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Tetrahedral framework nucleic acids (tFNAs) have emerged as a promising platform for a wide range of
biomedical applications due to their unique structural stability, ease of synthesis, and excellent biocom-
patibility. This review provides a comprehensive overview of the various modification strategies for tFNAs,
including vertex modification, edge functional loading, internal encapsulation, and surface coating. These
modifications enable precise control over their biological activity, facilitating advancements in drug deliv-
ery, gene therapy, tissue engineering, and diagnostic imaging. Additionally, the structural engineering of
tFNAs has enabled their integration into theranostic platforms, offering significant potential for personal-
ized medicine. The review also discusses the challenges involved in the clinical translation of tFNAs, such
as scalability, pharmacokinetic optimization, and regulatory approval, and presents a forward-looking per-
spective on the emerging trends that could further broaden the scope of tFNAs in clinical applications.
Finally, we conclude by outlining the future prospects of tFNAs in next-generation therapeutic and diag-

Diagnostics

nostic systems, highlighting their transformative potential in the biomedical field.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The manipulation of materials at the nanoscale has spurred sig-
nificant advances across various scientific fields, particularly in the
realm of DNA nanotechnology [1-9]. Leveraging the programma-
bility, precision self-assembly, and excellent biocompatibility of
DNA, researchers have been able to design and fabricate com-
plex nanoscale structures with remarkable control over their size,
shape, and function [10-17]. Among the diverse DNA nanostruc-
tures developed, tetrahedral framework nucleic acids (tFNAs) have
emerged as a particularly promising class [18-23].

Firstly, these three-dimensional (3D) DNA nanostructures are
constructed through the self-assembly of carefully designed DNA
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strands, forming a stable tetrahedral cage [24,25]. The rigid ge-
ometry of tFNAs provides exceptional structural stability, making
them resistant to enzymatic degradation and environmental fluc-
tuations, which is crucial for maintaining integrity in complex bio-
logical systems [12,20]. Secondly, one of the key advantages of tF-
NAs lies in their remarkable editability, which serves as the foun-
dation for their functional modifications. This feature provides an
unparalleled level of programmability, enabling the incorporation
of a wide range of therapeutic, diagnostic, and targeting agents.
The precise and modular functionalization of these vertices allows
tFNAs to be tailored for various biomedical applications. These
modifications are the foundation for the diverse functionalities of
tFNAs, making them adaptable for drug delivery, gene therapy, tis-
sue engineering, biosensing, and bioimaging. Moreover, the ability
to modify both the vertices and the surface of tFNAs ensures that
these structures can be engineered to meet the specific needs of
various applications [26-28]. In addition to their excellent struc-
tural properties, the inherent biocompatibility of DNA makes tFNAs
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suitable for in vivo applications with minimal immunogenicity. This
characteristic is essential for their use in the medical field, where
compatibility with biological systems is paramount [29-31]. The
unique properties and inherent programmability of engineered tF-
NAs have positioned them as versatile nanoplatforms for address-
ing key challenges in biomedical science [32,33]. Moving beyond
conventional drug delivery, their capabilities are being explored
in sophisticated applications such as precision gene therapy, tar-
geted tissue engineering and regenerative medicine, highly sensi-
tive biosensing, and advanced bioimaging [34-42].

However, the transition of tFNAs from laboratory innovations
to clinical applications faces challenges, including issues related to
scalability, pharmacokinetics, and regulatory approval. These chal-
lenges must be addressed to fully realize the potential of tFNAs in
clinical settings [43,44]. This review will explore the various strate-
gies for modifying tFNAs, with a focus on their potential to address
key challenges in biomedicine. We will also discuss their emerging
role in theranostic applications, offering a glimpse into how tFNAs
could reshape the landscape of personalized medicine.

2. Design and fabrication of tFNAs

The ability to precisely engineer the structure is central to the
biomedical promise of tFNAs. This section details the principles
governing their design and the methods employed for their fab-
rication.

2.1. Basic structural design

tFNAs are 3D cage structures that represent a prime example
of rationally designed and precisely fabricated DNA nanostructures
[18,19,45]. Unlike simpler linear DNA duplexes, a typical DNA tetra-
hedron is composed of six double-helical DNA edges connected at
four vertices [18,45]. This structure is typically achieved through
the self-assembly of four carefully designed single-stranded DNA
oligonucleotides (ssDNAs). Each ssDNA is engineered with specific
complementary regions that hybridize with segments of other ss-
DNAs, driving the formation of the six double-helical edges and
defining the overall tetrahedral configuration [46].

A critical consideration in tFNA design is the sequence-specific
hybridization domain. Each strand must be engineered to minimize
undesired secondary structures or misfolding while maximizing in-
termolecular fidelity to ensure high assembly yield and structural
integrity [47,48]. Computational tools, often employed for sequence
screening, predict optimal thermodynamics and folding pathways,
thereby enhancing assembly efficiency [34]. Additionally, balanc-
ing strand lengths is crucial to provide sufficient structural rigidity
without compromising synthesis feasibility or hybridization kinet-
ics.

The inherent modularity of the tFNA design, particularly the
presence of four well-defined vertices, is key to its programmable
biofunctionalities. These vertices typically allow for the incorpo-
ration of programmable overhangs, sticky ends, or chemical han-
dles at defined positions (usually 5" or 3’ termini) [49]. This ca-
pability enables further structural elaboration, such as hierarchi-
cal assembly into higher-order superstructures or hybrid materials,
and facilitates the site-specific conjugation of functional units like
aptamers, targeting ligands, or enzyme-responsive motifs without
disrupting the core geometry [50,51]. Another key design param-
eter is managing the angle and torsional stress at the vertices,
which can significantly affect overall structural fidelity and per-
formance in biological systems [52]. Studies have shown that ad-
justing sequence composition or incorporating flexible linkers at
junctions can modulate these properties, ensuring tFNAs maintain
structural integrity under mechanical or chemical stress, which is
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vital for in vivo applications [52]. Thus, meticulous structural de-
sign directly underpins the stability and functional capabilities of
tFNAs.

2.2. Assembly mechanism and different fabrication methods

The foundation of tFNA fabrication lies in the highly spe-
cific and predictable self-assembly process driven by Watson-Crick
complementary base pairing [53,54]. The standard method involves
a controlled thermal annealing process: component ssDNAs are
mixed, heated to a high temperature (typically 90-95°C) to dena-
ture any pre-existing secondary structures, and then slowly cooled
[55-57]. This slow cooling allows the complementary regions to
find their partners and hybridize into the thermodynamically most
favorable structures, which for properly designed strands, is the
tFNA.

As shown in Fig. S1 (Supporting information), several fabrica-
tion methods have been developed: (1) One-pot annealing (Fig.
S1a): This is the most widely used and arguably the most scal-
able method, in which four or more single-stranded DNAs are
mixed and subjected to a defined rapid thermal annealing pro-
tocol, leading to the high-yield self-assembly of tFNAs in a sin-
gle step [12,26,58]; (2) Three-way junction fabrication (Fig. S1b):
This modular approach involves first assembling smaller, prefab-
ricated Y-shaped DNA junction components and subsequent pre-
cise assembly together to form the vertices and edges of the tetra-
hedral framework, offering high control but can be more com-
plex than one-pot annealing [47,59]. (3) DNA origami method (Fig.
S1c): Utilizing a long scaffold strand folded into the desired shape
by numerous short staple strands, DNA origami can theoretically
be applied to create larger or more complex tFNA-like structures
[60-62]. While it demonstrates significant potential for intricate
nanoscale construction, its practical application for standard tFNAs
and large-scale biomedical contexts remains less explored com-
pared to one-pot annealing.

Among these methods, the one-pot annealing approach is cur-
rently considered the most scalable and best suited for clinical
translation [20]. Its simplicity, cost-effectiveness, and compatibil-
ity with automation and good manufacturing practice (GMP) stan-
dards enable high-throughput production with relatively consistent
batch quality and minimized purification requirements for certain
applications [20,63].

3. Functionalization strategies and biomedical applications

Functionalization is a pivotal step in tailoring tFNAs for spe-
cific biomedical applications, involving the conjugation of various
therapeutic, diagnostic, or targeting molecules to tFNAs. By inte-
grating these functional moieties through precise structural design,
engineered tFNAs possess both unique programmability and inher-
ent biocompatibility, enabling their use as versatile nanoplatforms
in diverse biomedical applications including drug delivery, tis-
sue engineering, regenerative medicine, biosensing, and bioimaging
[48,64-73].

To date, four primary functionalization strategies have been es-
tablished, including vertex modification, edge functional loading,
internal encapsulation, and surface coating, each enabling tailored
design for specific biomedical applications (Fig. 1).

3.1. Vertex modification

The intrinsic programmability of DNA endows tFNAs with ex-
cellent editability. Notably, the four vertices of the tFNA structure
serve as critical functionalization sites, where a diverse array of
programmed functionalities for diverse applications-including nu-
cleic acids, peptides, chemical groups, and metal ions-can be se-
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Functionalization strategies
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Fig. 1. Functionalization strategies of tFNAs, including modifications on vertices,
modifications on edges, internal modifications, and external modifications.

lectively modified, either at individual or multiple vertices [74-
83]. However, the mechanisms of conjugation vary significantly de-
pending on the nature of the attached molecules.

For nucleic acid-based modifications such as DNA, RNA, PNA,
and LNA, site-specific hybridization can be readily achieved
through the Watson-Crick base pairing principle. In the earliest
applications, functional nucleic acid sequences were directly ex-
tended from the phosphate backbone at the tFNA vertices [74-
78]. Subsequently, to enable controlled RNA loading and unload-
ing while preserving the structural integrity of the tFNAs, DNA
aptamers were introduced at the vertices to form "tail-like" over-
hangs. These structures hybridize with therapeutic RNA sequences
to form DNA-RNA duplexes, which can be selectively cleaved by cy-
toplasmic RNase H, thereby releasing RNA while leaving the tFNA
carrier intact [79,80].

Peptide functionalization, in contrast, often involves covalent
strategies such as click chemistry, whereby peptides are site-
specifically conjugated to the vertices of tFNAs. This approach en-
sures precise control over both loading capacity and modification
sites, while maintaining the stability of the linkage under physio-
logical conditions [81,82].

Similarly, other organic compounds and metal ions can be func-
tionalized at the vertices of tFNAs via click chemistry or other
chemical reactions, offering additional flexibility for chemical mod-
ification and expanding the range of functional applications [83].

3.1.1. Drug delivery

tFNAs offer a versatile platform for co-delivery strategies, en-
abling the simultaneous incorporation of multiple therapeutic
agents within a single nanostructure due to the capacity of vari-
ous small-molecule drugs to interact with tFNAs [84-91]. Such de-
signs often exploit tumor microenvironment characteristics, such
as low pH or redox gradients, to trigger localized release [92-96].
This dual or multi-agent delivery capability is particularly useful
in oncology and immunotherapy, where synergistic treatment ef-
fects are desired. For other protein-based therapies, tFNAs help
overcome challenges related to stability and cellular internaliza-
tion [97-100]. By integrating peptides or enzymes into the DNA
framework, tFNAs can improve the bioavailability and bioactivity of
otherwise unstable therapeutic agents, showing promise in treating
resistant infections and modulating immune responses [101,102].

The incorporated tFNA-based systems have been explored in
a wide range of therapeutic applications. As shown in Fig. S2
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(Supporting information), Fan et al. developed an inhalable, pH-
responsive tFNAs nanomachine capable of simultaneously deliver-
ing an immunomodulatory CpG oligonucleotide and a programmed
cell death ligand 1 (PDL1)-targeting antagonistic DNA aptamer
(CP@tFNAs) to treat metastatic lung cancer (Fig. S2a) [78]. The
atomic force microscopy (AFM) results suggested the successful as-
sembly of tFNAs, Tri-DON and DNA nanoribbon (Fig. S2b). Female
C57BL/6 mice were administered with Cy5.5-labeled CP@tFNAs
through the microsprayer aerosolizer (Fig. S2c). Twenty-four hours
after administration, they euthanized the mice and collected the
lungs for tissue fluorescence imaging (Fig. S2d) and immunofluo-
rescence staining analysis. As exhibited in Fig. S2e, the CP@tFNAs
inhalation displayed significantly stronger Cy5.5 fluorescence in
the lung, with about 10 times enhancement. The lung metastatic
tumor-bearing mice were then used to monitor the tumor growth
(Fig. S2f). As depicted in Fig. S2g, the CP@tFNAs treatment group
had the lowest fluorescence intensity in the lung area, confirming
that it can significantly inhibit tumor growth.

To further enhance -cell-specific targeting and therapeutic
efficacy, N-acetylated proline-glycine-proline (Ac-PGP) peptides,
known to selectively recognize the C-X-C chemokine receptor 2
(CXCR2) receptor on neutrophils, were site-specifically conjugated
to the vertex of tFNAs via copper-free click chemistry. This cova-
lent linkage enabled the precise spatial orientation of the target-
ing ligand while preserving the structural integrity of the tetrahe-
dral framework. The resulting Ac-PGP-tFNA complex retained the
hallmark features of tFNA-based nanocarriers, including excellent
biocompatibility, cellular internalization efficiency, and high drug-
loading capacity. By leveraging click chemistry for stable peptide
immobilization, the platform achieved controlled surface modifica-
tion and reduced nonspecific interactions, thereby significantly im-
proving the selectivity and delivery efficiency toward neutrophil-
mediated inflammatory microenvironments. This strategy under-
scores the potential of chemically engineered tFNA systems in con-
structing modular and multifunctional nanotherapeutics for tar-
geted inflammation modulation and beyond [81].

In another study, as shown in Fig. S3 (Supporting information),
Li et al. developed an interface engineering method based on tF-
NAs to construct spherical nucleic acids (tDF-SNAs) (Fig. S3a), with
robustness in geometric shape (Figs. S3b and c). They prepared
tDF-SNAs by self-assembly of the freshly formed thiolated tDFs
onto the gold NP core via the Au-S bond (Fig. S3d). The endocy-
tosis mechanisms of tDF-SNAs were estimated to investigate the
influences of the spiky architecture on the cellular uptake pro-
cess (Fig. S3e). The red fluorescence of tDF-SNAs exhibited high
co-localization with both the endoplasmic reticulum and Golgi ap-
paratus over the lysosomes (Fig. S3f) [83].

3.1.2. Tissue engineering and regenerative medicine

Bone regeneration represents one of the most extensively
studied applications of tFNAs due to their ability to modulate
osteogenic differentiation and inflammatory responses. A study
demonstrated that the delivery of miR-335-5p-modified tFNAs via
an injectable heparin-lithium hydrogel could effectively promote
bone regeneration in steroid-associated osteonecrosis [103]. This
composite hydrogel system is shown to protect the miRNA cargo
while enhancing osteogenic gene expression and mineral deposi-
tion at the defect site, showing significant therapeutic potential
in challenging clinical scenarios. tFNAs have also been employed
as bioswitchable carriers for microRNA delivery, enabling context-
responsive activation of osteogenic pathways. For instance, tFNAs
carrying osteogenesis-inducing miRNAs have been shown to selec-
tively trigger bone regeneration in response to specific microenvi-
ronmental cues [104].

Angiogenesis is essential for tissue regeneration, and tFNAs
have been explored as effective tools to stimulate vascular growth
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and remodeling [105]. An emerging strategy involves functionaliz-
ing tFNAs with angiogenic aptamers, such as Apt-A2, which target
and activate pro-angiogenic signaling pathways in endothelial cells.
Zhao et al. demonstrated that Apt-A2-conjugated tFNAs signifi-
cantly enhanced endothelial cell proliferation, migration, and tube
formation in vitro [84]. When tested in a murine hindlimb ischemia
model, these modified tFNAs accelerated blood flow recovery and
increased microvessel density at the site of injury, suggesting their
potential to induce robust neovascularization in vivo. Another ap-
proach employed tFNAs as carriers for microRNA-126 (miR-126)
mimics, which are known regulators of vascular integrity and an-
giogenesis. In the study by Ge et al. tFNA-miR-126 constructs ex-
hibited enhanced cellular internalization and sustained miRNA re-
lease, leading to improved expression of angiogenic genes such
as vascular endothelial growth factor (VEGF) and endothelial ni-
tric oxide synthase (eNOS) in endothelial cells [106]. These nanos-
tructures also effectively suppressed vascular inflammation, reduc-
ing the expression of adhesion molecules (e.g., intercellular ad-
hesion molecule 1 (ICAM-1), vascular cell adhesion molecular-1
(VCAM-1)) and leukocyte infiltration in vascular injury models. Im-
portantly, in vivo experiments in models of vascular remodeling
and homeostasis showed that these tFNA constructs promoted en-
dothelial repair and vessel stabilization, underscoring their thera-
peutic potential in treating vascular diseases such as atherosclero-
sis or post-surgical restenosis.

3.1.3. Biosensing and bioimaging

Optical biosensors rely on optical signal changes-such as fluo-
rescence, colorimetric shifts, or surface plasmon resonance (SPR)-
to detect target molecules. The rigid and programmable structure
of tFNAs facilitates precise spatial arrangement of fluorophores
and quenchers, which is ideal for Forster resonance energy trans-
fer (FRET)-based sensing. As shown in Fig. S4 (Supporting in-
formation), Chen et al. constructed a generally applicable DNA
framework signal amplification platform (DSAP) to achieve high-
sensitive detection for diverse immune cells (Fig. S4a) [44]. Con-
versely, the Cy5+ ratios of HuT-78 cells treated with probes
from 0 to 60 min (Fig. S4b). The same trends could be observed
through mean fluorescence intensity (MFI) results (Fig. S4c). In
addition to remarkable sensitivity, DSAP is endowed with supe-
rior specificity compared with those constantly fluorescent probes
(Figs. S4d and e).

Electrochemical biosensors harness electrical signals-typically
current, voltage, or impedance changes-induced by biomolecular
interactions. The surface addressability and stability of tFNAs make
them suitable for modifying electrode surfaces with precise and
dense recognition elements. In the study by Lin et al, a tFNA-
modified gold electrode surface was engineered to detect target
DNA sequences with high sensitivity and specificity [107]. The
uniform orientation and minimized steric hindrance of the im-
mobilized probes enabled more efficient hybridization, resulting
in femtomolar detection limits. This design exemplifies the su-
periority of tFNA-based interface engineering for nucleic acid di-
agnostics. Building on the universality of the tFNA platform, Lin
et al. further demonstrated in another study that tFNAs could
be flexibly modified with different aptamers or recognition el-
ements to detect various analytes-ranging from nucleic acids to
whole cells [108]. The tFNA-based system demonstrated ultrasen-
sitive detection limits down to 10 attomolar (amol/L) for miR-
NAs and 1 pg/mL for prostate-specific antigen (PSA) in clinical
serum samples-performance that rivals or exceeds traditional poly-
merase chain reaction (PCR) and enzyme-linked immunosorbent
assay (ELISA) assays. The authors also successfully expanded its
application to circulating tumor cell detection by taking advan-
tages of multivalent aptamer interactions for cell capture and sig-
nal amplification via a hybridization chain reaction (HCR) strategy.
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This work exemplifies how tFNAs can bridge molecular diagnostics
and point-of-care electrochemical sensing. The platform ensures
reproducibility and high-density functionalization and serves as a
modular framework adaptable to diverse sensing needs. Similarly,
Liang et al. developed an innovative electrochemical biosensor for
the ultrasensitive detection of microRNA-155, a key biomarker im-
plicated in various cancers and inflammatory conditions [109].
The major design involves a synergistic catalytic nanoprobe, con-
structed by anchoring a hairpin DNA substrate onto a tFNA scaf-
fold. This structural organization enables precise spatial position-
ing and stability of the functional elements, significantly enhanc-
ing the hybridization efficiency and reaction kinetics. Upon recog-
nition of the target miRNA, the system triggers an improved cas-
cade strand displacement reaction (CSDR) that intensifies the sig-
nal without the need for enzymatic assistance. The tFNA struc-
ture plays a role in facilitating efficient initiation of the CSDR and
minimizing background noise by spatially isolating reactive com-
ponents until the specific target is introduced. This combination
of tFNA-based architecture and non-enzymatic signal amplification
resulted in an exceptionally low limit of detection of 0.22 fmol/L
for miRNA-155, making it suitable for early-stage disease diagno-
sis. Moreover, the platform demonstrated high specificity, stabil-
ity in serum samples, and potential for point-of-care applications,
underscoring the value of tFNAs in constructing next-generation
biosensors for nucleic acid targets. A recent study by Zhang et al.
introduced an advanced hybrid biosensor design that integrated
tFNAs with catalytic hairpin assembly (CHA) for the detection of
carcinoembryonic antigen (CEA) [110]. Here, tFNAs provided a sta-
ble and spatially optimized anchoring site for aptamers, while CHA
served as an amplification mechanism to enhance electrochemical
signals. The synergy between tFNAs and CHA enabled highly sensi-
tive and specific cancer biomarker detection, which holds promise
for early diagnostics.

The integration of tFNAs into CRISPR-based biosensors has
opened new possibilities for nucleic acid detection by improving
enzyme-substrate proximity, signal amplification, and modularity
of the sensing system. These platforms capitalize on the trans-
cleavage activity of CRISPR effector proteins (e.g., Cas12a, Cas13a),
with tFNAs acting as scaffolds to present DNA reporters or amplify
recognition elements. As shown in Fig. S5 (Supporting informa-
tion), Li et al. reported Framework-Hotspot reporters (FHRs) with
different local densities to investigate their effect on trans-cleavage
activity of Cas12a (Fig. S5a) [111]. They first designed and synthe-
sized tetrahedral DNA framework (no reporter, named FHRO) and
tetrahedral DNA framework-based FHRs at four different reporter
densities (named FHR1, FHR2, FHR3 and FHR4, respectively) (Fig.
S5b). The AFM and TEM results confirmed that the FHR4 present
tetrahedral shape (Fig. S5c). They further extend the application for
the detection of non-nucleic acid targets (Fig. S5d). Such modular
platform could accurately identify prostate-specific antigen in pa-
tient samples and performed good correlation with clinical diag-
nosis. Another innovative example is the use of tFNAs in Cas13a-
mediated detection. In the study by Li et al, tFNAs were utilized
to precisely organize recognition probes and improve signal am-
plification for detecting rare circulating tumor cells (CTCs) [112].
The tFNA scaffolds played a crucial role in enhancing the sensitiv-
ity and reliability of this biosensor. Their precise nanoscale geome-
try enabled optimal presentation of capture probes, ensuring effec-
tive target cell recognition even in complex biological fluids such
as blood. Once the CTCs were captured via aptamer-functionalized
tFNAs, the system leveraged Casl13a’s collateral cleavage activ-
ity, which is activated upon target RNA recognition. This pro-
cess initiated a cascade of cleavage events on fluorescent or elec-
trochemical reporter RNAs, generating a robust and quantifiable
signal. The combined use of CRISPR/Cas13a and tFNAs thus fur-
ther increases detection sensitivity while ensuring biocompatibil-
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ity and modularity, making it suitable for clinical liquid biopsy
applications.

One pioneering example in the field of bioimaging is pro-
vided by Xu et al., who proposed a multimodal serial multivari-
ate signal amplification strategy based on framework nucleic acid
for simultaneous absolute quantification of three different miR-
NAs in a single cell [113]. The detection sensitivity of the three
miRNAs increased by six orders of magnitude at the same time,
meeting the requirements for quantification of trace miRNAs in a
single cell.

In the field of applying tFNAs in intracellular molecular sens-
ing, Zhu et al. took advantage of the biocompatibility and capac-
ity for spatially resolved functionalization of tFNAs and designed a
triplex-functionalized DNA tetrahedral nanoprobe for the dual de-
tection of intracellular pH and tumor-associated mRNA biomark-
ers [114]. This nanostructure incorporated a pH-responsive i-motif
and a fluorophore-quencher pair, along with a hairpin probe spe-
cific to survivin mRNA. Utilizing triplex-forming sequences and
a HCR mechanism, the nanoprobes exhibited amplified fluores-
cence signals in response to acidic environments and target mRNA
presence. The modularity of the tFNA also allowed these sensing
elements to be arranged with nanometer precision, enabling si-
multaneous, real-time monitoring of intracellular pH fluctuations
and mRNA expression in live tumor cells. The dual-readout sys-
tem provided spatially and temporally resolved signals with high
sensitivity and specificity, demonstrating strong potential for early
cancer diagnostics and monitoring tumor microenvironmental
changes.

Further expanding the use of tFNAs in protein imaging, Ding
et al. introduced a quantitative single-molecule detection (SMD)
system based on DNA tetrahedron fluorescent nanolabels [115].
In this design, they constructed fluorescent nanolabels by in-
tercalating SYBR Green [ into DNA tetrahedron nanostructures,
which were then conjugated to streptavidin-antihuman IgG an-
tibodies. These complexes bound to human IgG immobilized on
silanized glass substrates. Using epi-fluorescence microscopy and
electron multiplying chargecoupled device (EMCCD) imaging, the
researchers counted fluorescent spots corresponding to single pro-
tein molecules. The tFNA-enhanced SMD method enabled precise
quantification of protein expression at the single-molecule level
and in complex biological matrices, indicating promising applica-
tions in ultrasensitive clinical diagnostics.

Multiplexed imaging of intracellular microRNAs has also been
realized using tFNA frameworks. Zhu et al. developed a DNA
nanostructure encoding three miRNA-specific probes into distinct
tetrahedral vertices, enabling simultaneous visualization of miR-
21, miR-122, and miR-155 entering living cells without transfec-
tion agents [116]. Upon binding to their specific miRNA targets,
the TDFs formed active DNAzyme structures, initiating a catalytic
reaction that led to circular fluorescence signal amplification. The
encoded tFNA achieved high spatial resolution, minimized cross-
reactivity, and allowed real-time, multiplexed detection in single
cells. Fluorescence signal amplification was accomplished via CHA,
enhancing detection sensitivity while maintaining structural in-
tegrity and cellular uptake efficiency. This platform demonstrated
the utility of tFNAs in profiling multiple gene expression targets
within heterogeneous cellular environments.

To enhance the imaging of tumor cells in vitro, He et al. de-
veloped a biocompatible and targeted magnetic resonance imag-
ing (MRI) contrast agent by integrating gadolinium-doped nano-
hydroxyapatite (Gd-HAp) with tFNAs conjugated with the AS1411
aptamer [117]. The AS1411 aptamer specifically binds to nucleolin,
a protein overexpressed on tumor cell membranes, facilitating tar-
geted imaging. After application, the resulting hybrid nanostruc-
tures exhibited enhanced colloidal stability and cellular internal-
ization efficiency, enabling improved T1-weighted contrast in vitro.
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This approach integrates the biocompatibility of hydroxyapatite,
the specificity of aptamer targeting, and the structural advantages
of DNA nanotechnology to improve tumor cell imaging.

Further illustrating the multifunctional potential of tFNA-based
nanodevices, He et al. developed a smart, all-in-one DNA nanos-
tructure capable of simultaneously performing ratiometric dual-
spectral fluorescence imaging of intracellular microRNAs and ex-
ecuting multimodal synergistic cancer therapy [118]. This nanode-
vice was constructed by integrating a tetrahedral DNA framework
with up-conversion nanoparticles and gold nanorods, enabling pre-
cise intracellular delivery, controlled signal readout, and efficient
photothermal and photodynamic therapeutic responses. The tFNA
scaffold served as a programmable carrier for dual-emission flu-
orophores, allowing for highly specific and quantitative ratiomet-
ric imaging of miR-21, a tumor-associated microRNA. Upon il-
lumination, the nanodevice has enabled accurate molecular di-
agnostics through dual-spectral fluorescence and triggered local-
ized thermal and reactive oxygen species generation, thus achiev-
ing targeted cancer cell ablation. This integrated platform high-
lights the versatility of tFNAs in combining diagnostic imaging
with therapy-realizing true theranostic capabilities within a sin-
gle nanostructure-and underscores their value in precision oncol-
ogy applications.

3.2. Edge-functionalized loading

The structural basis for the "horn attack” internalization mech-
anism of tFNAs lies in their four vertices. However, attaching pro-
grammed functionalities directly to these vertices often increases
the overall size of the nanostructure and hampers efficient cellu-
lar uptake and tissue penetration. In contrast, when functional nu-
cleic acid sequences are integrated into the eighth nucleotide of
the tFNA side strand (counting from the 5’ to 3’ direction, with
the unpaired vertex nucleotide designated as position zero), these
sequences are encapsulated within the internal cavity of the tFNA.
This configuration preserves both the structural integrity and size
of the tFNA while enhancing the stability of the loaded nucleic
acids. Moreover, loading targeting aptamers at the 13t nucleotide
of the side strand positions them on the exterior of the tFNA
structure, thereby allowing effective target recognition and binding
[119-122].

Traditional tFNA-based microRNA delivery strategies often in-
volve the direct conjugation of therapeutic nucleic acids to the ver-
tices or arms of the tFNA. However, the external exposure of these
miR molecules renders them susceptible to degradation, compro-
mising their therapeutic efficacy. To overcome this limitation, func-
tional nucleic acid sequences can be inserted into the edges of tF-
NAs. For example, Li et al. developed a bioswitchable miR delivery
system (BiRDS) by replacing the peripheral edges of tFNAs with
miR functional sequences. This design retains the native tetrahe-
dral topology while significantly enhancing the nucleic acid load-
ing capacity. More importantly, it markedly improves the stability
of the miR cargo under physiological conditions [45].

In addition, the double-helical structure of DNA provides mul-
tiple binding modes for small-molecule drugs. Through groove in-
tercalation, these compounds can intercalate into the grooves be-
tween the two strands, allowing for stable incorporation. Positively
charged peptides and proteins can associate with the negatively
charged phosphate backbone of tFNAs via electrostatic interactions.
Furthermore, hydrogen bonding has also been implicated as a key
contributor to the binding affinity between small molecules and
tFNA [65].

3.2.1. Drug delivery
In a recent study, miRNA-124 was efficiently loaded onto edges
of tFNAs, positioned within the internal structure of the tetra-
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hedron, thereby enhancing its stability and cellular delivery. The
tFNA-based platform demonstrated significant improvements in
miRNA loading capacity and therapeutic efficacy. The side-chain
modification not only ensured stable encapsulation but also fa-
cilitated targeted delivery of miRNA-124 to ischemic brain re-
gions. This delivery system leveraged the inherent structural ad-
vantages of tFNA, allowing for controlled release of miRNA-124,
ensuring precise therapeutic outcomes while minimizing off-target
effects. The successful use of miRNA-124 in tFNA nanocarriers fur-
ther highlights the potential of tFNAs in gene therapy, particularly
in treating neurological conditions such as acute ischemic stroke
[120].

As shown in Fig. S6 (Supporting information), Li et al. were in-
spired by the Chinese cultural heritage symbol "Sun God Bird" and
designed a bioswitchable miR inhibitor delivery system (BiRDS)
(Fig. S6a), which consists of three miR inhibitors (the three immor-
tal birds) and a nucleic acid core (the central sun) (Fig. S6b) [45].
Compared to traditional delivery systems, BiRDS maintains the 3D
configuration of tFNA and exhibits strong cellular entry ability (Fig.
S6¢). Moreover, the small size of this structure gives it strong tis-
sue permeability. BiRDS provides sufficient protection for the trans-
ported miRNA and exhibits excellent stability under high enzyme
or serum conditions (Fig. S6d). As shown in Figs. S6e and f, BiRDS
exhibited a strong fluorescence signal after 24h of drug penetra-
tion. The BiRDS also exhibited the most excellent therapeutic effect
for treatment of skin aging (Fig. S6g).

3.2.2. Tissue engineering and regenerative medicine

As shown in Fig. S7 (Supporting information), Li et al. devel-
oped a 3D hybrid scaffold loaded with tfNAs and clindamycin (CLI),
a common antibiotic used to treat osteomyelitis, named TDN-CLI
using bioprinting technology (Fig. S7a) [65]. The successful synthe-
sis of TDN-CLI was verified by PAGE (Fig. S7b), TEM (Fig. S7c), AFM
(Fig. S7d), and Zeta potentials (Fig. S7e). According to infected bone
defect model in SD rats, the TDN-CLI loaded scaffold showed ex-
cellent osteogenic and antibacterial properties (Fig. S7f).

As shown in Fig. S8 (Supporting information), Xie et al. de-
veloped a transdermal system for local treatment of skin photo-
damage, consisting of tFNAs and lipoic acid (LA) called TLA (Fig.
S8a) [123]. The PAGE (Fig. S8b) and HPCE (Fig. S8c) results con-
firmed the successful synthesis of tFNAs and the successful binding
of tFNAs and LA, with no significant by-products. After experienc-
ing photodamage modeling and transdermal drug delivery treat-
ment, the skin conditions were recorded (Fig. S8d). The TLA group
showed significant improvement in skin erythema and rapid heal-
ing of skin injuries (Fig. S8e). Fluorescence staining confirmed that
tFNA and TLA are mainly distributed in hair follicles and skin ap-
pendages (Fig. S8f).

3.2.3. Biosensing and bioimaging

In a separate study (Fig. S9 in Supporting information), Liu et
al. designed a DNA framework nanomachine (DFN) based on tFNA,
which can autonomously respond to pH changes within a single
synaptic vesicle and change shape, and display adaptive fluores-
cence color through mechanical fluorescence activation mechanism
(Fig. S9a) [124]. This nanomachine can target cholesterol groups
on the vesicle membrane for labeling, and after internalization,
it can be trapped alone in a single endocytic vesicle of synaptic
cells (Fig. S9b). According to the confocal laser scanning micro-
scope (CLSM) results, the DFNs can undergo endocytosis and exo-
cytosis procedures through vesicle circulation (Figs. S9c and d). The
design of this nanomachine not only improves the signal-to-noise
ratio of fluorescence color change but also provides a new tech-
nological means for studying neurotransmitter release and neural
signal transduction.
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3.3. Internal encapsulation

The edges of tFNAs are formed by rigid double-helical DNA,
which defines a central cavity capable of carrying nanoparticles.
This rigidity provides structural stability and allows the cavity to
function as a controllable "cage" to release "cargo" in response to
specific cellular or environmental stimuli. Besides, targeted modi-
fications on tFNAs further enable precise delivery to specific sites.
Moreover, tFNAs can be rapidly and efficiently assembled through
self-assembly, making them attractive carriers for molecular encap-
sulation and delivery [48,125,126].

3.3.1. Drug delivery

Gao et al. developed a tFNA nanobox carrier for target siRNA,
embedding the siRNA via complementary pairing at both ends.
This strategy leverages the inherent stability of tFNA to protect the
siRNA (Fig. S10a) [48]. Building on this protective delivery, a pH-
responsive release mechanism was introduced by incorporating a
C-rich sequence, forming an i-motif structure. This enables the car-
rier to disassemble or change conformation in the hydrogen-ion-
rich (acidic) environment of lysosomes following cellular internal-
ization, allowing for controllable release of the target siRNA (Fig.
S10b). Live-cell imaging (Fig. S10c) revealed rapid cellular uptake;
Cy5-labeled siRNA was detected in macrophages within 10 min of
incubation with nanobox-siR. Crucially, the observed spatial sepa-
ration between Cy3 (carrier) and Cy5 (siRNA) signals, with an ex-
cess of Cy5 signal relative to Cy3 (white arrows show overlap, red
arrows show individual Cy5 signals), provides evidence that the i-
motif structure responded to the acidic lysosomal pH, triggering
siRNA release. The biological efficacy was subsequently assessed
(Fig. S10d). qPCR analysis (Fig. S10e) confirmed that the nanobox-
siR resulted in a significant reduction in TNFoe mRNA expression.

As shown in Fig. S11 (Supporting information), Wu et al. de-
veloped a multifunctional DNA tetrahedron-based nanoplatform for
efficient bacterial elimination (Fig. S11a). AFM images showed the
successful assembly of ciprofloxacin- and AgNP-loaded DNA tetra-
hedrons, with the silver nanoparticles encapsulated within the in-
ner cavity of the tetrahedral structure, and an average diameter of
~16 nm (Fig. S11b). In vitro antibacterial experiments demonstrated
that these targeted delivery systems significantly increased antibi-
otic accumulation in Escherichia coli and induced efficient bacterial
killing, as shown by confocal imaging and live/dead staining (Fig.
S11c). Furthermore, in vivo studies using infected wound models in
mice revealed that treatment with the dual-antibiotic-loaded DNA
tetrahedron accelerated wound healing (Fig. S11d). These results
indicate the strong potential of DNA tetrahedron-based nanocarri-
ers for targeted anti-infection therapy [125].

3.3.2. Biosensing and bioimaging

The incorporated fluorescent DNA framework (FDF)-based sys-
tems have been investigated for their potential in ultrahigh-
sensitivity cancer imaging and image-guided surgery. As shown
in Fig. S12 (Supporting information), Liu et al. designed size- and
shape-resolved FDF dots by non-covalently encapsulating a newly
synthesized hydrophobic near-infrared-Ib (NIR-Ib) dye (Sq964)
within tetrahedral DNA nanostructures to achieve near-single-cell-
level tumor imaging (Fig. S12a). AFM images confirmed the suc-
cessful assembly of these tetrahedral frameworks with mean sizes
of ~8.5nm (Fig. S12b). Long-term imaging showed stable tumor
signals over 11 days without attenuation, facilitating precise mon-
itoring of tumor progression (Fig. S12c). Moreover, upon intra-
venous administration of FDF-dot-labeled 4T1 breast cancer cells
into nude mice, the in vivo NIR-II fluorescence imaging revealed
clear visualization of tumor cells down to ~40 cells, with signifi-
cantly enhanced signal-to-background ratios (Fig. S12d) [126].



T. Zuo, T. He, Y. Gao et al.

Table 1

Comparison of modification strategies for tFNAs.
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Modification strategy

Loading capacity

Stability

Biocompatibility

Vertex Modification

Edge-functionalized loading

Internal encapsulation

Surface coating

Relatively low, limited by
spatial constraints

Higher loading capacity, can
accommodate larger molecules
or multiple functional groups
Limited by the confined
interior space

Does not significantly affect
loading capacity

High structural stability, but
functionalization may impact
stability

Stable structure, but larger
size may hinder cellular
uptake and tissue penetration
Excellent protection for
sensitive cargo, such as siRNA
or proteins

Improves stability, reduces
immune response, and
enhances targeting ability

High biocompatibility, suitable
for various in vivo applications

High stability of loaded
molecules, suitable for gene
and small molecule delivery
High biocompatibility, suitable
for long-term in vivo use

Biocompatibility enhanced
through biomimetic coatings
or targeting ligands

3.4. Surface coating

Although tFNAs possess excellent drug delivery capabilities, cer-
tain improvements are necessary to overcome their current lim-
itations in practical applications: (1) Achieving unprompted en-
docytosis, (2) reducing immune activation and rapid blood clear-
ance, and (3) enhancing targeting ability and stealth properties.
In addition to modifying the framework structure, surface coat-
ing of tFNAs is another effective modification strategy. According
to the properties of different outer membranes (such as extracel-
lular vesicles, liposomes, red blood cell membranes), the stability
of nanomaterials can be enhanced and the targeting can be im-
proved, further expanding the application of tFNAs in biomedicine
[127-129].

The engineered TTob@NPM nanocarrier has demonstrated re-
markable antibacterial and immunomodulatory performance [127].
As shown in Fig. S13 (Supporting information), Zhang et al. con-
structed a bioinspired neutrophil-platelet hybrid membrane-coated
tFNAs nanocarrier loaded with tobramycin (TTob@NPM) for the
treatment of Pseudomonas aeruginosa infections (Fig. S13a). Trans-
mission electron microscopy (TEM) revealed the successful assem-
bly of the TTob complex with a characteristic core-shell struc-
ture after coating with the hybrid membrane (Fig. S13b). To evalu-
ate its chemotactic targeting ability, TTob@NPM was subjected to
p-slide chemotaxis assays, which showed significantly enhanced
migration toward higher bacterial gradients (Fig. S13c). In mouse
models of acute P. aeruginosa lung infection, intranasal administra-
tion of TTob@NPM resulted in the lowest bacterial burden among
treatment groups (Fig. S13d). Immunofluorescence staining further
demonstrated increased M1-like macrophage polarization and re-
duced MDSCs recruitment in lung tissues, suggesting effective re-
versal of the immunosuppressive microenvironment (Fig. S13e).
Collectively, these results highlight the potential of TTob@NPM as a
multifunctional therapeutic platform integrating targeted antibiotic
delivery, toxin neutralization, and immunomodulation for treating
refractory bacterial infections.

As shown in Fig. S14 (Supporting information), Cui et al. devel-
oped an exosome-like nanovesicle system encapsulating antimicro-
bial peptide-modified tFNAs (Exo@tac) for oral treatment of Parkin-
son’ s disease (Fig. S14a) [128]. TEM and AFM confirmed the suc-
cessful assembly of Exo@tac with a stable morphology and an aver-
age diameter of ~150nm (Fig. S14b). In vitro experiments demon-
strated that Exo@tac effectively targeted E. coli, resulting in sig-
nificant bacterial membrane damage and reduced viability, as ev-
idenced by scanning electron microscope (SEM) and viability as-
says (Fig. S14c). Furthermore, in vivo administration of Exo@tac in
PD mouse models significantly improved motor symptoms and en-
hanced striatal dopamine-related markers (Fig. S14d). These results
highlight the potential of Exo@tac as an oral nanoplatform for tar-
geted gut microbiota modulation and neuroprotection.

To achieve safe and precise chemotherapeutic delivery, Ma et al.
designed a biomimetic, pH-responsive nanoplatform by conjugat-
ing the cytotoxic agent maytansine (DM1) to a human epidermal
growth factor receptor 2 (HER2)-targeting DNA tetrahedron (HApt-
tFNA@DM1, HTD) and embedding it within a hybrid vesicle com-
posed of erythrocyte membranes and synthetic liposomes [129]. As
shown in Fig. S15 (Supporting information), the biomimetic coating
improved systemic circulation and enabled pH-triggered release
within the tumor microenvironment (Fig. S15a). Confocal imaging
demonstrated preferential uptake of Cy5-labeled HTD by HER2-
positive tumor cells, along with significant microtubule disruption,
indicating effective intracellular drug release (Fig. S15b). In vivo
studies in a xenograft model showed enhanced tumor accumula-
tion and potent tumor growth inhibition with minimal off-target
toxicity (Fig. S15c). This work highlights the potential of combin-
ing DNA nanostructures with cell-mimicking vesicles for targeted,
stimuli-responsive cancer therapy.

4. Advantages of tFNAs over conventional nanomaterials

As shown in Table 1, functionalized tFNAs in various forms sig-
nificantly enhance performance by modulating their structure and
properties, playing a crucial role in drug delivery, tissue engineer-
ing and regenerative medicine, as well as biosensing and bioimag-
ing. Compared to traditional nanocarriers such as liposomes, den-
drimers, polymeric nanoparticles, and viral vectors, tFNAs exhibit
distinct advantages rooted in their precise structural programma-
bility, biocompatibility, and functional versatility [130-133]. Their
uniform size distribution and rigid DNA-based architecture con-
fer high structural stability, predictable pharmacokinetics, and en-
hanced cellular uptake [134-136]. The negatively charged, hy-
drophilic surface reduces nonspecific protein adsorption and pro-
longs circulation time [137,138], while their modular design en-
ables facile site-specific functionalization with aptamers, antibod-
ies, or small molecules via complementary base pairing [128,139].
Moreover, tFNAs provide superior nucleic acid payload protection
and controlled release mechanisms, such as pH-responsive un-
folding or enzyme-triggered disassembly, tailored for intracellular
delivery [78,140]. Unlike viral systems, which carry risks of in-
sertional mutagenesis, immunogenicity, and limited cargo capac-
ity [141,142], tFNAs are non-immunogenic, chemically synthesized,
and can carry diverse functional modules, including DNA, RNA,
proteins, and small molecules [143,144]. Their capacity to encap-
sulate Cas9 ribonucleoprotein complexes or guide RNAs further en-
hances genome editing efficiency while mitigating off-target effects
and immunogenicity [112]. In imaging applications, tFNAs outper-
form conventional organic dyes and quantum dots by combining
excellent biocompatibility and biodegradability with programmable
architectures that support precise spatial arrangement and high-
density loading of imaging agents, thereby amplifying signal inten-
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sity and improving targeting specificity [26,28,29,145-147]. Collec-
tively, these advantages position tFNAs as a next-generation multi-
functional platform with broad potential across drug delivery, tis-
sue engineering, regenerative therapy, biosensing, and diagnostic
imaging [148-150].

5. Challenges and optimization directions

While substantial progress has been made in the field of tFNAs,
to unleash their full potential for biomedical applications requires
overcoming several key challenges. (1) In vivo stability: the inher-
ent susceptibility of DNA to degradation by nucleases in physiolog-
ical environments calls for strategies to enhance the stability, such
as the incorporation of modified nucleotides or protective coatings
to prevent degradation in the bloodstream [151-156]. (2) Manufac-
turing scalability: the development of efficient and cost-effective
methods for large-scale production is crucial for the widespread
adoption of tFNAs [157-162]. Recent studies have focused on im-
proving the scalability of tFNA synthesis. For instance, Li et al
demonstrated that optimizing the self-assembly process and sta-
bilizing reaction conditions can enhance batch consistency, which
is essential for ensuring uniform quality in large-scale production
[45]. However, further research is needed to refine these tech-
niques and reduce production costs to meet the demands of clin-
ical applications. (3) Clinical translation: translating these nanos-
tructures into clinical use also demands rigorous preclinical test-
ing and navigation of complex regulatory approval pathways. (4)
Biocompatibility: careful consideration of the potential toxicity and
immunogenicity of tFNAs is paramount, which requires thorough
investigation into the effects of nanoscale structures and intro-
duced chemical modifications, despite the generally biocompati-
ble nature of DNA [163-167]. (5) Targeting capability: the target-
ing precision of tFNAs requires further refinement to minimize off-
target effects through optimized controlled release mechanisms,
and a more comprehensive understanding of biological system
complexities is crucial for effectively navigating inherent pathways
and molecular mechanisms, thereby enabling the successful devel-
opment and implementation of DNA-based nanotherapeutics [168-
173]. Additionally, strategies to improve tissue penetration and cel-
lular uptake have been explored by modifying the surface prop-
erties of tFNAs with targeting ligands and biomimetic coatings.
For example, Zhang et al. demonstrated that coating tFNAs with
neutrophil-mimicking membranes significantly improved their cel-
lular uptake and targeting efficiency in inflammatory tissues [127].
Optimizing these aspects will facilitate the development of tFNAs
into a versatile nanoplatform for theranostic applications.

6. Conclusions and prospects

In summary, this review has comprehensively explored the field
of engineered tFNAs. We have traced their development from ratio-
nal design and precision fabrication to versatile functionalization
strategies, emphasizing how their unique structure-function rela-
tionships underpin their remarkable programmable biofunctional-
ities. Moving beyond conventional drug delivery, we highlighted
their significant potential and recent advancements across diverse
biomedical applications, including tissue engineering, biosensing
and bioimaging, and particularly their emerging role in transla-
tional theranostics. While considerable progress has been made,
realizing the full potential of tFNAs in clinical settings necessi-
tates overcoming key challenges related to manufacturing scalabil-
ity, pharmacokinetic optimization, and regulatory approval. Contin-
ued research focusing on innovative design principles, enhanced
in vivo performance, and addressing these translational hurdles
is crucial. Ultimately, engineered tFNAs stand as a powerful and
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adaptable platform, poised to drive advancements in personal-
ized nanomedicine and next-generation therapeutic and diagnostic
strategies, with the potential to significantly impact human health.
Future research directions should focus on several key areas
to further advance the field of tFNAs. This includes developing
biodegradable DNA analogs or polymers to encapsulate or sup-
port tFNAs, further enhancing their biocompatibility and minimiz-
ing long-term accumulation within the body [174-178]. Integrating
machine learning and Al-based methodologies for faster and more
precise design of novel tFNAs is also crucial [179-182]. Further-
more, exploring combined therapies that integrate drug delivery,
gene therapy, and diagnostic capabilities within a single DNA tetra-
hedron holds promise for developing more effective multimodal
therapeutic strategies [183-188]. Continued innovation in advanced
characterization techniques is needed to evaluate the structural
properties and functional performance of tFNAs under complex bi-
ological conditions [189-192]. Finally, expanding the application of
tFNAs to new therapeutic areas through the development of novel
delivery strategies and the incorporation of emerging therapeutic
modalities remains an ongoing and important area of focus [193-
200]. Particularly, integration of artificial intelligence (Al) in tFNAs
design is one of the most pressing areas for future research. Al-
driven approaches, such as machine learning and deep learning al-
gorithms, hold significant promise for optimizing tFNA structures,
predicting their interactions with biological targets, and enhancing
their efficiency in clinical applications. For example, Al can be em-
ployed to accelerate the design of tFNAs with improved biocompat-
ibility and drug delivery properties, as well as to identify optimal
functionalization strategies for targeted therapies [200,201].
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