, such as periodontitis and BRONJ™.
Current mechanistic insights heavily rely on static in vitro assays or
end-stage animal models, which fail to accurately capture the
spatiotemporal fluctuations of ROS or the localized metabolic fate
of the nanocarriers™. Consequently, the specific long-term
interactions between tFNAs and critical local cell populations
including gingival fibroblasts, reparative osteoblasts and infiltrating
immune cells, remain poorly understood®. Furthermore, a
significant design gap persists. Most existing tFNAs platforms
employ a "universal’ scavenging approach rather than being
rationally tailored to the specific molecular signatures of distinct
diseases or varying pathological stages, such as distinguishing acute
infection from chronic fibrosis. Finally, substantial translational
hurdles impede large-scale clinical application. These include the
lack of cost-effective, high-purity, Good Manufacturing Practice
(GMP)-compliant production protocols, alongside unresolved
concerns regarding long-term immunogenicity and chronic
toxicity. Additionally, while the ultra-small size of tFNAs,
approximately 10 nm, facilitates tissue penetration, it paradoxically
accelerates systemic clearance, thereby limiting sustained localized
bioavailability.

5.5 Future perspectives and clinical roadmap

To shift the therapeutic paradigm from passive symptom relief to
active, precision tissue repair, future research must pioneer
innovative, interdisciplinary strategies. Mechanistically, integrating
advanced real-time in situ imaging with high-resolution ROS-
sensitive molecular probes will be crucial for visualizing the
spatiotemporal distribution and clearance kinetics of tFNAs™.
Concurrently, leveraging spatial transcriptomics and single-cell
sequencing can decode the exact transcriptional programs and
signaling networks, such as NF-«kB, NLRP3, and Nrf2, altered by
tFNAs interventions at a systems biology level.

Based on these mechanistic insights, the next generation of
tFNAs platforms must evolve into highly autonomous, intelligent
therapeutic systems. Future designs will likely incorporate
sophisticated pathological logic gating, requiring the concurrent
presence of specific triggers, including elevated MMPs, acidic pH,
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and severe ROS bursts, to initiate accurately localized cargo release
and prevent off-target leakage. Integrated with artificial intelligence
(AI) and computational simulation, these advanced biomaterials
can be customized to match the unique "ROS signal fingerprints" of
specific patient profiles. Ultimately, Al-driven in silico modeling
and digital twins could predict therapeutic efficacies and guide
adaptive, closed-loop treatment regimens.

From a clinical translation perspective, targeted localized
administration for chronic periodontitis represents the most viable
initial breakthrough. Its large patient base, direct clinical
accessibility, and the availability of mature, standardized large
animal models make it an ideal candidate for evaluating long-term
safety and pharmacodynamics. To successfully bridge the gap
between bench and bedside, establishing standardized dosing
regimens and practical administration routes is paramount. While
systemic intravenous delivery often requires higher relative doses,
typically ranging from 1 to 5 mg/kg in preclinical murine models,
and risks rapid physiological clearance, localized administration
represents a far more translatable and efficacious strategy for
stomatological lesions®*. For conditions like periodontitis, direct
subgingival injection of aqueous tFNAs or the topical application of
tFNA-loaded sustained-release hydrogels into the periodontal
pocket are highly recommended™*'*. These localized routes
maximize drug retention and bioavailability at the specific defect
site while avoiding systemic off-target effects. Future clinical trial
designs must meticulously delineate the optimal therapeutic
window, likely within the low nanomolar to micromolar
concentration range such as 50 to 250 nM for local application, to
perfectly balance potent ROS-scavenging efficacy with long-term
biosafety™™. Once validated, this versatile nanoplatform can
progressively expand its application boundaries to address broader
stomatological challenges, including mucosal trauma regeneration,
critical-sized maxillofacial defects, and synergistic treatments for jaw
osteomyelitis. Through rigorous interdisciplinary collaboration
across materials science, molecular biology, and regulatory
medicine, tFNA-based therapeutics are poised to establish a new
frontier in precision osteo-inflammatory medicine.

6 Conclusion

ROS serve as a central molecular hub bridging cellular
inflammatory responses with downstream progressive tissue
destruction, establishing targeted redox modulation as a key
therapeutic objective in modern inflammatory and orthopedic
medicine®. tFNAs successfully overcome the delivery and stability
limitations associated with conventional low-molecular-weight
antioxidants, evolving into multifunctional nanoscale platforms
owing to their rigid three-dimensional geometry, biocompatibility,
customizable spatial editability, and intrinsic bioactivity™.
Crucially, functionalized tFNA delivery complexes therapeutics do
not merely passively quench extracellular ROS; they precisely
transport therapeutic payloads into the cytoplasm to modulate
upstream intracellular transcription networks, effectively arresting
the chronic oxidative stress, inflammation, and tissue destruction
pathological cascade at the molecular level®. Accordingly,
customized tFNAs delivery networks have demonstrated
therapeutic efficacy and robust tissue regeneration capacity across
various animal models of complex oral soft-tissue and skeletal
inflammatory diseases""**"'*.

To transition these advanced formulations into clinically
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translatable modalities, future investigations must shift from
empirical mapping toward precise spatiotemporal mechanistic
elucidation within living biological systems, execute rationally
designed, computationally driven structural customizations, and
systematically resolve industrial bottlenecks spanning from large-
scale, GMP-compliant synthesis to comprehensive long-term
systemic biosafety evaluation. Through the interdisciplinary
convergence of nanotechnology, synthetic biology, computational
modeling, and clinical medicine, next-generation tFNA-based ROS
regulatory platforms are poised to offer definitive solutions for
refractory inflammatory and skeletal pathologies. This advancement
is expected to drive the evolution of pharmacotherapy toward
autonomous  pathological ~ perception, dynamic precision
intervention, and targeted structural tissue regeneration.
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