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Abstract: Mitochondria, as vital organelles, play a central role in subcellular research and
biomedical innovation. Although functional nucleic acid (FNA) nanostructures have wit-
nessed remarkable progress across numerous biological applications, strategies specifically
tailored to target mitochondria for molecular imaging and therapeutic interventions remain
scarce. This review delves into the latest advancements in leveraging FNA nanostructures
for mitochondria-specific imaging and cancer therapy. Initially, we explore the creation
of FNA-based biosensors localized to mitochondria, enabling the real-time detection and
visualization of critical molecules essential for mitochondrial function. Subsequently, we ex-
amine developments in FNA nanostructures aimed at mitochondrial-targeted cancer treat-
ments, including modular FNA nanodevices for the precise delivery of therapeutic agents
and programmable FNA nanostructures for disrupting mitochondrial processes. Emphasis
is placed on elucidating the chemical principles underlying the design of mitochondrial-
specific FNA nanotechnology for diverse biomedical uses. Lastly, we address the unre-
solved challenges and outline prospective directions, with the goal of advancing the field
and encouraging the creation of sophisticated FNA tools for both academic inquiry and
clinical applications centered on mitochondria.
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1. Introduction
Mitochondria, often referred to as the “powerhouses” of eukaryotic cells, are respon-

sible for generating adenosine 5′-triphosphate (ATP) via oxidative phosphorylation [1].
Beyond their fundamental role in energy production, mitochondria are integral to cellular
homeostasis, contributing to metabolic regulation and responding to both internal and
external stressors such as nutrient deficiencies and redox imbalances [1,2]. These organelles
also manage the synthesis and removal of numerous metabolic intermediates and waste
products [2]. Moreover, mitochondria act as critical regulators of programmed cell death,
including apoptosis and necroptosis [3]. For instance, they store pro-apoptotic proteins and
control their release into the cytoplasm to trigger apoptotic pathways [4,5]. Dysregulation
of mitochondrial functions has been strongly associated with the onset and progression
of various diseases, including diabetes, cancer, and neurodegenerative disorders [6]. Con-
sequently, significant efforts are focused on the in situ analysis of specific mitochondrial
components to uncover the molecular mechanisms underpinning these processes. Addi-
tionally, researchers are translating insights into mitochondrial biology into therapeutic
strategies, as growing evidence highlights the superior efficacy of mitochondria-targeted
treatments compared to conventional approaches [7,8].
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Functional nucleic acids (FNAs), including DNA and RNA aptamers, Triplex DNA,
DNAzymes, RNAzymes, DNA tiles, and DNA origami, have seen widespread use as molec-
ular recognition elements for specific binding with various targets [9–12]. Unlike other
substances, FNA offers several distinctive attributes that make it highly compatible with
biological systems. Firstly, as an inherent component of life, DNA exhibits excellent bio-
compatibility. Secondly, FNA can be readily functionalized with diverse chemical groups,
such as fluorophores, phosphorothioates, or therapeutic agents, through chemical synthesis
or enzymatic modification [13]. Furthermore, the specific biorecognition capabilities of
aptamers and DNAzymes have been discovered and characterized [14–16]. Notably, the
Watson–Crick base pairing mechanism provides FNA with predictable thermodynamic
behavior and exceptional programmability, facilitating the design of intricately shaped
nanostructures and adaptive nanomachines capable of dynamic reconfiguration in response
to biological stimuli [17–19]. Despite progress in FNA-based nanobiotechnology for diag-
nostics and imaging, mitochondria-targeted FNA systems remain underdeveloped [20–34].
This limitation primarily stems from the inability of most FNA-based nanostructures to
achieve precise spatial and temporal localization within organelles, which is critical for
executing specialized functions.

In recent years, researchers have been actively exploring the fusion of DNA-based tech-
nologies with organelle-specific nanotechnology to create sophisticated DNA nanodevices
capable of precisely targeting mitochondria and performing their designated functions
at the subcellular level [35]. Compared with other mitochondria targeting strategies (e.g.,
peptide-based targeting or lipid nanoparticles (LNPs), FNA nanostructures are highly
programmable, biocompatible, and specific, making them ideal for applications requiring
precision targeting, such as biosensing and gene editing. Meanwhile, the delivery efficiency
also needs to improve by more targeted modification or by combination with the LNP
technique [36,37]. This review provides an overview of the latest breakthroughs in DNA-
driven nanobiotechnologies aimed at mitochondrial imaging and therapy. The goal of
this review is to comprehensively summarize the current mitochondria-targeted strategies
based on functional nucleic acid nanostructures, clarify their advantages over other current
mitochondrial targeting methods, and explore the current shortcomings and challenges of
this method as well as the direction of future improvement and development. Initially, we
delve into mitochondria-specific DNA nanosensors designed for selective imaging of essen-
tial mitochondrial molecules, such as nucleic acids, enzymes, small molecules, and metal
ions. Particular attention is given to the underlying design strategies of these nanosensors,
which offer promising tools for investigating the intricate molecular dynamics associated
with mitochondrial roles in health and disease. Next, we outline recent advancements in
two key DNA-based therapeutic approaches targeting mitochondria. The first involves
the use of modularly engineered DNA nanodevices to facilitate the controlled delivery of
therapeutic agents into mitochondria, while the second employs in situ programmed DNA
self-assembly to directly modulate mitochondrial function. Finally, we examine the existing
hurdles and future prospects within this field. By consolidating the latest advancements in
this promising area, we aim to inspire the development of innovative methodologies that
can benefit both fundamental research and clinical applications involving mitochondria.

2. Mitochondria Targeting Strategies Based on FNA Nanostructures
2.1. FNA Targeting Mitochondrial RNA (mtRNA)

In eukaryotic cells, while the majority of DNA is tightly packed into chromatin struc-
tures and housed within the nucleus, mitochondria possess a unique subset of DNA,
known as mtDNA, which distinguishes them from other organelles [38]. Beyond mtDNA,
an increasing body of evidence suggests that microRNAs (miRNAs), primarily transcribed
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from the nuclear genome and typically active in the cytoplasm, can also localize within
mitochondria, where they are referred to as mitomiRs [39,40]. These nucleic acids localized
in mitochondria play critical roles in regulating mitochondrial functions. For instance,
mutations in mtDNA are known to disrupt mitochondrial functionality, potentially causing
various metabolic disorders [41]. Furthermore, abnormal expression levels of mitomiRs
have been associated with a wide array of diseases, including neurodegenerative condi-
tions, cardiovascular disorders, and cancers [42,43]. Some mitomiRs even hold promise
as diagnostic biomarkers or therapeutic targets for these diseases [43]. Despite significant
advancements in DNA-based sensing technologies for detecting and imaging nucleic acids
in live cells [44–47], their application in tracking mitochondrial targets presents substan-
tial challenges. These difficulties arise from the lack of mitochondria-specific targeting
capabilities. Moreover, many nucleic acid targets, such as miRNAs, are not confined to
a specific organelle. Conventional sensing approaches, which rely on an “always active”
detection mechanism, risk premature activation upon encountering these targets before
reaching the intended organelle, thereby compromising spatial accuracy. FNA nanos-
tructures provide a promising approach for targeting mtDNA mutations through precise
sequence recognition, targeted delivery, and controlled gene modulation. Their interaction
with mtDNA mutations occurs via several mechanisms: 1. Targeted gene editing and
repair. FNA nanostructures can deliver gene editing systems to mitochondria to selectively
cleave mutant mtDNA, promoting the replication of wild-type mtDNA. Unlike nuclear
DNA editing, mtDNA lacks efficient DNA repair mechanisms, making targeted cleav-
age a viable approach for shifting heteroplasmy levels. 2. Selective silencing of mutated
mtDNA. FNA nanostructures designed as small interfering RNAs or mitochondria-targeted
aptamers can selectively bind mutated mt-mRNAs, reducing the expression of defective
proteins. Aptamer-functionalized FNAs provide high specificity in targeting mutant tran-
scripts while sparing wild-type sequences. 3. Mitochondrial delivery of therapeutic genes.
FNA nanostructures can be engineered as nanocarriers to deliver therapeutic RNA/DNA
molecules, compensating for mtDNA mutations.

To address the above-mentioned issues, some FNA nanostructures which target mito-
chondria were developed. The Qian group introduced a novel “RT-qPCR mimic” system,
incorporating a signal amplification mechanism without the need for enzymes [48]. This
system employs a hairpin DNA cascade amplifier (HDCA), which is composed of two
metastable hairpin DNA structures and a hybrid DNA duplex reporter (Figure 1), to
independently visualize mtRNA and cytosolic reference mRNA. To enable the precise
delivery of probes to subcellular targets such as mitochondria and the cytosol, black phos-
phorus nanosheets (BPNSs) were utilized. These nanosheets, known for their excellent
biocompatibility, high molecular loading efficiency [49,50], and ability to degrade into
non-toxic phosphate and phosphonate ions under physiological conditions [50–54], served
as stable transport platforms. Additionally, the BPNS surface’s unique combination of a
high surface-area-to-volume ratio and periodic atomic grooves offered optimal attachment
sites for nucleic acids [55–57], shielding them from degradation by endogenous nucleases.
Demonstrating the approach, the HDCA designed to detect mtRNA encoding NADH
dehydrogenase subunit 6 (mtRNAND6) was loaded onto mitochondria-specific BPNS
carriers, BP-PEI-TPP, for targeted delivery and detection. Simultaneously, the levels of
β-actin mRNA (referred to as mRNAβ-actin) in the cytoplasm were measured as an inter-
nal control. This innovation represents the first dual-color imaging platform capable of
accurately quantifying specific mitochondrial RNAs in living cells.



Molecules 2025, 30, 1025 4 of 19

Molecules 2025, 30, x FOR PEER REVIEW 4 of 20 
 

 

the levels of β-actin mRNA (referred to as mRNAβ-actin) in the cytoplasm were measured 
as an internal control. This innovation represents the first dual-color imaging platform 
capable of accurately quantifying specific mitochondrial RNAs in living cells. 

 

Figure 1. Schematic of the dual-color imaging system for quantitative analysis of specific mtRNA in 
living cells: (I) Fabrication of the HDCA probe onto BPNS-based vehicles for effective delivery to 
both the cytosol and mitochondria. (II) Internal reference module for detecting housekeeping gene 
(TargetR) in the cytoplasm. (III) Reporting module designed to specifically target mitochondrial 
RNAs (TargetT) [48]. 

The method employing precise spatial and temporal control serves as a versatile tool 
for investigating the biological roles of mitomiRs. Building on this targeting strategy, 
Chen et al. incorporated a fluorescence-encoded error correction system to create a near-
infrared (NIR)-responsive DNA platform capable of simultaneously visualizing three mi-
tomiRs associated with the mitochondrial mt-ND1 genome in drug-resistant cells [58]. 
Furthermore, a nanoscale DNA computing device was engineered to track two mitomiRs 
during the process of cell apoptosis [59]. More recently, the development of an AIE-la-
beled DNA probe, integrated with a polymer-based nanocarrier for targeted delivery, en-
abled the pH-sensitive exonuclease-driven imaging of mitomiRs [60]. 

In contrast to miRNAs, mtDNA is confined to the mitochondria and exhibits a rela-
tively stable concentration. However, due to the elevated levels of reactive oxygen species 
(ROS) within mitochondria and the absence of histone protection, mtDNA is particularly 
vulnerable to oxidative damage, which can result in pathogenic mutations. Importantly, 
mtDNA mutations are highly dynamic and dispersed across the entire genome, making 
the detection of mutations present in low abundance at specific loci particularly challeng-
ing. To address this, Zhang et al. recently developed an integrated nanoscale Cas12a sen-
sor (referred to as InCasor). This system employs a DNA/Mg2+ hybrid nanoflower (DNF) 
functionalized with aptamers to deliver Cas12a-related components directly to mitochon-
dria. These components include the Cas12a/crRNA complex and a circular reporter (CLR) 

Figure 1. Schematic of the dual-color imaging system for quantitative analysis of specific mtRNA
in living cells: (I) Fabrication of the HDCA probe onto BPNS-based vehicles for effective delivery
to both the cytosol and mitochondria. (II) Internal reference module for detecting housekeeping
gene (TargetR) in the cytoplasm. (III) Reporting module designed to specifically target mitochondrial
RNAs (TargetT) [48].

The method employing precise spatial and temporal control serves as a versatile tool
for investigating the biological roles of mitomiRs. Building on this targeting strategy, Chen
et al. incorporated a fluorescence-encoded error correction system to create a near-infrared
(NIR)-responsive DNA platform capable of simultaneously visualizing three mitomiRs
associated with the mitochondrial mt-ND1 genome in drug-resistant cells [58]. Furthermore,
a nanoscale DNA computing device was engineered to track two mitomiRs during the
process of cell apoptosis [59]. More recently, the development of an AIE-labeled DNA
probe, integrated with a polymer-based nanocarrier for targeted delivery, enabled the
pH-sensitive exonuclease-driven imaging of mitomiRs [60].

In contrast to miRNAs, mtDNA is confined to the mitochondria and exhibits a rela-
tively stable concentration. However, due to the elevated levels of reactive oxygen species
(ROS) within mitochondria and the absence of histone protection, mtDNA is particularly
vulnerable to oxidative damage, which can result in pathogenic mutations. Importantly,
mtDNA mutations are highly dynamic and dispersed across the entire genome, making the
detection of mutations present in low abundance at specific loci particularly challenging.
To address this, Zhang et al. recently developed an integrated nanoscale Cas12a sensor
(referred to as InCasor). This system employs a DNA/Mg2+ hybrid nanoflower (DNF)
functionalized with aptamers to deliver Cas12a-related components directly to mitochon-
dria. These components include the Cas12a/crRNA complex and a circular reporter (CLR)
labeled with a fluorophore and quencher, enabling the identification of mtDNA mutations
in live cells and in vivo (Figure 2) [61].
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Figure 2. Schematic of the InCasor: This system comprises a DNF, Cas12a/crRNA complex, and a
CLR for imaging mtDNA in live cells [61]. Through the strategic design of crRNA, single nucleotide
variants in mitochondrial DNA can be precisely recognized. Additionally, increasing the intracellular
concentration of Mg2+ significantly boosts the collateral trans-cleavage activity of Cas12a, thereby
amplifying the detection signal within living cells.

A significant achievement of this research is the successful mitochondria-specific
delivery of the Cas12a/crRNA complex using InCasor. The mitochondrial bilayer mem-
brane poses a significant barrier, making the transport of guide RNA and Cas proteins
into mitochondria notoriously difficult [62]. To tackle this obstacle, this study employed a
nanoparticle-based delivery approach, a strategy that has proven effective in transporting
proteins and nucleic acids into mitochondria for a variety of diagnostic and therapeutic
purposes [63,64]. This method often leverages mitochondrial targeting moieties, such as
triphenylphosphine [65]. In this investigation, nucleic acid-based nanocarriers equipped
with Cyt C aptamers were developed to facilitate the targeted delivery of Cas12a/crRNA
complexes to mitochondria. The experimental results demonstrated that InCasor success-
fully delivered these complexes into mitochondria by modulating the permeability of the
mitochondrial membrane.

InCasor represents a breakthrough technology for the direct visualization of cells
harboring mtDNA mutations in vivo, addressing a longstanding challenge. The ability
to monitor mtDNA mutations provides critical insights into mtDNA heterogeneity and
facilitates the detection of tumor tissues carrying specific mtDNA alterations. Future ad-
vancements will aim to expand InCasor’s applications to include nuclear genome analysis
and the precise tracking of single nucleotide variant (SNV) sites with high spatiotemporal
resolution. These efforts will further establish InCasor as a versatile tool for fundamental
research on gene mutations, as well as for diagnostic and therapeutic applications involving
in vivo gene editing.

By incorporating patient-specific antisense DNA sequences into an FNA nanostructure
to selectively bind mutant mtRNA transcripts, this strategy could minimize off-target
effects and ensures that the treatment is only activated in dysfunctional mitochondria.
By designing an FNA nanostructure tailored to the patient’s unique mtDNA mutation
profile, this approach provides high specificity, minimal off-target effects, and an adaptive
therapeutic response. Over time, a shift in the heteroplasmy ratio towards wild-type
mtDNA is expected, improving mitochondrial function and alleviating disease symptoms.

2.2. FNA Targeting Specific Enzymes in Mitochondria

Proteomic analyses reveal that mitochondria harbor approximately 1000 to 1500 dis-
tinct proteins, with only 13 encoded by mtDNA. The remaining proteins are encoded in
nuclear DNA, synthesized in the cytoplasm, and subsequently imported into mitochon-
dria [66]. This reliance underscores the importance of dynamic protein translocation across
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subcellular compartments for mitochondrial functionality. For example, various nucleases,
crucial for mtDNA repair and mitochondrial RNA metabolism, are distributed between
mitochondria and other organelles [67]. Human apurinic/apyrimidinic endonuclease 1
(APE1), a versatile enzyme involved in DNA repair, redox signaling, and transcription
factor regulation [68,69], predominantly resides in the nucleus but can relocate to other
compartments, such as mitochondria, under pathological conditions [70]. Developing
a precise toolkit to monitor the intracellular dynamics of APE1 is therefore critical for
advancing our understanding of disease mechanisms [71,72]. However, designing such a
toolkit with the required subcellular accuracy remains a significant challenge.

Inspired by this, Li’s group introduced a highly modular nanoplatform, UR-HAPT,
capable of imaging subcellular APE1 dynamics in response to mitochondria-localized pho-
todynamic therapy (PDT) activated by near-infrared (NIR) light (Figure 3) [73]. UR-HAPT
is composed of four key elements: (1) an upconversion nanoparticle (UCNP) serving as
a light transducer; (2) rose bengal (RB) functioning as a photosensitizer (PS); (3) triph-
enylphosphonium (TPP) acting as a mitochondria-targeting ligand; and (4) a DNA-based
fluorescence reporter (HAP) designed for detecting APE1 enzymatic activity. The HAP
probe incorporates an apurinic/apyrimidinic (AP) site within the stem of a molecular
beacon, which is dual-labeled with the fluorophore Cy5 at the 3′-end and the quencher
BHQ-2 at the 5′-end. This configuration ensures an exceptionally low fluorescence back-
ground through Förster resonance energy transfer (FRET) between Cy5 and BHQ-2. In the
presence of APE1, cleavage at the AP site releases the quencher, resulting in a substantial
fluorescence signal recovery. The TPP ligands on UR-HAPT facilitate precise mitochondrial
targeting, while NIR light irradiation triggers the production of subcellular reactive oxygen
species (ROS) via energy transfer from UCNPs to the PSs. Crucially, the HAP probe allows
real-time tracking of APE1 translocation dynamics within mitochondria during the PDT
process. This innovative design bridges the gap between photodynamic therapy and DNA-
based biosensing technologies, enabling real-time subcellular molecular imaging during
therapeutic interventions.
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2.3. FNA Targeting Small Molecules and Metal Ions in Mitochondria

Mitochondria, often referred to as cellular powerhouses, generate ATP via oxida-
tive phosphorylation [74]. However, during ATP production in cancer cells, abnormal
accumulation of mitochondrial reactive oxygen species (ROS) has been observed [75,76].
Simultaneously, cancer cells synthesize large amounts of glutathione (GSH) within mi-
tochondria to counteract oxidative stress caused by excessive ROS, thereby facilitating
tumor progression [77,78]. Consequently, the disruption of energy metabolism and redox
imbalance in mitochondria are widely recognized as defining characteristics of tumor devel-
opment [79]. Investigating ATP and GSH—two critical molecules linked to mitochondrial
energy metabolism and redox balance—through correlated imaging could shed light on
their roles in tumorigenesis. While various DNA-based methods have been designed for
the individual detection of ATP and GSH within cells [80,81], the simultaneous imaging of
these two pivotal molecules remains an uncharted area of research.

Recently, Li’s group developed a novel approach that integrates a redox-sensitive
aptamer sensor with nanoparticles engineered for precise targeting, enabling spatially
resolved, AND-gated visualization of ATP and GSH within mitochondria [82]. As shown
in Figure 4A, the A-G/NT system consists of two interconnected components: a redox-
responsive aptamer probe (A-G) for dual molecular sensing and an organelle-specific
nanoparticle (NP) for targeted mitochondrial delivery. The A-G probe was assembled by
hybridizing two carefully designed DNA strands: the ATP-binding A-strand, derived from
an aptamer, and the G-strand, which incorporates a strategically placed disulfide bond
within its DNA backbone. This hybridization positioned Cy3 (attached to the A-strand)
in close proximity to a black hole quencher (anchored to the G-strand), producing a low
fluorescence background due to Förster resonance energy transfer (FRET). When GSH
cleaves the disulfide bond in the G-strand, its binding affinity to the A-strand diminishes,
reinstating the aptamer’s structure-switching ability to interact with ATP. Upon ATP recog-
nition, the formation of an aptamer–ATP complex causes the cleaved G-strand to detach
from the A-strand, leading to a fluorescence signal increase. Consequently, this stepwise
activation process necessitates the concurrent presence of GSH and ATP to enable signal
output, implementing an AND-gated mechanism for molecular imaging. Additionally,
the A-G/NT design incorporates triphenylphosphonium (TPP) conjugation on the NPs,
facilitating targeted delivery of the A-G probe for precise imaging within mitochondria [82].
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Figure 4. (A) Schematic of the design of a redox-activatable DNA nanodevice for AND-gated
imaging of ATP and GSH in mitochondria [82]. (B) Schematic of the design and metal-ion sensing
mechanism of L-DZ and the application of L-DZ/mUC for spatially selective imaging of [Zn2+]m

in Zn2+-induced neuropathology [83]. (C) The working principle of R-DZ/MB [84]. (D) The rRNA-
regulated DNAzyme nanosensors for subcellular compartment-specific amplified imaging of Zn2+ in
mitochondria [84].

Metal ions are indispensable for nearly all biological activities, with their precise
distribution within cellular compartments being tightly controlled [85]. Investigating the
localization and behavior of these ions at the subcellular level is crucial for understanding
their roles in both normal physiological and disease-related mechanisms. For instance,
mitochondria have been recognized as key reservoirs of Zn2+, and maintaining the equilib-
rium between mitochondrial Zn2+ ([Zn2+]m) and cytosolic Zn2+ ([Zn2+]c) is essential for
regulating various processes, such as metabolic pathways and cellular signaling [86,87].
While numerous DNAzyme-based technologies have been devised to visualize metal
ions in living cells [88–90], methodologies enabling in situ detection specifically within
mitochondria remain underdeveloped, hindering further advancements in this area.

Li’s group presents a DNAzyme-based nanodevice tailored for the accurate imaging of
subcellular metal ions within mitochondria [83]. As depicted in Figure 4B, the nanodevice,
consists of two primary components: a UV light-responsive DNAzyme sensor probe (L-DZ)
and a functionalized upconversion nanoparticle (UCNP) serving as a near-infrared (NIR)
light-driven, organelle-specific delivery mechanism. The L-DZ probe was developed by
strategically reconstructing the Zn2+-selective 17E DNAzyme. A blocker sequence was
incorporated to form a hairpin structure that prevents the enzyme strand from hybridizing
with the left arm of the substrate strand, thereby maintaining the DNAzyme in an inactive
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conformation. The substrate strand was modified with a Cy5 fluorophore and a black
hole quencher (BHQ2) flanking the cleavage site, an adenosine ribonucleotide (rA). This
configuration suppresses background fluorescence through Förster resonance energy trans-
fer (FRET). Upon exposure to UV light, the photolysis of the photocleavable (PC) linker
disrupts the hairpin structure, enabling the formation of active DNAzyme sensors. This
activation transitions the DNAzyme from an OFF state to an ON state. In the presence of
Zn2+, the substrate strand is cleaved, releasing a Cy5-labeled fragment, which produces
a fluorescence signal indicative of metal-ion detection. To facilitate NIR-controlled acti-
vation, UCNPs were integrated into the sensor design. Additionally, the nanodevice was
functionalized with triphenylphosphonium (TPP) for targeted mitochondrial delivery of
L-DZ. Owing to its lipophilicity and strong positive charge, TPP is widely utilized for
directing various cargos to mitochondria, leveraging the organelle’s negative membrane
potential. The resulting L-DZ/mUC system enables precise visualization of Zn2+ within
mitochondria by combining controlled localization with remote photoactivation, offering a
robust platform for subcellular metal-ion imaging.

Li’s group proposed a ribosomal RNA-regulated DNAzyme sensor technology for
spatially restricted imaging of Zn2+ within mitochondria [84]. As depicted in Figure 4C, the
ribosomal RNA-regulated DNAzyme sensor (R-DZ/MB) comprises two components: an
rRNA-activatable DNAzyme sensor module (R-DZ) and a molecular beacon-based signal
amplification module. The R-DZ is engineered from the Zn2+-specific 17E DNAzyme, incor-
porating a blocker DNA sequence (B-DNA) with a toehold region [84]. The hybridization
between the DNAzyme and B-DNA inhibits the enzyme strand from binding the substrate
strand embedded in the MB loop, thus inactivating the DNAzyme’s catalytic function. The
molecular beacon is designed with a cleavage site (adenosine ribonucleotide, rA) in the loop
region and a fluorophore/quencher (Cy5/BHQ2) pair at the terminus of the extended stem,
ensuring a low fluorescence background due to Förster resonance energy transfer. Upon
addition of rRNA, the B-DNA forms a more stable duplex with rRNA via toehold-mediated
strand displacement, releasing the active DNAzyme. In the presence of Zn2+, the DNAzyme
cleaves the substrate molecular beacon, breaking it into two segments, leading to MB stem
dehybridization and fluorescence recovery for metal ion sensing. The DNAzyme is then
liberated from the molecular beacon segments due to reduced hybridization affinity and
can participate in subsequent cycles of molecular beacon cleavage, achieving signal am-
plification via enzymatic multiple turnovers. Then, a mitochondria-targeted nanoparticle
(mNP) was developed and combined with the 12S rRNA-responsive R-DZ/MB sensor to
create a nanosensor, referred to as R-DZ/MB-mNP (Figure 4D). The sensing capability of
R-DZ/MB is specifically activated by the mitochondria-exclusive 12S rRNA following the
precise delivery of R-DZ/MB-mNP to the mitochondria, while showing no response to
metal ions in regions outside the target. This design enables the nanosensor to achieve
spatially specific and amplified imaging of metal ions within subcellular compartments
by integrating organelle-targeting localization with rRNA-activated sensing mechanisms.
Furthermore, the platform was employed to monitor mitochondrial Zn2+ fluctuations in
real-time during ischemia and subsequent pharmacological treatment [84].

About overcoming mitochondrial membrane barriers, we concluded that the FNA
nanostructures realize this mainly through the combination of membrane potential-driven
accumulation, structural engineering, and biofunctional. First, mitochondria maintain
a highly negative membrane potential (~−180 mV), which facilitates the accumulation
of cationic moieties. FNA nanostructures are often conjugated with lipophilic cations,
such as TPP, enabling efficient transport across the outer mitochondrial membrane and
subsequent translocation into the inner mitochondrial membrane. Second, compact ar-
chitectures of FNA nanostructures shield the negatively charged phosphate backbone,
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reducing electrostatic repulsion. Stimuli-responsive conformational changes, where FNA
nanostructures undergo shape transformation or disassembly upon encountering mito-
chondrial microenvironmental cues, facilitate membrane penetration. Finally, beyond
passive accumulation, FNA nanostructures can incorporate mitochondria-specific targeting
ligands or peptide-based transporters that facilitate receptor-mediated endocytosis or direct
mitochondrial translocation.

3. Therapeutics Based on FNA Target Mitochondria
Mitochondria play a crucial role in various cellular processes, including regulating cell

proliferation and apoptosis, transmitting signals within cells, and maintaining the balance
of cellular redox states. Disruptions in mitochondrial function can trigger a wide range
of disorders, such as cancer, neurodegenerative diseases, cardiovascular conditions, and
chronic inflammation [1–3]. Notably, the development of tumors demands significantly
elevated ATP levels, which are heavily reliant on mitochondrial function. Consequently,
mitochondria have become a promising focal point for the development of targeted cancer
therapies [91]. A growing body of evidence suggests that therapeutic strategies aimed
at mitochondria can optimize the therapeutic benefit by reducing the necessary drug
dosage, overcoming resistance to multiple drugs, preventing tumor recurrence, and limiting
metastasis, all while minimizing damage to surrounding healthy tissues [92–94]. In recent
years, mitochondria-directed FNA nanostructures have garnered significant attention for
their potential to enhance treatment effectiveness and precision. This form of therapy
involves the targeted delivery of therapeutic compounds to the mitochondria [95] or
directly modulating mitochondrial function to exert therapeutic effects [96–98].

3.1. FNA Nanostructure-Mediated Mitochondria-Targeted Therapeutics

Nucleic acid-based therapies, including antisense oligonucleotides (ASOs) and small
interfering RNAs (siRNAs), have garnered significant interest for the treatment of a wide
range of diseases. However, despite the growing approval of these therapeutic agents, effec-
tively controlling and regulating their activity continues to present a significant challenge.

In 2023, an FNA nanostructure, capable of self-assembling via complementary base
pairing of designed single-stranded DNA, was developed by the Dong group [99]. This
structure, a tetrahedron, was modified at three of its vertices with triphenylphosphine
(TPP), cholesterol, and a functional ASO, forming what is referred to as tetrahedral DNA
framework-based nanoparticles (TDFNs) (Figure 5A). These TDFNs have demonstrated
the ability to cross the blood–brain barrier (BBB), penetrate neuronal cells, and target
mitochondria. Additionally, the TDFNs are capable of recognizing miRNA-34a, generating
fluorescence signals for Alzheimer’s disease diagnosis, while the incorporated ASO reduces
miRNA-34a expression, modulating mitochondrial-associated apoptosis pathways and
promoting the survival of neurons (Figure 5A).

The Li group presented a UCNP-based nanostructure for NIR light-controlled, enzy-
matically triggered regulation of gene expression and combinational tumor therapy [100].
As illustrated in Figure 5B, by integrating ASO with a UCNP-based mitochondria-targeted
photodynamic therapy (PDT) platform. This nanostructure was designed to achieve pre-
cise, spatiotemporally-controlled gene regulation and combine tumor therapies, as follows:
(1) the TPP-functionalized nanostructure ensures targeted localization to the mitochondria;
(2) upon exposure to NIR light, the UCNPs emit green light, which excites photosensitizers
to generate reactive oxygen species (ROS), leading to mitochondrial damage; (3) the ROS
generated during PDT induces the accumulation of mitochondrial APE1, which activates
EO, triggering the release of ASO to downregulate ASncmtRNAs in tumor cells, thereby
facilitating on-demand gene therapy.
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3.2. Mitochondria In Situ Self-Assembly of FNA Nanostructure for Therapeutics

The development of dynamically regulated supramolecular assembly systems within
living cells to control cell fate represents a novel therapeutic approach [101]. To this
end, various materials have been investigated for their ability to enable intracellular self-
assembly, thereby modulating cellular functions [102–104]. For instance, nanostructures
formed from short peptides have been shown to interfere with mitochondria and hold
potential for therapeutic applications. In comparison to peptides, DNA molecules offer
remarkable sequence programmability and predictable thermodynamic properties, making
them superior candidates for the controlled assembly of dynamic nanostructures [9–12].

In 2023, the Yao group designed an in situ-formed DNA-based network that self-
assembled in cancer cells, specifically mediated by telomerase, realizing mitochondrial
interference [105]. Two functional DNA modules were designed as depicted in Figure 6A:
(i) The Y-shaped DNA (TPP-Y-DNA) was functionalized with TPP to target mitochondria.
(ii) The telomerase-responsive linker DNA (T-L-DNA) was constructed with L-DNA and
TP to recognize telomerase enzymes. Upon internalization by cancer cells, L-DNA was
released from the T-L-DNA via a telomerase enzyme-induced SDR and subsequently
hybridized with Y-DNA through base pairing, forming a DNA network. In contrast, this
DNA network could not form in normal cells due to the absence of telomerase enzymes.
The resulting DNA network encapsulated the mitochondria in cancer cells, disrupting the
exchange of substances and inhibiting oxidative phosphorylation and glycolysis, leading to
a reduction in ATP production [105]. The diminished ATP levels prevented the formation
of the ATP–actin complex, thereby hindering lamellipodium formation, which is crucial
for cell migration, and suppressing cancer cell proliferation. Additionally, a significant
amount of cytochrome c (Cyt c) was released from the damaged mitochondria into the
cytosol, triggering apoptosis in cancer cells.

The Yang group presented a K+-mediated dynamic assembly of DNA tetrahedrons
for mitochondrial interference within living cells. One vertex of the DNA tetrahedron
was functionalized with TPP for mitochondria targeting, while the other three vertices
were conjugated with guanine-rich sequences to facilitate K+-induced aggregation of the
tetrahedrons (Figure 6B) [106]. These DNA aggregates specifically localized to the mito-
chondria via TPP and disrupted mitochondrial functions, leading to a marked inhibition of
cell migration. Investigation into the underlying mechanism revealed that the negatively
charged DNA aggregates acted as a physical barrier on the mitochondria, obstructing
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substance exchange and consequently suppressing both aerobic respiration and glycolysis.
This reduction in ATP production impaired the formation of the ATP–actin complex, thus
inhibiting the development of lamellipodia, which are crucial for cellular movement.
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facilitated by telomerase activity, enables mitochondrial disruption and influences cellular functions.
Telomerase, a distinctive ribonucleoprotein enzyme, is responsible for elongating telomeric DNA
and extending telomeric primers. When telomerase is present, it catalyzes the primer extension in
T-L-DNA, initiating strand displacement reactions and subsequently releasing L-DNA. The liberated
L-DNA then hybridizes with TPP-Y-DNA through complementary base pairing, leading to the
formation of an organized DNA network. (B) Schematic of the dynamic assembly of TDNs-G-TPP in
living cells for mitochondrial interference and the consequent regulation of cellular behaviors [106].

4. Conclusions and Perspectives
The mentioned strategies based on FNA nanostructures targeting mitochondria are

summarized in Table 1. As shown in Table 1, the strategies’ efficiency, biostability, off-
target effects, and disadvantages are listed and compared. In conclusion, almost all FNA
nanostructure-targeting strategies have high targeting efficiency and relatively good biosta-
bility. However, in some strategies, the off-target effect was not assessed by researchers
even though it is actually a very critical indicator for evaluating the final targeting capability.
By analyzing the disadvantages of these targeting strategies in Table 1, we conclude that the
complex construction process is a common disadvantage of almost all targeting strategies
based on FNA nanostructures. Meanwhile, some targeting strategies were triggered by
light, but the light penetration depth in tissue is still in doubt.

This review summarizes and discusses recent progress in mitochondria-targeted
molecular imaging and therapeutics facilitated by FNA nanostructures. By combining
mitochondria-targeted nanodelivery approaches with various FNA-based sensing systems,
spatially selective imaging of mitochondria-specific analytes has become achievable. For
therapeutic applications, two primary strategies were highlighted. The first strategy in-
volves the design of FNA nanodevices for the activatable delivery of therapeutic agents to
mitochondria. For example, by combining pre-blocked ASO with a mitochondria-targeted
photodynamic therapy (PDT) system, enzyme-activated gene regulation and combinato-
rial cancer therapy were achieved. Additionally, by tagging photosensitizers (PSs) and
quenchers to the trans-cleavage substrate of the CRISPR-Cas12a system, PDT could be se-
lectively triggered in the mitochondria of tumor cells with characteristic mtDNA mutations,
further activating the cGAS–STING pathway for immunotherapy. The second strategy
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involves the use of conditionally controlled in situ FNA assembly to directly interfere with
mitochondrial function in tumor cells.

Table 1. Efficiency, biostability, off-target effect, and disadvantages of FNA nanostructure-based
mitochondria-targeting strategies.

Strategies Efficiency Biostability Off-Target Effect Disadvantages

BPNS-hairpin DNA for
mtRNA High Excellent -

Dependence on dual-color
imaging analysis instruments;
without in vivo experiments

DNF-Cas12a/crRNA for
mtRNA High Good - Off-target effect was not

discussed

UR-HAPT for APE1 High Excellent Low
Limitation of light penetration
depth in tissue;
complex construction process

A-G/NT for ATP and GSH High Good Low Complex construction process

L-DZ/MUC for Zn2+ High Good Low Complex construction process;
without in vivo experiments

R-DZ/MB for Zn2+ High Doubtful -

Complex construction process;
without in vivo experiments;
signal attenuation in deep
tissues in vivo

TDFNs for miRNA-34a High Excellent Doubtful Complex construction process

ASO/UCT for gene regulation High Excellent Low
Limitation of light penetration
depth in tissue;
complex construction process

DNA network for ATP High Excellent Low
Telomerase expression level
differences affect the
applicability of DNA network

TDNs-G-TPP High Excellent Low Affected by K+ concentration
level differences

Despite significant advancements in recent years, the field of mitochondria-targeted
biosensing and therapy remains in its early stages, with numerous challenges yet to be
addressed. The success of both mitochondrial sensing and therapeutic strategies heavily
relies on the efficient delivery of engineered DNA components. Therefore, developing more
advanced targeting approaches for the precise and effective delivery of functional DNA
units to mitochondria continues to be a critical focus. For instance, lipid nanoparticles, com-
monly used in mRNA vaccines, could be engineered with mitochondria-targeting ligands
to enhance the delivery of DNA systems [107]. TPP is currently the most widely used ligand
for mitochondrial targeting, but other delocalized lipophilic cations, such as dequalinium,
guanidine, and biguanide, offer additional possibilities for constructing mitochondria-
targeted FNA nanostructures [108,109]. Furthermore, mitochondria-penetrating peptides
(MPPs) and mitochondria-targeting sequences (MTSs) have not been fully explored in FNA
nanostructure engineering, largely due to limitations in suitable modification methods.
Peptide nucleic acids (PNAs) may serve as a promising solution, bridging this gap and
facilitating the incorporation of MPPs and MTSs into mitochondria-targeted FNA nanostruc-
tures. Additionally, DNA origami nanostructures have emerged as a highly programmable
and versatile platform for mitochondrial targeting, offering unprecedented precision in
drug delivery, gene regulation, and biomolecular interactions. By leveraging the struc-
tural programmability and high cargo-loading capacity of DNA origami, researchers have
developed mitochondria-targeting systems that can navigate the complex intracellular envi-
ronment and overcome mitochondrial membrane barriers [110]. These nanostructures also
can be functionalized with TPP to facilitate selective accumulation within mitochondria,
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thereby enhancing therapeutic efficacy while minimizing off-target effects. Meanwhile,
some DNA origami platforms also can be used to study lipid transport between bilayers,
which is relevant to mitochondrial and inter-organelle communication [111,112].

Mitochondria-targeted FNA nanostructures are designed to specifically localize in
mitochondria and perform molecular imaging functions. However, these nanostructures
may become irreversibly activated upon encountering their targets, leading to sensing
before actual targeting occurs. To overcome this limitation, the light-activatable sensing
approach was used for the programmable response of FNA nanostructures. Nevertheless,
the light activation strategy still faces challenges due to the limited subcellular resolution
of light. Given that several mitochondria-specific components have been identified, we
hypothesize that these components could serve as endogenous mitochondrial triggers to
regulate pre-blocked DNA probes, enabling precise subcellular imaging. For example,
mtDNA sequences, which are uniquely localized in mitochondria, could act as stimuli
to activate the sensing function of mitochondria-targeted biosensors. Additionally, most
of the current mitochondria-targeted sensing methods have been validated primarily
with well-known molecules. We are optimistic that these strategies can be effectively
applied to uncover previously unexplored biological processes within mitochondria and in
mitochondrial–organelle communications.

When applying FNA nanostructures for gene editing and mitochondria-targeted
tumor or Alzheimer’s disease therapies, there is a potential risk of unintended effects
on normal cells. Therefore, enhancing the target cell specificity of these mitochondria-
targeted FNA systems is crucial. To address this challenge, intelligent FNA nanomachines,
capable of responding and adapting to complex biological signals, hold promise as next-
generation tools for mitochondria-targeted treatments. These smart FNA nanodevices
can be meticulously engineered to incorporate cascade targeting mechanisms, thereby
increasing targeting accuracy. For instance, DNA nanodevices can be equipped with
tumor-specific ligands, such as aptamers that bind to overexpressed membrane proteins
on tumor cells. Upon internalization into target cells, these devices could be directed to
mitochondrial compartments using organelle-targeting ligands, allowing them to perform
their therapeutic functions. Moreover, spatiotemporal control over the therapeutic actions
of mitochondria-targeted systems provides an effective strategy for minimizing off-target
effects. In this approach, the therapeutic activity of the DNA nanodevices is initially
suppressed and later activated by tumor-specific triggers within mitochondria (such as
reactive oxygen species or abnormal metabolite accumulation), thereby enhancing the
selective targeting of cancer cells and reducing cytotoxicity to normal tissues. Additionally,
with numerous ligands available for targeting different organelles, FNA nanostructures
can be engineered to also target other cellular compartments, such as the nucleus or
endoplasmic reticulum, for subcellular-specific imaging and therapies. Moving forward,
more focus should be placed on designing intelligent FNA nanodevices that integrate
both disease-specific recognition and organelle-targeting capabilities. Ultimately, we are
optimistic that advancements in organelle-targeted FNA nanostructures will significantly
contribute to both academic research and clinical applications.

Funding: This research was funded by Key R&D Program of Shandong Province, China grant
number 2022TZXD0033, Science and Technology SMEs Innovation Ability Improvement Project of
Shandong Province grant numbers 2023TSGC0386 and 2023TSGC0362, Doctoral Research Startup
Foundation of Liaocheng University grant number 318052315 and 318052366. The APC was funded
by Qinghua Zeng.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Molecules 2025, 30, 1025 15 of 19

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Deus, C.M.; Yambire, K.F.; Oliveira, P.J.; Raimundo, N. Mitochondria-lysosome crosstalk: From physiology to neurodegeneration.

Trends Mol. Med. 2020, 26, 71–88. [CrossRef] [PubMed]
2. Li, S.; Song, M.; Li, Q.; Kirk, A.; Xu, H. Mitochondrion-endothelial interaction generates danger signal in promoting costimulation-

resistant T cell-mediated allograft rejection. Am. J. Transplant. 2020, 20, 335.
3. Wang, X.R.; Chen, Q.; Ou, J.L.; Huang, Y.L.; Wang, C.C.; Chen, Y.A.; Qin, J.L.; Chen, M.; Feng, Y.; Xu, G.Y.; et al. Real-time and

accurate monitoring of mitochondria-related apoptosis by a multifunctional two-photon fluorescent probe. Sens. Actuators B
Chem. 2022, 351, 130953. [CrossRef]

4. Teulière, J.; Bernard, G.; Bapteste, E. The distribution of genes associated with regulated cell death is decoupled from the
mitochondrial phenotypes within unicellular eukaryotic hosts. Front. Cell Dev. Biol. 2020, 8, 536389. [CrossRef]

5. Poór, P. Effects of salicylic acid on the metabolism of mitochondrial reactive oxygen species in plants. Biomolecules 2020, 10, 341.
[CrossRef]

6. Martin-Guerrero, S.M.; Markovinovic, A.; Morotz, G.M.; Salam, S.; Noble, W.; Miller, C.C.J. Targeting ER-mitochondria signaling
as a therapeutic target for frontotemporal dementia and related amyotrophic lateral sclerosis. Front. Cell Dev. Biol. 2022, 10,
915931. [CrossRef]

7. Yaqoob, M.D.; Xu, L.; Li, C.F.; Leong, M.M.L.; Xu, D.D. Targeting mitochondria for cancer photodynamic therapy. Photodiagnosis
Photodyn. Ther. 2022, 38, 102830. [CrossRef]

8. Huang, Y.Y.; Zhang, G.X.; Zhao, R.; Zhang, D.Q. Aggregation-induced emission luminogens for mitochondria-targeted cancer
therapy. ChemMedChem 2020, 15, 2220–2227. [CrossRef]

9. Xu, W.T.; He, W.C.; Du, Z.H.; Zhu, L.Y.; Huang, K.L.; Lu, Y.; Luo, Y.B. Functional nucleic acid nanomaterials: Development,
properties, and applications. Angew. Chem. Int. Ed. 2021, 60, 6890–6918. [CrossRef]

10. Bialy, R.M.; Mainguy, A.; Li, Y.F.; Brennan, J.D. Functional nucleic acid biosensors utilizing rolling circle amplification. Chem. Soc.
Rev. 2022, 51, 9009–9067. [CrossRef]

11. Cao, X.; Chen, C.; Zhu, Q. Biosensors based on functional nucleic acids and isothermal amplification techniques. Talanta 2023, 253,
123977. [CrossRef] [PubMed]

12. Yu, X.H.; Zhang, S.Q.; Guo, W.Q.; Li, B.X.; Yang, Y.; Xie, B.Q.; Li, K.; Zhang, L. Recent advances on functional nucleic-acid
biosensors. Sensors 2021, 21, 7109. [CrossRef] [PubMed]

13. Su, M.; Peng, T.; Zhu, Y.; Li, J. Nucleic acid covalent tags. ChemBioChem 2024, e202400805. [CrossRef]
14. Zhou, W.H.; Saran, R.; Liu, J.W. Metal sensing by DNA. Chem. Rev. 2017, 117, 8272–8325. [CrossRef] [PubMed]
15. Herrera, A.; Zhou, J.; Song, M.-S.; Rossi, J.J. Evolution of cell-type-specific RNA aptamers via live cell-based SELEX. Methods Mol.

Biol. 2023, 2666, 317–346.
16. Sun, P.; Gou, H.; Che, X.; Chen, G.; Feng, C. Recent advances in DNAzymes for bioimaging, biosensing and cancer therapy. Chem.

Commun. 2024, 60, 10805–10821. [CrossRef]
17. Wang, D.; Li, S.H.; Zhao, Z.L.; Zhang, X.B.; Tan, W.H. Engineering a second-order DNA logic-gated nanorobot to sense and

release on live cell membranes for multiplexed diagnosis and synergistic therapy. Angew. Chem. Int. Ed. 2021, 60, 15816–15820.
[CrossRef]

18. Zheng, K.; Kros, J.M.; Li, J.; Zheng, P.P. DNA-nanorobot-guided thrombin-inducing tumor infarction: Raising new potential
clinical concerns. Drug Discov. Today 2020, 25, 951–955. [CrossRef]

19. Chen, C.; Wang, X.J.; Wang, Y.; Tian, L.F.; Cao, J.X. Construction of protocell-based artificial signal transduction pathways. Chem.
Commun. 2021, 57, 12754–12763. [CrossRef]

20. Xie, M.; Jiang, J.; Chao, J. DNA-based gold nanoparticle assemblies: From structure constructions to sensing applications. Sensors
2023, 23, 9229. [CrossRef]

21. Zhang, Q.; Gao, L.; Li, F.; Bi, Y. Sensing and manipulating single lipid vesicles using dynamic DNA nanotechnology. Nanoscale
2023, 15, 5158–5166. [CrossRef] [PubMed]

22. van Dongen, J.E.; Eijkel, J.C.T.; Segerink, L.I. DNA-origami enabled distance-dependent sensing. In Proceedings of the 2022 IEEE
Sensors, Dallas, TX, USA, 8 December 2022; IEEE: Piscataway, NJ, USA, 2022.

23. Liu, Z.H.; Cao, Y.J.; Zhang, X.N.; Yang, H.Z.; Zhao, Y.J.; Gao, W.; Tang, B. A dual-targeted CeO2-DNA nanosensor for real-time
imaging of H2O2 to assess atherosclerotic plaque vulnerability. J. Mater. Chem. B 2020, 8, 3502–3505. [CrossRef] [PubMed]

24. Lee, S.; Batjikh, I.; Kang, S.H. Toward sub-diffraction imaging of single-DNA molecule sensors based on stochastic switching
localization microscopy. Sensors 2020, 20, 6667. [CrossRef] [PubMed]

https://doi.org/10.1016/j.molmed.2019.10.009
https://www.ncbi.nlm.nih.gov/pubmed/31791731
https://doi.org/10.1016/j.snb.2021.130953
https://doi.org/10.3389/fcell.2020.536389
https://doi.org/10.3390/biom10020341
https://doi.org/10.3389/fcell.2022.915931
https://doi.org/10.1016/j.pdpdt.2022.102830
https://doi.org/10.1002/cmdc.202000632
https://doi.org/10.1002/anie.201909927
https://doi.org/10.1039/D2CS00613H
https://doi.org/10.1016/j.talanta.2022.123977
https://www.ncbi.nlm.nih.gov/pubmed/36201957
https://doi.org/10.3390/s21217109
https://www.ncbi.nlm.nih.gov/pubmed/34770415
https://doi.org/10.1002/cbic.202400805
https://doi.org/10.1021/acs.chemrev.7b00063
https://www.ncbi.nlm.nih.gov/pubmed/28598605
https://doi.org/10.1039/D4CC03774J
https://doi.org/10.1002/anie.202103993
https://doi.org/10.1016/j.drudis.2020.03.005
https://doi.org/10.1039/D1CC03775G
https://doi.org/10.3390/s23229229
https://doi.org/10.1039/D2NR07192D
https://www.ncbi.nlm.nih.gov/pubmed/36825547
https://doi.org/10.1039/C9TB02459J
https://www.ncbi.nlm.nih.gov/pubmed/31850470
https://doi.org/10.3390/s20226667
https://www.ncbi.nlm.nih.gov/pubmed/33233370


Molecules 2025, 30, 1025 16 of 19

25. Arnon, Z.A.; Piperno, S.; Redeker, D.C.; Randall, E.; Tkachenko, A.V.; Shpaisman, H.; Gang, O. Acoustically shaped DNA-
programmable materials. Nat. Commun. 2024, 15, 6875. [CrossRef]

26. Wang, H.G.; Qi, H.C.; Gong, S.J.; Huang, Z.H.; Meng, C.; Zhang, Y.; Chen, X.; Jiao, X. Fe3O4 composited with MoS2 blocks
horizontal gene transfer. Colloids Surf. B. Biointerfaces 2020, 185, 110569. [CrossRef]

27. Maity, S.; Guchhait, R.; De, S.; Pramanick, K. High doses of nano-polystyrene aggravate the oxidative stress, DNA damage, and
the cell death in onions. Environ. Pollut. 2023, 316 Pt 2, 120611. [CrossRef]

28. Hu, M.; Palic, D. Role of microRNAs in regulation of DNA damage in monocytes exposed to polystyrene and TiO2 nanoparticles.
Toxicol. Rep. 2020, 7, 743–751. [CrossRef]

29. Huang, Q.; Liu, X.; Zhang, P.G.; Wu, Z.; Zhao, Z.L. A DNA nano-train carrying a predefined drug combination for cancer therapy.
Chem. Res. Chin. Univ. 2022, 38, 928–934. [CrossRef]

30. Narita, M.; Kohata, A.; Kageyama, T.; Watanabe, H.; Aikawa, K.; Kawaguchi, D.; Morihiro, K.; Okamoto, A.; Okazoe, T.
Fluorocarbon-DNA conjugates for enhanced cellular delivery: Formation of a densely packed DNA nano-assembly. ChemBioChem
2024, 25, e202400436. [CrossRef]

31. Liu, Y.; Lin, Y.; Xiao, H.; Fu, Z.; Zhu, X.; Chen, X.; Li, C.; Ding, C.; Lu, C. mRNA-responsive two-in-one nanodrug for enhanced
anti-tumor chemo-gene therapy. J. Control. Release 2024, 369, 765–774. [CrossRef]

32. Rajwar, A.; Shetty, S.R.; Vaswani, P.; Morya, V.; Barai, A.; Sen, S.; Sonawane, M.; Bhatia, D. Geometry of a DNA nanostructure
influences its endocytosis: Cellular study on 2D, 3D, and in vivo systems. ACS Nano 2022, 16, 10496–10508. [CrossRef] [PubMed]

33. Zhang, A.H.; Fang, J.R.; Li, X.L.; Wang, J.; Chen, M.W.; Chen, H.J.; He, G.; Xie, X. Cellular nanointerface of vertical nanostructure
arrays and its applications. Nanoscale Adv. 2022, 4, 1844–1867. [CrossRef] [PubMed]

34. Haldavnekar, R.; Venkatakrishnan, K.; Tan, B. Boosting the sub-cellular biomolecular cancer signals by self-functionalized tag-free
nano sensor. Biosens. Bioelectron. 2021, 190, 113407. [CrossRef] [PubMed]

35. Saminathan, A.; Devany, J.; Veetil, A.T.; Suresh, B.; Pillai, K.S.; Schwake, M.; Krishnan, Y. A DNA-based voltmeter for organelles.
Nat. Nanotechnol. 2021, 16, 96–103. [CrossRef]

36. Iwaki, M.; Wickham, S.F.; Ikezaki, K.; Yanagida, T.; Shih, W.M. A programmable DNA origami nanospring that reveals force-
induced adjacent binding of myosin VI heads. Nat. Commun. 2016, 7, 13715. [CrossRef]

37. Lin, M.; Chen, Y.; Zhao, S.; Tang, R.; Nie, Z.; Xing, H. A biomimetic approach for spatially-controlled cell membrane engineering
using fusogenic spherical nucleic acid. Angew. Chem. Int. Ed. 2021, 61, e202111647. [CrossRef]

38. Basu, U.; Bostwick, A.M.; Das, K.; Dittenhafer-Reed, K.E.; Patel, S.S. Structure, mechanism, and regulation of mitochondrial DNA
transcription initiation. J. Biol. Chem. 2020, 295, 18406–18425. [CrossRef]

39. Esfandyari, D.; Idrissou, B.M.G.; Hennis, K.; Avramopoulos, P.; Dueck, A.; El-Battrawy, I.; Grüter, L.; Meier, M.A.; Näger, A.C.;
Ramanujam, D.; et al. MicroRNA-365 regulates human cardiac action potential duration. Nat. Commun. 2022, 13, 220. [CrossRef]

40. Trabucchi, M. Subcellular heterogeneity of the microRNA machinery. Trends Genet. 2019, 35, 15–28. [CrossRef]
41. Park, A.; Oh, M.; Lee, S.J.; Oh, K.J.; Lee, E.W.; Lee, S.C.; Bae, K.H.; Han, B.S.; Kim, W.K. Mitochondrial transplantation as a novel

therapeutic strategy for mitochondrial diseases. Int. J. Mol. Sci. 2021, 22, 4793. [CrossRef]
42. Bonora, M.; Wieckowski, M.R.; Sinclair, D.A.; Kroemer, G.; Pinton, P.; Galluzzi, L. Targeting mitochondria for cardiovascular

disorders: Therapeutic potential and obstacles. Nat. Rev. Cardiol. 2019, 16, 33–55. [CrossRef] [PubMed]
43. Ortega, M.A.; Fraile-Martínez, O.; Guijarro, L.G.; Casanova, C.; Coca, S.; Alvarez-Mon, M.; Buján, J.; García-Honduvilla, N.;

Asúnsolo, A. The regulatory role of mitochondrial microRNAs (mitomiRs) in breast cancer: Translational implications present
and future. Cancers 2020, 12, 2443. [CrossRef] [PubMed]

44. Cheng, Y.-Y.; Chen, Z.; Cao, X.; Ross, T.D.; Falbel, T.G.; Burton, B.M.; Venturelli, O.S. Programming bacteria for multiplexed DNA
detection. Nat. Commun. 2023, 14, 2001. [CrossRef] [PubMed]

45. Wang, Y.; Wang, D.; Sun, L.H.; Zhang, L.C.; Lu, Z.S.; Xue, P.; Wang, F.; Xia, Q.Y.; Bao, S.J. BC@DNA-Mn3(PO4)2 nanozyme for
real-time detection of superoxide from living cells. Anal. Chem. 2020, 92, 15927–15935. [CrossRef]

46. Taghbalout, A.; Jillette, N.; Cheng, A.W. TALE.sense: A versatile DNA sensor platform for live mammalian cells. ACS Synth. Biol.
2022, 11, 116–124. [CrossRef]

47. Shapiro, J.A. All living cells are cognitive. Biochem. Biophys. Res. Commun. 2021, 564, 134–149. [CrossRef]
48. Chen, Z.; Zeng, S.; Qian, L. Quantitative analysis of mitochondrial RNA in living cells with a dual-color imaging system. Small

2023, 19, e2301132. [CrossRef]
49. Chen, W.S.; Ouyang, J.; Liu, H.; Chen, M.; Zeng, K.; Sheng, J.P.; Liu, Z.J.; Han, Y.J.; Wang, L.Q.; Li, J.; et al. Black phosphorus

nanosheet-based drug delivery system for synergistic photodynamic/photothermal/chemotherapy of cancer. Adv. Mater. 2017,
29, 1603864. [CrossRef]

50. Chen, W.S.; Ouyang, J.; Yi, X.Y.; Xu, Y.; Niu, C.C.; Zhang, W.Y.; Wang, L.Q.; Sheng, J.P.; Deng, L.; Liu, Y.N.; et al. Black phosphorus
nanosheets as a neuroprotective nanomedicine for neurodegenerative disorder therapy. Adv. Mater. 2018, 30, 1703458. [CrossRef]

51. Shao, J.D.; Xie, H.H.; Huang, H.; Li, Z.B.; Sun, Z.B.; Xu, Y.H.; Xiao, Q.L.; Yu, X.F.; Zhao, Y.T.; Zhang, H.; et al. Biodegradable black
phosphorus-based nanospheres for in vivo photothermal cancer therapy. Nat. Commun. 2021, 12, 3923. [CrossRef]

https://doi.org/10.1038/s41467-024-51049-7
https://doi.org/10.1016/j.colsurfb.2019.110569
https://doi.org/10.1016/j.envpol.2022.120611
https://doi.org/10.1016/j.toxrep.2020.05.007
https://doi.org/10.1007/s40242-022-2116-8
https://doi.org/10.1002/cbic.202400436
https://doi.org/10.1016/j.jconrel.2024.04.007
https://doi.org/10.1021/acsnano.2c01382
https://www.ncbi.nlm.nih.gov/pubmed/35715010
https://doi.org/10.1039/D1NA00775K
https://www.ncbi.nlm.nih.gov/pubmed/36133409
https://doi.org/10.1016/j.bios.2021.113407
https://www.ncbi.nlm.nih.gov/pubmed/34134072
https://doi.org/10.1038/s41565-020-00784-1
https://doi.org/10.1038/ncomms13715
https://doi.org/10.1002/anie.202111647
https://doi.org/10.1074/jbc.REV120.011202
https://doi.org/10.1038/s41467-021-27856-7
https://doi.org/10.1016/j.tig.2018.10.006
https://doi.org/10.3390/ijms22094793
https://doi.org/10.1038/s41569-018-0074-0
https://www.ncbi.nlm.nih.gov/pubmed/30177752
https://doi.org/10.3390/cancers12092443
https://www.ncbi.nlm.nih.gov/pubmed/32872155
https://doi.org/10.1038/s41467-023-37582-x
https://www.ncbi.nlm.nih.gov/pubmed/37037805
https://doi.org/10.1021/acs.analchem.0c03322
https://doi.org/10.1021/acssynbio.1c00212
https://doi.org/10.1016/j.bbrc.2020.08.120
https://doi.org/10.1002/smll.202301132
https://doi.org/10.1002/adma.201603864
https://doi.org/10.1002/adma.201703458
https://doi.org/10.1038/s41467-021-23210-z


Molecules 2025, 30, 1025 17 of 19

52. Chen, H.L.; Liu, Z.M.; Wei, B.; Huang, J.; You, X.R.; Zhang, J.Y.; Yuan, Z.L.; Tang, Z.L.; Guo, Z.Y.; Wu, J. Redox responsive
nanoparticle encapsulating black phosphorus quantum dots for cancer theranostics. Bioact. Mater. 2021, 6, 655–665. [CrossRef]
[PubMed]

53. Liu, W.X.; Dong, A.; Wang, B.; Zhang, H. Current advances in black phosphorus-based drug delivery systems for cancer therapy.
Adv. Sci. 2021, 8, 2003033. [CrossRef] [PubMed]

54. Xu, X.; Jiang, Y.F.; Wang, M.; Wang, H.M.; Lu, C.H.; Yang, H.H. Biodegradable black-phosphorus-nanosheet-based nanoagent for
enhanced chemo-photothermal therapy. Part. Part. Syst. Charact. 2020, 37, 2000243. [CrossRef]

55. Huang, W.-Q.; Wang, F.; Nie, X.; Zhang, Z.; Chen, G.; Xia, L.; Wang, L.-H.; Ding, S.-G.; Hao, Z.-Y.; Zhang, W.-J.; et al. Stable black
phosphorus nanosheets exhibiting high tumor-accumulating and mitochondria-targeting for efficient photothermal therapy via
double functionalization. ACS Appl. Bio Mater. 2020, 3, 1176–1186. [CrossRef]

56. Zhang, Q.C.; Liang, J.M.; Hu, X.W.; Cai, A.; Zhu, Y.Z.; Peng, W.C.; Li, Y.; Zhang, F.B.; Fan, X.B. Rapid microwave-assisted synthesis
of Ni2P nanosheets from black phosphorus. Chem. Commun. 2022, 58, 10945–10948. [CrossRef]

57. Hou, Y.B.; Xu, Z.M.; An, R.; Zheng, H.; Hu, W.Z.; Zhou, K. Recent progress in black phosphorus nanosheets for improving the fire
safety of polymer nanocomposites. Compos. Part B Eng. 2023, 249, 110404. [CrossRef]

58. Wen, Y.; Liu, W.-Y.; Wang, J.-H.; Yu, Y.-L.; Chen, S. Simultaneous imaging of multiple miRNAs in mitochondria controlled by
fluorescently encoded upconversion optical switches for drug resistance studies. Anal. Chem. 2023, 95, 12152–12160. [CrossRef]

59. Li, L.L.; Cheng, F.; Li, J.; Zhen, S.J.; Lv, W.Y.; Shuai, X.J.; Li, Y.F.; Huang, C.Z.; Li, C.M. Simultaneous response of mitochondrial
microRNAs to identify cell apoptosis with multiple responsive intelligent DNA biocomputing nanodevices. Anal. Chem. 2023, 95,
10992–10998. [CrossRef]

60. Du, J.Y.; Qiao, Y.C.; Meng, X.D.; Wei, W.; Dai, W.H.; Yang, L.Z.; Yang, C.Y.; Dong, H.F. Mitochondria microRNA spatial imaging
via pH-responsive exonuclease-assisted AIE nanoreporter. Anal. Chem. 2022, 94, 10669–10675. [CrossRef]

61. Li, Y.; Wu, Y.; Xu, R.; Guo, J.; Quan, F.; Zhang, Y.; Huang, D.; Pei, Y.; Gao, H.; Liu, W.; et al. In vivo imaging of mitochondrial
DNA mutations using an integrated nano Cas12a sensor. Nat. Commun. 2023, 14, 7722. [CrossRef]

62. Wang, B.; Lv, X.J.; Wang, Y.F.; Wang, Z.B.; Liu, Q.; Lu, B.; Liu, Y.; Gu, F. CRISPR/Cas9-mediated mutagenesis at microhomologous
regions of human mitochondrial genome. Sci. China Life Sci. 2021, 64, 1463–1472. [CrossRef] [PubMed]

63. Wang, Y.; Hu, L.F.; Cui, P.F.; Qi, L.Y.; Xing, L.; Jiang, H.L. Pathologically responsive mitochondrial gene therapy in an allotopic
expression-independent manner cures leber’s hereditary optic neuropathy. Adv. Mater. 2021, 33, 2103307. [CrossRef] [PubMed]

64. Yuan, P.Y.; Mao, X.; Wu, X.F.; Liew, S.S.; Li, L.; Yao, S.Q. Mitochondria-targeting, intracellular delivery of native proteins using
biodegradable silica nanoparticles. Angew. Chem. Int. Ed. 2019, 58, 7657–7661. [CrossRef] [PubMed]

65. Zielonka, J.; Joseph, J.; Sikora, A.; Hardy, M.; Ouari, O.; Vasquez-Vivar, J.; Cheng, G.; Lopez, M.; Kalyanaraman, B. Mitochondria-
targeted triphenylphosphonium-based compounds: Syntheses, mechanisms of action, and therapeutic and diagnostic applications.
Chem. Rev. 2017, 117, 10043–10120. [CrossRef]

66. Lee-Glover, L.P.; Shutt, T.E. Mitochondrial quality control pathways sense mitochondrial protein import. Trends Endocrinol. Metab.
2024, 35, 308–320. [CrossRef]

67. Wallis, C.P.; Scott, L.H.; Filipovska, A.; Rackham, O. Manipulating and elucidating mitochondrial gene expression with engineered
proteins. Philos. Trans. R. Soc. B Biol. Sci. 2020, 375, 20190185. [CrossRef]

68. Mol, C.D.; Izumi, T.; Mitra, S.; Tainer, J.A. DNA-bound structures and mutants reveal abasic DNA binding by APE1 and DNA
repair coordination. Nature 2000, 403, 451–456. [CrossRef]

69. Lebedeva, N.A.; Dyrkheeva, N.S.; Rechkunova, N.I.; Lavrik, O.I. Apurinic/apyrimidinic endonuclease 1 has major impact in
prevention of suicidal covalent DNA-protein crosslink with apurinic/apyrimidinic site in cellular extracts. IUBMB Life 2024, 76,
987–996. [CrossRef]

70. Mahjabeen, I.; Baig, R.M.; Sabir, M.; Kayani, M.A. Genetic and expressional variations of APEX1 are associated with increased
risk of head and neck cancer. Mutagenesis 2013, 28, 213–218. [CrossRef]

71. Dan, K.; Veetil, A.T.; Chakraborty, K.; Krishnan, Y. DNA nanodevices map enzymatic activity in organelles. Nat. Nanotechnol.
2019, 14, 252–259. [CrossRef]

72. Lai, R.; Pan, X.; Qin, Y.; Liang, J.; Wu, L.; Dong, M.; Chen, J.; Liu, J.-W. Highly integrated, self-powered and activatable bipedal
DNA nanowalker for imaging of base excision repair in living cells. J. Nanobiotechnol. 2024, 22, 636. [CrossRef] [PubMed]

73. Shao, Y.L.; Zhao, J.; Yuan, J.Y.; Zhao, Y.L.; Li, L.L. Organelle-specific photoactivation of DNA nanosensors for precise profiling of
subcellular enzymatic activity. Angew. Chem. Int. Ed. 2021, 60, 8923–8931. [CrossRef] [PubMed]

74. Cadenas, E.; Davies, K.J. Mitochondrial free radical generation, oxidative stress, and aging. Free Radic. Biol. Med. 2000, 29, 222–230.
[CrossRef] [PubMed]

75. Droge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82, 47–95. [CrossRef]
76. Gallez, B.; Mathieu, B.; Sonveaux, P. About metformin and its action on the mitochondrial respiratory chain in prostate cancer.

Transl. Androl. Urol. 2024, 13, 909–914. [CrossRef]

https://doi.org/10.1016/j.bioactmat.2020.08.034
https://www.ncbi.nlm.nih.gov/pubmed/33005829
https://doi.org/10.1002/advs.202003033
https://www.ncbi.nlm.nih.gov/pubmed/33717847
https://doi.org/10.1002/ppsc.202000243
https://doi.org/10.1021/acsabm.9b01052
https://doi.org/10.1039/D2CC03998B
https://doi.org/10.1016/j.compositesb.2022.110404
https://doi.org/10.1021/acs.analchem.3c02403
https://doi.org/10.1021/acs.analchem.3c01117
https://doi.org/10.1021/acs.analchem.2c00941
https://doi.org/10.1038/s41467-023-43552-0
https://doi.org/10.1007/s11427-020-1819-8
https://www.ncbi.nlm.nih.gov/pubmed/33420919
https://doi.org/10.1002/adma.202103307
https://www.ncbi.nlm.nih.gov/pubmed/34431574
https://doi.org/10.1002/anie.201901699
https://www.ncbi.nlm.nih.gov/pubmed/30994955
https://doi.org/10.1021/acs.chemrev.7b00042
https://doi.org/10.1016/j.tem.2023.11.004
https://doi.org/10.1098/rstb.2019.0185
https://doi.org/10.1038/35000249
https://doi.org/10.1002/iub.2890
https://doi.org/10.1093/mutage/ges074
https://doi.org/10.1038/s41565-019-0365-6
https://doi.org/10.1186/s12951-024-02927-1
https://www.ncbi.nlm.nih.gov/pubmed/39420328
https://doi.org/10.1002/anie.202016738
https://www.ncbi.nlm.nih.gov/pubmed/33480460
https://doi.org/10.1016/S0891-5849(00)00317-8
https://www.ncbi.nlm.nih.gov/pubmed/11035250
https://doi.org/10.1152/physrev.00018.2001
https://doi.org/10.21037/tau-23-602


Molecules 2025, 30, 1025 18 of 19

77. Chen, T.-H.; Wang, H.-C.; Chang, C.-J.; Lee, S.-Y. Mitochondrial glutathione in cellular redox homeostasis and disease manifesta-
tion. Int. J. Mol. Sci. 2024, 25, 1314. [CrossRef]

78. Hu, W.W.; Zhang, C.; Wu, R.; Sun, Y.; Levine, A.; Feng, Z.H. Glutaminase 2, a novel p53 target gene regulating energy metabolism
and antioxidant function. Proc. Natl. Acad. Sci. USA 2010, 107, 7455–7460. [CrossRef]

79. Ali, A.S.; Chen, R.; Raju, R.; Kshirsagar, R.; Gilbert, A.; Zang, L.; Karger, B.L.; Ivanov, A.R. Multi-omics reveals impact of
cysteine feed concentration and resulting redox imbalance on cellular energy metabolism and specific productivity in CHO cell
bioprocessing. Biotechnol. J. 2020, 15, 1900565. [CrossRef]

80. Hong, S.N.; Zhang, X.T.; Lake, R.J.; Pawel, G.T.; Guo, Z.J.; Pei, R.J.; Lu, Y. A photo-regulated aptamer sensor for spatiotemporally
controlled monitoring of ATP in the mitochondria of living cells. Chem. Sci. 2020, 11, 713–720. [CrossRef]

81. Li, Y.; Zhang, F.; Liu, W.; Shao, M.; Hao, Z.; Zhang, H.; Zhang, R.; Li, X.; Zhang, L. Endogenous glutathione-activated DNA
nanoprobes for spatially controllable imaging of microRNA in living cells. Chem. Commun. 2023, 59, 5431–5434. [CrossRef]

82. Chai, X.; Fan, Z.T.; Yu, M.M.; Zhao, J.; Li, L.L. A redox-activatable DNA nanodevice for spatially-selective, AND-gated Imaging
of ATP and glutathione in mitochondria. Nano Lett. 2021, 21, 10047–10053. [CrossRef] [PubMed]

83. Yi, D.; Zhao, H.; Zhao, J.; Li, L. Modular engineering of DNAzyme-based sensors for spatioselective imaging of metal ions in
mitochondria. J. Am. Chem. Soc. 2023, 145, 1678–1685. [CrossRef] [PubMed]

84. Yi, D.; Li, L.A.-O.; Li, M. Subcellular compartment-specific amplified imaging of metal ions via ribosomal RNA-regulated
DNAzyme sensors. Angew. Chem. Int. Ed. 2024, e202412387.

85. Dang, Z.; Tao, X.-Y.; Guan, Y.; Wu, Z.; Xiong, Y.; Liu, G.; Tian, Y.; Tian, L.-J. Direct visualization and restoration of metallic
ion-induced subcellular ultrastructural remodeling. ACS Nano 2023, 17, 9069–9081. [CrossRef] [PubMed]

86. Turan, B.; Tuncay, E. The role of labile Zn2+ and Zn2+-transporters in the pathophysiology of mitochondria dysfunction in
cardiomyocytes. Mol. Cell. Biochem. 2021, 476, 991–992. [CrossRef]

87. Anson, K.J.; Corbet, G.A.; Palmer, A.E. Zn2+ influx activates ERK and Akt signaling pathways. Proc. Natl. Acad. Sci. USA 2021,
118, e2015786118. [CrossRef]

88. Hong, C.; Wang, Q.; Chen, Y.Y.; Gao, Y.H.; Shang, J.H.; Weng, X.C.; Liu, X.Q.; Wang, F.A. Intelligent demethylase-driven
DNAzyme sensor for highly reliable metal-ion imaging in living cells. Chem. Sci. 2021, 12, 15339–15346. [CrossRef]

89. Wang, W.J.; Satyavolu, N.S.R.; Wu, Z.K.; Zhang, J.R.; Zhu, J.J.; Lu, Y. Near-infrared photothermally activated DNAzyme-gold
nanoshells for imaging metal ions in living cells. Angew. Chem. Int. Ed. 2017, 56, 6798–6802. [CrossRef]

90. Liu, R.; Jiang, D.; Yun, Y.; Feng, Z.; Zheng, F.; Xiang, Y.; Fan, H.; Zhang, J. Photoactivatable engineering of CRISPR/Cas9-inducible
DNAzyme probe for in situ imaging of nuclear zinc ions. Angew. Chem. Int. Ed. 2024, 63, e202315536. [CrossRef]

91. Yu, F.; Li, X.; Sheng, C.; Li, L. DNA nanotechnology targeting mitochondria: From subcellular molecular imaging to tailor-made
therapeutics. Angew. Chem. Int. Ed. 2024, 63, e202409351. [CrossRef]

92. Huang, M.F.; Xiong, D.H.; Pan, J.; Zhang, Q.; Wang, Y.; Myers, C.R.; Johnson, B.D.; Hardy, M.; Kalyanaraman, B.; You, M.
Prevention of tumor growth and dissemination by in situ vaccination with mitochondria-targeted atovaquone. Adv. Sci. 2022, 9,
2101267. [CrossRef] [PubMed]

93. Chen, M.; Xu, H.; Chang, P.; Li, X.; Liu, S.; Xu, L.; Xu, K.; Cheng, G. An intelligent poly aptamer-encoded DNA nanoclew for
tumor site activated mitochondria-targeted photodynamic therapy and MR imaging. Mater. Today Bio 2024, 29, 101318. [CrossRef]
[PubMed]

94. Wang, D.-D.; He, L.; Qi, M.-H.; Zhao, H.-Y.; Yu, A.-X.; Huang, S.-W. Mitochondria-targeting artesunate-rhein conjugates:
Linker-modulated cell-permeability, heme-affinity and anticancer activity. Eur. J. Med. Chem. 2025, 282, 117100. [CrossRef]
[PubMed]

95. Luo, Z.; Cao, Y.; Liao, Z.; Gong, N.; Ma, P.; Li, Z.; Lai, X.; Zhang, Y.; Zhu, X.; Li, Z.; et al. Mitochondria-targeted gold
biometallization for photoacoustically visualized photothermal cancer therapy. ACS Nano 2024, 18, 29667. [CrossRef]

96. Li, L.; Zhang, Y.; Tang, Q.; Wu, C.; Yang, M.; Hu, Y.; Gong, Z.; Shi, L.; Guo, C.; Zeng, Z.; et al. Mitochondria in tumor immune
surveillance and tumor therapies targeting mitochondria. Cell. Oncol. 2024, 47, 2031–2047. [CrossRef]

97. Wan, X.; Wang, W.; Zhou, Y.; Ma, X.; Guan, M.; Liu, F.; Chen, S.; Fan, J.-X.; Yan, G.-P. Self-delivery nanoplatform based on
amphiphilic apoptosis peptide for precise mitochondria-targeting photothermal therapy. Mol. Pharm. 2024, 21, 1537–1547.
[CrossRef]

98. Chen, F.; Xue, Y.; Zhang, W.; Zhou, H.; Zhou, Z.; Chen, T.; YinWang, E.; Li, H.; Ye, Z.; Gao, J.; et al. The role of mitochondria in
tumor metastasis and advances in mitochondria-targeted cancer therapy. Cancer Metastasis Rev. 2024, 43, 1419–1443. [CrossRef]

99. Li, W.; Peng, X.; Mei, X.; Dong, M.; Li, Y.; Dong, H. Multifunctional DNA tetrahedron for Alzheimer’s disease mitochondria-
targeted therapy by microRNA regulation. ACS Appl. Mater. Interfaces 2023, 15, 22977–22984. [CrossRef]

100. Chai, X.; Yi, D.; Sheng, C.; Zhao, J.; Li, L. A remotely controlled nanosystem for spatiotemporally specific gene regulation and
combinational tumor therapy. Angew. Chem. Int. Ed. 2023, e202217702.

101. Yang, X.J.; Lu, H.L.; Tao, Y.H.; Zhou, L.C.; Wang, H.M. Spatiotemporal control over chemical assembly in living cells by integration
of acid-catalyzed hydrolysis and enzymatic reactions. Angew. Chem. Int. Ed. 2021, 60, 23797–23804. [CrossRef]

https://doi.org/10.3390/ijms25021314
https://doi.org/10.1073/pnas.1001006107
https://doi.org/10.1002/biot.201900565
https://doi.org/10.1039/C9SC04773E
https://doi.org/10.1039/D3CC01155K
https://doi.org/10.1021/acs.nanolett.1c03732
https://www.ncbi.nlm.nih.gov/pubmed/34807619
https://doi.org/10.1021/jacs.2c11081
https://www.ncbi.nlm.nih.gov/pubmed/36573341
https://doi.org/10.1021/acsnano.2c12191
https://www.ncbi.nlm.nih.gov/pubmed/37156644
https://doi.org/10.1007/s11010-020-04017-w
https://doi.org/10.1073/pnas.2015786118
https://doi.org/10.1039/D1SC05370A
https://doi.org/10.1002/anie.201701325
https://doi.org/10.1002/anie.202315536
https://doi.org/10.1002/anie.202409351
https://doi.org/10.1002/advs.202101267
https://www.ncbi.nlm.nih.gov/pubmed/35243806
https://doi.org/10.1016/j.mtbio.2024.101318
https://www.ncbi.nlm.nih.gov/pubmed/39534680
https://doi.org/10.1016/j.ejmech.2024.117100
https://www.ncbi.nlm.nih.gov/pubmed/39615162
https://doi.org/10.1021/acsnano.4c08567
https://doi.org/10.1007/s13402-024-01000-1
https://doi.org/10.1021/acs.molpharmaceut.3c01243
https://doi.org/10.1007/s10555-024-10211-9
https://doi.org/10.1021/acsami.3c03181
https://doi.org/10.1002/anie.202109729


Molecules 2025, 30, 1025 19 of 19

102. Tang, J.; Liu, J.; Zheng, Q.; Yao, R.; Wang, M. Neuroprotective bioorthogonal catalysis in mitochondria using protein-integrated
hydrogen-bonded organic frameworks. Angew. Chem. Int. Ed. 2023, 62, e202312784. [CrossRef] [PubMed]

103. Dai, W.B.; Deng, Y.Y.; Chen, X.H.; Huang, Y.; Hu, H.T.; Jin, Q.; Tang, Z.; Ji, J. A mitochondria-targeted supramolecular
nanoplatform for peroxynitrite-potentiated oxidative therapy of orthotopic hepatoma. Biomaterials 2022, 290, 121854. [CrossRef]
[PubMed]

104. Li, M.M.; Song, Y.Q.; Song, N.; Wu, G.Y.; Zhou, H.; Long, J.F.; Zhang, P.C.; Shi, L.Q.; Yu, Z.L. Supramolecular antagonists promote
mitochondrial dysfunction. Nano Lett. 2021, 21, 5730–5737. [CrossRef] [PubMed]

105. Guo, Y.; Li, S.; Tong, Z.; Tang, J.; Zhang, R.; Lv, Z.; Song, N.; Yang, D.; Yao, C. Telomerase-mediated self-assembly of DNA network
in cancer cells enabling mitochondrial interference. J. Am. Chem. Soc. 2023, 145, 23859–23873. [CrossRef]

106. Li, F.; Liu, Y.; Dong, Y.; Chu, Y.; Song, N.; Yang, D. Dynamic assembly of DNA nanostructures in living cells for mitochondrial
interference. J. Am. Chem. Soc. 2022, 144, 4667–4677. [CrossRef]

107. Niu, X.; Zhang, J.; Zhang, J.; Bai, L.; Hu, S.; Zhang, Z.; Bai, M. Lipid nanoparticle-mediated oip5-as1 delivery preserves
mitochondrial function in myocardial ischemia/reperfusion injury by inhibiting the p53 pathway. ACS Appl. Mater. Interfaces
2024, 16, 61565–61582. [CrossRef]

108. Pawar, A.; Korake, S.; Pawar, A.; Kamble, R. Delocalized lipophilic cation triphenyl phosphonium: Promising molecule for
mitochondria targeting. Curr. Drug Deliv. 2023, 20, 1217–1223. [CrossRef]

109. Li, X.; Li, Y.; Du, M.; Petrov, Y.V.; Baulin, V.E.; Wang, Y.; Yuan, H.; Zhou, Y.; Li, B. Target-oriented synthesis of triphenylphosphine
functionalized carbon dots with negative charge for ROS scavenging and mitochondrial targeting. ACS Appl. Mater. Interfaces
2024, 16, 28991–29002. [CrossRef]

110. Luu, M.T.; Berengut, J.F.; Li, J.; Chen, J.-B.; Daljit Singh, J.K.; Coffi Dit Glieze, K.; Turner, M.; Skipper, K.; Meppat, S.; Fowler, H.;
et al. Reconfigurable nanomaterials folded from multicomponent chains of DNA origami voxels. Sci. Robot. 2024, 9, eadp2309.
[CrossRef]

111. Bian, X.; Zhang, Z.; Xiong, Q.; De Camilli, P.; Lin, C. A programmable DNA-origami platform for studying lipid transfer between
bilayers. Nat. Chem. Biol. 2019, 15, 830–837. [CrossRef]

112. Darley, E.; Singh, J.K.D.; Surace, N.A.; Wickham, S.F.J.; Baker, M.A.B. The fusion of lipid and DNA nanotechnology. Genes 2019,
10, 1001. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/anie.202312784
https://www.ncbi.nlm.nih.gov/pubmed/37817650
https://doi.org/10.1016/j.biomaterials.2022.121854
https://www.ncbi.nlm.nih.gov/pubmed/36272220
https://doi.org/10.1021/acs.nanolett.1c01469
https://www.ncbi.nlm.nih.gov/pubmed/34142834
https://doi.org/10.1021/jacs.3c09529
https://doi.org/10.1021/jacs.2c00823
https://doi.org/10.1021/acsami.4c10032
https://doi.org/10.2174/1567201819666220525092527
https://doi.org/10.1021/acsami.4c01382
https://doi.org/10.1126/scirobotics.adp2309
https://doi.org/10.1038/s41589-019-0325-3
https://doi.org/10.3390/genes10121001

	Introduction 
	Mitochondria Targeting Strategies Based on FNA Nanostructures 
	FNA Targeting Mitochondrial RNA (mtRNA) 
	FNA Targeting Specific Enzymes in Mitochondria 
	FNA Targeting Small Molecules and Metal Ions in Mitochondria 

	Therapeutics Based on FNA Target Mitochondria 
	FNA Nanostructure-Mediated Mitochondria-Targeted Therapeutics 
	Mitochondria In Situ Self-Assembly of FNA Nanostructure for Therapeutics 

	Conclusions and Perspectives 
	References

