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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Advances of fluorescent DNA nanostructures (FDNs) in biomedical applications are reviewed.

■   Various DNA nanostructures are summarized.

■   Remaining challenges and key research directions for enlarging biological applications of FDNs are proposed.
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With  the  rapid  development  of  DNA  nanotechnology,  the  emergence  of
fluorescent DNA nanostructures  (FDNs)  has enlarged the  biological  appli-
cations. FDNs have great advantages of precise localization and real-time
tracing in bioimaging. In this review, the recent biomedical developments of
FDNs have  been  reviewed,  including  the  design  of  FDNs,  and  the  corre-
sponding applications on biomarker sensing, bioimaging, cancer diagnosis
and therapy. Firstly, the development of DNA nanostructures and the corre-
sponding  DNA-based nanomaterials  were  briefly  introduced.  Simultane-
ously,  to  make  a  better  demonstration,  the  background  and  theory  of  the
fluorescence  detections  were  briefly  introduced.  Thereafter,  the  synthetic
strategies  of  DNA  nanostructure  were  summarized  and  classified,  which
facilitated  the  multiple  functionalizations  for  sensing  and  bioimaging.
Subsequently,  the  biomedical  applications  of  FDNs  are  comprehensively
summarized based  on  different  detection  strategies,  including  fluores-
cence  resonance  energy  transfer  (FRET),  nucleic  acid  amplification  (NAT),
aggregation-induced  emission  (AIE),  near-infrared  (NIR)-photoactivation,
small  fluorescent  dyes  loading,  and  surface  plasmon  resonance  (SPR)
technologies. Finally, an insight into the challenges and future perspectives
is  provided.  As  reviewed,  FDNs  are  important  tools  in  precision  medicine,
showing  great  potential  in  both in  vivo and in  vitro cancer  diagnosis  and
treatments.  Undoubtedly,  FDN-based  technology  is  a  promising  strategy
for  constructing  versatile  nanodevices  in  biological  applications  and  will
excel in human healthcare.
 

INTRODUCTION
As an essential family of biological macromolecules, deoxyribonucleic acid

(DNA) plays an indispensable role in storing and disseminating genetic infor-
mation  in  living  systems.1 Based  on  the  precise  Watson-Crick  base  pairing,
the  DNA-based  assembly  has  triggered  nanotechnology  into  a  more
predictable  dimension.2 The  first  proposal  of  DNA  nanotechnology  was
demonstrated by Seeman and coworkers in the 1980s. A DNA four-way junc-
tion  was  designed  in  this  nanostructure  through  the  complement  of  sticky
ends  with  single-stranded overhangs.  Thereafter,  diverse  DNA  conforma-
tions  have  been  employed  upon  precise  design  and  user-defined organiza-
tions. More significantly, with the development of DNA manipulation,3 consid-
erable  DNA-based  rigid  motifs  have  been  prepared  to  construct  different
dimensional nanostructures. These DNA nanostructures have exhibited great
potential  in  multiple  biological  applications.  Compared  to  their  traditional
detection strategies, the highly predictable interactions and thermodynamics
of DNA nanostructures have endowed DNA-based sensors with great advan-
tages for  biological  applications.  Upon  precise  designs  of  DNA  nanostruc-
tures,  the  spatiotemporally  controlled  predictable,  programmable  and
addressable biosensing platforms can be constructed with nanometer preci-
sion.  Therefore,  compared  to  traditional  sensors,  the  DNA-based  detection
technologies  would  exhibit  more  outstanding  performance  for  biological
applications. For example, DNA-based nanostructures can be designed to act
as biomolecular scaffolds or nanoparticle templates4-8 for obtaining DNA tile
assemblies,9,10 DNA origami assemblies,11-14 and DNA dynamic nanomechan-
ical  devices.15-18 Consequently,  a  variety  of  DNA-based  nanostructures  have
been  prepared  for  various  biological  applications,  owing  to  their  inherent
physiological  functions,  biocompatibility,19-21 and  biodegradability.22-25

Furthermore,  the  development  of  DNA  nanotechnology  has  been  promoted
by  the  increasing  demand.  This  in  turn  facilitates  the  exploitation  of  new
functional  materials  to  meet  huge  biological  and  medical-related applica-

tions such as tissue engineering and therapeutics. Therefore, DNA nanotech-
nology  has  gradually  become  a  booming  field  in  materials  science  and
biological engineering.

In spite of the burgeoning achievements in DNA technology, there are still
several  challenges  that  need to  be  addressed for  biosensing  developments.
Firstly,  the  design  and  synthesis  of  complex  structures  with  precise  control
over  shape  and  functionality  have  been  pursued  and  the  requirements
continue  to  be  increased.  In  this  regard,  some  softwares  of  computational
modeling  and  simulation  techniques  have  been  proposed  to  simplify  the
process,  which  makes  the  structure  more  accurate.  For  example,  DNA
origami  have  been  developed  to  create  highly  complex  and  precise  DNA
nanostructures.  Additionally,  external  stimuli,  such  as  light  or  temperature,
have been adopted to control the assembly and disassembly of DNA nanos-
tructures. Secondly, despite the low-cost of DNA strands, the cost can still be
greatly  increased upon introducing probe-labeled strands and tool-enzymes
into  the  DNA-based  biosensors.  One  possible  solution  to  the  problem  is  to
employ label-free methods and enzyme-free methods for  constructing DNA
nanostructure  devices.  However,  the  further  efforts  are  still  encouraged  for
developing low-cost strategies.  Thirdly,  polymerase chain reaction has been
frequently  used  to  improve  the  detection  sensitivity,  while  the  complex
temperature  control  and  specialized  instruments  limited  the  applications.
Accordingly,  nucleic  acid  isothermal  amplification  nanoplatforms  have  been
constructed  for  sensitive  detection  and  bio-imaging,  while  more  simple
amplified  techniques  are  further  encouraged.  Consequently,  the  DNA
nanotechnology is still confined at the infant stage for practical applications.
With the  rapid  development  of  DNA  synthetic  techniques,  advanced  func-
tional materials and signal output strategies, DNA-based biosensors will defi-
nitely reach a new level and exhibit surprising magic performance in biomedi-
cal contexts.

Especially,  fluorescence  spectroscopy  has  unique  merits  of  high  spatial
and temporal resolution, exhibiting great potential in biological and biomedi-
cal  applications.26,27 Based  on  fluorescent  signals,  a  variety  of  detection
strategies have  been  evoked,  including  fluorescence  spectroscopy  for  solu-
tion-based  assays,  microscopy  for  cell  imaging,  flow  cytometry  for  high-
throughput  analysis  of  single  cells,  and in  vivo imaging.  During  these
processes,  fluorophores  in  DNA  nanostructures  played  an  important  role  in
obtaining signals. They can be used as molecular transducers upon transfer
of energy from chemical, physical, or biological events into light. This enabled
the subsequent  detection  and  analysis  for  interpreting  otherwise  inaccessi-
ble  information  by  fluorescent  DNA  nanostructures  (FDNs).  FDNs  hold
tremendous  promise  in  enhancing  the  sensitivity  and  versatility  of  DNA
nanostructure-based  methods,  showing  great  potential  in  cancer  diagnosis.
In  particular,  structure-defining  traits  of  FDNs,  including  size,  shape,  high
surface area, and unique optical properties, have enabled the development of
cancer diagnosis and treatments. Consequently, the development of fluores-
cent  DNA  nanotechnology  would  exhibit  significant  potential  for  biomedical
applications.

In this  review,  fluorescent  DNA  nanotechnology  strategies  and  the  corre-
sponding biomedical  applications have been summarized based on fluores-
cence  resonance  energy  transfer  (FRET),  nucleic  acid  amplification  (NAT),
aggregation-induced  emission  (AIE),  near-infrared  (NIR)-photoactivation,
small fluorescent dyes loading, and surface plasmon resonance (SPR) tech-
nologies. In  addition,  based  on  the  design  and  construction  of  DNA  nanos-
tructures,  detailed applications have been introduced for  biomarker  sensing,
bioimaging, cancer diagnosis and therapy. 
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FLUORESCENCE DETECTION: BACKGROUND AND THEORY
At present,  the clinical  cancer diagnosis primarily  relies on imaging or the

morphological  analysis  of  corresponding  cells  (cytology)  or  the  suspected
diseased tissues (histopathology). There are many imaging techniques have
been applied to cancer diagnosis, including X-ray, mammography, computed
tomography, magnetic resonance imaging (MRI), endoscopy, and ultrasound.
However,  with  the  relatively  low  sensitivity,  the  differentiation  of  benign  and
malignant lesions could be somehow limited, which inspired further improve-
ments  of  the  imaging  techniques.28,29 Consequently,  given  the  significant
demands for early diagnosis in cancer latency, the sensitive detection meth-
ods are urgently required. Fortunately, with the development of nanoscience,
quite a lot of nanomaterials have been constructed for addressing sensitive,
efficient  and  biocompatible  methods  for  diagnosis.30,31 Especially,  based  on
signals  of  fluorescence,32 fluorescent  nanomaterials  have  exhibited  great
advantages in sensitive detections, being beneficial for cancer diagnosis.

Fluorescence is an optical phenomenon, where the absorption of photons
at  one  wavelength  results  in  another  emission  at  a  longer  wavelength.  As
shown  in Figure  1A,  upon  vibrational  relaxation,  the  energy  between  the
absorbed  and  emitted  photons  could  be  lost,  and  a  Stokes  shift  would  be
finally  induced by  these  energy  differences.33 As  illustrated  in Figure  1B,  the
process  of  fluorescence  could  be  clearly  described  by  a  typical  Jablonski
diagram.34 Briefly,  in  the  first  stage  of  the  excitation,  the  absorption  of  light
initiates  the  promotion  of  an  electron  from  the  ground  state  to  the  excited
state.  Once  excited,  the  absorbed  energy  may  be  released  through  several
photophysical  events,  including  both  radiative  and  nonradiative  emission.
During  this  course,  vibrational  relaxation  is  often  the  first  route  of  energy
dissipation,  which  may  be  followed  by  internal  conversion,  and  intersystem
crossing (from  a  singlet  to  a  triplet  state).  Consequently,  subsequent  phos-
phorescence  or  fluorescence  would  be  emitted  through  the  release  of  a
photon, along with the returning of excited electrons to the ground state and
emitting  energy.35 Based on  different  photophysical  properties  of  the  fluo-
rophore (including  photostability,  quantum  yield,  Stokes  shift,  and  fluores-
cence  lifetime),  various  fluorescence-based  detection  strategies  have  been
constructed. Given the advantages over organic fluorophores, different kinds
of  fluorescent  nanoparticles  have  been  designed  and  constructed.  More
significantly,  combined  with  the  development  of  DNA  technologies,  the
construction of  fluorescent  DNA  nanostructures  has  exhibited  great  advan-
tages for biological applications, which largely required the precise design of
DNA nanostructures. 

DESIGN AND ASSEMBLY OF DNA NANOSTRUCTURES
The  design  of  DNA  nanostructures  originated  in  the  early  1980s,36 then

Seeman  proposed  a  holliday  junction  of  a  mobile  branched  nucleic  acid
structure  that  joined with  four  double-stranded arms (Figure  2A).37 Thereby,
various  DNA  structural  units  such  as  DNA  tiles  lattice  (Figure  2B),38 DNA

bricks  (Figure  2C-left),  scaffold  origami  (Figure  2C-middle),  the  single-
stranded  origami  (Figure  2C-right)  were  created,39 and sundry  DNA  nanos-
tructures were emerged in succession.40-42

Especially  in  2004,  a  nanoscale  octahedron  was  generated  by  folding  a
1669-nucleotide single-stranded DNA (ssDNA) in the presence of five 40-mer
oligodeoxynucleotides  through  a  simple  denaturation–renaturation proce-
dure.43 This work is quite important, which has evoked the foundation of the
epoch-making DNA origami technique, also called the preorigami technique.
Thereafter,  Paul  Rothemund  developed  the  DNA  origami  technology  in
2006,14 which  has  become an  important  milestone  in  DNA nanotechnology.
With  quite  a  lot  of  outstanding  advantages,  DNA  origami  has  become  an
indispensable member of DNA nanostructures.44 Typically, the shape of DNA
origami  is  well-defined  and  can  be  easily  designed  with  the  help  of  various
software.  This  top-down origami  approach  is  a  simple  yet  powerful  tech-
nique  in  the  field  of  DNA  nanotechnology.  Initiated  by  origami  techniques,
various  DNA  structures  have  been  elaborately  fabricated,  including  DNA
nanonetworks  (Figure  2D),45 DNA  nanocapsules  (Figure  2E),46 DNA
nanorobots  (Figure  2F),47 non-periodic  2D  structures,48 3D  DNA  structures
(octahedron structures, tetrahedra DNA structures, etc.),42,49,50 structures with
complex curvatures,51 and dynamic DNA structures.52-54 Besides, DNA origami
nanostructures also hold  myriad possibilities  for  further  modification due to
their particular addressability. Consequently, the DNA nanostructures can be
straightly decorated by multiple functional entities, such as fluorescent dyes,
metal  nanoparticles,  enzymes,  and  functional  nucleic  acids.  This  would
ensure the great performance of DNA nanostructures in biomedical applica-
tions.55-61
 

THE BIOMEDICAL APPLICATIONS OF FDNs
Upon  exploring  design  principles  and  assembly  methods  for  building

complex DNA  structures,  DNA  nanotechnology  has  reached  an  unprece-
dented level, facilitating biological applications of DNA nanostructures. In the
past decade, numerous attempts at the construction of DNA-nanotechnology-
based platforms have been employed for diagnosis and therapeutic applica-
tions.  Due  to  their  unique  properties  and  diverse  functionalities,  FDNs  have
emerged as  promising tools  in  biomedical  applications.  Functional  modules
can be feasibly integrated into FDN-based nanocarriers, allowing for real-time
tracking, precise targeting, conditional activation, controlled release, and ther-
apeutic agent delivery.62 In addition, different fluorescent strategies have been
integrated into the construction of functional DNA nanostructures, which has
greatly  enhanced  the  performance  of  detection,  diagnosis  or  treatments.
Herein,  different  fluorescent  biomedical  applications  in  DNA  constructions
have been reviewed, including DNA nanostructure-based FRET, NAT, AIE, NIR-
photoactivation,  nucleic  acid  amplification  (NAT),  small  fluorescent  dyes
loading, and SPR technologies. 
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Figure 1.  Principle  of  fluorescence  detection (A)  Molecular  fluorescence  spectrum  illustrating  the  broadening  of  the  spectral  lines  due  to  the  presence  of  vibrational  energy
levels,  and  the  Stokes  shift  between  the  excitation  and  emission  maxima.  Adapted  with  permission.33 Copyright  ©  2015,  American  Chemical  Society.  (B)  Jablonski  diagram
including typical time scales of photophysical processes for organic molecules. Adapted with permission.34 Copyright © 2010, American Chemical Society.
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Fluorescence  resonance  energy  transfer  (FRET)-based DNA  nanostruc-
tures

FRET  normally  occurs  once  the  donor  is  close  to  the  acceptor  (a  few
nanometers), in which an excited donor chromophore transfers energy to an
acceptor  chromophore  via  nonradiative  dipole−dipole  coupling.  Based  on
changes of fluorescence signals during FRET, the FRET-based nanoparticles
have been constructed for the diagnosis.63-65 In addition,  owing to the capa-
bility  to  provide  real-time  spatial  measurements  between  the  donor  and
acceptor  fluorophores,  the  FRET-based  nanomaterials  are  powerful  for  the
sensitive  detection  of  cancer  biomarkers  even  for in  vivo imaging. The  effi-
ciency of FRET-based nanomaterials plays a crucial role in diagnosis perfor-
mance,  which  is  dependent  upon  several  factors:  (1)  the  spectral  overlap
between absorbance of the acceptor fluorophore and emission of the donor
fluorophore  (Figure  1A),  (2)  their  relative  orientations,  and (3)  their  proximity
(because  the  fluorescent  efficiency  is  inversely  proportional  to  the  distance
between  the  acceptor  and  the  donor).64 The  examinations  of  these  factors
have  effectively  guided  the  design  of  the  FRET-based  nanomaterials  for
biological applications. Given fluorophores with a large Stokes shift (typically
larger  than  80  nm,  while  55  to  80  nm  is  acceptable)66,67 can  contribute  to
avoid self-quenching and light  scattering,68,69 the sensitivity  and accuracy of
FRET-based biological detections can be increased.70,71 For example, a FRET-
based platform was fabricated with two fluorophores with both large Stokes
shifts as donor and acceptor (Figure 3A). As examined, their maximum exci-
tation/emission  wavelengths  were  475/535  nm  and  545/735  nm,  and  the
Stokes shifts were 60 nm and 190 nm. Thus, upon encapsulating in the same

micelle,  FRET  effect  was  occurred  to  assess  the  integrity  of  polyethylene
glycol-block-poly(ε-caprolactone) micelles in vivo.72

Especially,  FRET  is  most  commonly  introduced  into  the  construction  of
switch  fluorescent  DNA  nanostructures  to  enable  FRET-based  biological
applications. The unique merits of DNA play an important role in realizing the
fluorescence “off-on” switching of fluorescence. Firstly, DNA nanotechnology
provides a  versatile  platform for  the  energy  transfer  upon precisely  control-
ling the distance and orientation between donor and acceptor molecules. For
instance,  DNA  origami  structures  acted  as  scaffold  templates  to  position
fluorophores  with  nanometer-scale  precision,  allowing  for  efficient  energy
transfer.14 Additionally,  DNA’s dynamic  and  tunable  conformational  proper-
ties enabled designing switchable FRET systems, where the responses would
be  altered  upon  DNA  conformational  changes  by  target  binding.73 Further-
more, DNA’s compatibility with gold substrates through Au-S chemistry also
enabled the  integration  of  plasmonic  nanoparticles  to  enhance  FRET  effi-
ciency and sensitivity.74 Consequently, by combing DNA nanotechnology with
FRET-based  detections,  biomolecules  can  be  sensitively  detected  based  on
fluorescent changes induced by a conformational change of FDNs.

For  the  biological  applications,  folding-upon-repair  DNA  nanoswitches
containing  O6-MeG  nucleobases  have  been  designed,  which  underwent  a
conformational  switch from duplex to triplex upon enzymatic  demethylation
(Figure 3B).75 Recognized by the methyltransferase enzymes, the methylated
nanoswitches  efficiently  led  to  the  measurable  FRET  signal  changes,  which
facelifted  the  evaluation  of  the  conformational  switch.  In  addition,  a  DNA
tetrahedron-based  nanoswitch  probe  (TD)  was  developed  for  ratiometric

 

Figure 2.  The design and classification of DNA nanostructures (A)  The ligation of  nucleic acid junctions.37 Copyright © 1986,  © IRL Press Limited,  Oxford,  England.  (B)  Self-
assembly of the circular scaffold with the central core strand (yellow) and the staple strands to yield DNA tiles.38 Copyright © 2022 Elsevier B.V. (C) DNA self-assembly of DNA
bricks  (left),  scaffold  origami  (middle),  and  single-stranded  origami  (right).39 Copyright  ©  American  Association  for  the  Advancement  of  Science.  (D)  Synthesis  route  of  the
magnetic DNA nanonetwork.45 Copyright © 2019 Wiley-VCH Verlag GmbH.(E) The preparation of multifunctional nanocapsule.46 Copyright © 2020 Wiley-VCH GmbH. (F) Fabrica-
tion of DNA nano/microrobots in modern theranostics.47 Copyright © 2024 Copyright Clearance Center, Inc.
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fluorescence  imaging,76 by  hybridizing  two  split  ATP  aptamers  to  a  DNA
tetrahedron. As designed, the presence of ATP will change the structure of TD
from the open state to the closed one, which emitted high FRET signals upon
decreasing  the  distance  of  dual  fluorophores.  Besides,  the  functional  DNAs
with  structure-switching  activities  can  be  designed  to  act  as  anti-ATP
aptamers,77,78 exhibiting  immense  promise  in  engineering  probes  for  ATP
sensing and imaging.79-81 For instance, a DNA nanomachine was reported for
ATP imaging in tumor,79 with a structure-switching aptamer as the ATP sens-
ing  module  (Apt).78 The  Apt  module  was  constructed  by  hybridizing  a  Cy5-
labeled  aptamer  strand  with  a  quencher  (BHQ2)-bearing  complementary
strand,  whose  fluorescence  was  quenched  by  the  FRET.  After  intravenous
injection,  the  DNA  nanomachine  could  be  specifically  anchored  on  tumor
cells  and  the  fluorescence  was  displayed  with  a  high  signal-to-background
ratio.  Furthermore,  a  multivariate-gated  DNA  nanodevice  (At-MAs)  was
designed  for  enantioselective  AND-gate  imaging  of  MMP2/9  and  ATP  in
extracellular  TME.82 As  shown  in Figure  3C,  a  DNA  nanodevice  was
constructed  by  modifying  a  MMP2/9-hydrolyzable  PNA/peptide  copolymer
with  cell  membrane-anchoring  aptamer  and  an  ATP-responsive  aptamer.
Therefore,  with  4T1  xenograft  as  a  highly  aggressive  tumor  model,  the
robustness  of  the  DNA  nanodevice  in  enantioselective  imaging  of  MMP2/9
and ATP in TME was confirmed. In addition, the FDN-based nanoswitch can
also be used for sensitive detection of Dam MTase activity,83 monitoring the
anchor  of  FDN  nanodevices  and  in  situ  self-assembly  on  target  living  cell
surfaces.84 Therefore,  the  FRET-based FDNs  have  exhibited  great  advan-
tages for sensitive detection and evaluation of biological molecules.

Except  for  detections,  FRET-based  artificial  DNA  nanomachines  can  also
guide  their  movements  along  DNA  footpaths85-87 including  two-dimensional
DNA  origami  tracks,88,89 or  three-dimensional  tracks.90-92 In  particular,  DNA
machines  with  three-dimensional  DNA-Au  nanoparticle  tracks93-101 have
attracted great interest, which integrated the thiolated oligonucleotides onto a
single AuNP surface via Au-S bonds. For example, propelled by exonuclease

III,  a  stochastic  DNA  walker  was  designed  to  move  on  an  AuNP-based  3D
track  autonomously.  For  detections,  a  6-carboxyfluorescein  (6-FAM)  was
tagged at the 3’-end of DNA to act as the signal reporter.90 Besides, a bipedal
DNA walker was developed, which conjugated hundreds of fluorescent single-
stranded DNA (ssDNA) substrates to AuNPs through the well-established Au-
S  chemistry.100 Furthermore,  with  nuclease- or  peroxidase-mimicking
catalytic DNA sequences, DNAzymes can be devoted to the cleavage of RNA
or DNA in the presence of metal ions. Therefore, with their potential effective
driving force, DNAzymes have been regarded as ideal candidates for design-
ing  a  DNA  nanomachine.102-104 For  example,  with  a  long  DNAzyme  motor
strand  conjugated  to  the  AuNPs,  a  DNAzyme  motor  was  developed  for
moving  on  the  AuNP  surface  stochastically.105 The  whole  DNA  tracks
contained hundreds of substrate strands and dozens of DNAzyme molecules
that silenced by a locking strand. Consequently, upon intracellular interaction
with  a  target  molecule,  the  DNA  motor  system  was  initiated  for  the
autonomous walking  on  the  AuNP.  Simultaneously,  the  quenched  fluores-
cence  of  FAM  by  AuNP  was  turned  on  through  FRET,  which  facilitated  the
real-time imaging  of  the  motor  behaviors  in  living  cells.  Similarly,  a  fluores-
cence  transducer  based  on  FRET  between  the  acceptor  gold  nanorods
(AuNRs)  and  the  donor  upconversion  nanoparticles  (UCNPs)  is  constructed
with  a  specific  ssDNA  as  the  linker.106 As  shown  in Figure  3D, the  fluores-
cence intensity of UCNPs presented excellent photostability over 60 min and
was  hardly  affected  by  changes  of  temperature  and  pH,  which  exhibited
excellent performance to evaluate MTase activity. More interestingly, without
DNAzyme  strands  conjugated  to  AuNPs  as  the  DNAzyme  motor  did,  a
DNAzyme  walker107-110 could  processively  and  autonomously  move  on  the
AuNPs. In this way, Chu’s group reported a single DNAzyme-based walker for
in vitro real-time monitoring of the machine operation as well as the imaging
of intracellular miRNA-21.110 To further enhance the walking, they designed a
photo-controlled and self-powered bipedal DNA walking machine,111 for real-
time  monitoring  of  the  intracellular  miRNA.  Powered  by  substrate  cleavage,
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Figure 3.  FRET-based DNA nanostructures for biomedical application (A) Excitation and emission spectra of the donor and acceptor (left) and the large Stokes shift fluorophore-
based FRET (right).72 Copyright © 2020 Elsevier B.V. (B) Folding-upon-repair DNA nanoswitches for monitoring the activity of DNA repair enzymes.75 Copyright © 2020 Wiley-VCH
GmbH. (C) The engineering of multivariate-gated DNA nanodevice for spatially selective, correlated imaging of MMP2/9 and ATP in extracellular TME.82 Reprinted with permis-
sion from 2021 Wiley-VCH GmbH. (D) Detection procedures of M.HhaI MTase by FRET probe based on UCNPs and AuNRs.106 Copyright © 2021 Springer Nature.
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this bipedal DNA walking machine exhibited enhanced sensitivity with a lower
detection  limit  of  3.51  pM.  Thereby,  upon  the  labeling  of  substrate  strands
with FAM, real-time monitoring was enabled in living cells.

Furthermore,  single-molecule  FRET  (smFRET)  technology  has  been
proposed for real-time tracking of changes in a single molecule or molecular
complex  at  the  nanoscale.  The  smFRET  technique  has  the  capability  of
receiving real-time structural and functional information on these DNA-made
nanostructures.  At present,  DNA nanostructure-based smFRET has become
an  ideal  technique  to  study  the  structure  and  dynamics  of  proteins  and
nucleic  acids.  These  include  observing  the  conformational  changes  of  the
enzyme  during  its  functional  cycle,112 real-time  monitoring  of  DNA
synthesis,113 and understanding the spatial distribution of target molecules in

cells.
With  the  development  of  programmable  DNA  technology  and  the  use  of

next-generation  sequencing  methods,  the  design  and  construction  of  DNA
nanostructures have been greatly promoted. These DNA nanostructures can
be precisely tailored to provide a rigid and defined platform for FRET experi-
ments. Consequently, controlling the distance and orientation between donor
and  acceptor  of  fluorophores,  developments  of  DNA  nanostructures  have
opened  up  new  opportunities  for  FRET-based sensing  and  imaging.  Never-
theless,  although  FRET-based  detections  have  promoted  developments  of
FDNs for biological applications, other issues such as detection of ultra-trace
biological species are still encouraged.
 

 

Figure 4.  Nucleic  acid  amplification-based  DNA  nanostructures (A)  Components  and  reaction  pathway  for  the  triggered  chain-branching  growth  of  fluorescent  DNA
dendrimers.126 Copyright © 2014 American Chemical Society. (B) The principle of MAT-amp for spatially selective signal amplification of mild acidosis in TME via pH (low) inser-
tion peptide-mediated recruitment of DNA amplifiers.127 Copyright © 2022 Wiley-VCH GmbH. (C) Cascaded, feedback-driven, and spatially localized emergence of constitutional
dynamic networks driven by enzyme-free catalytic DNA circuits.130 Copyright © 2023 American Chemical Society. (D) Schematic diagram of caveolae-mediated internalization of
the 9-tile nanoarrays for amplified imaging of miRNAs in living cells.129 Copyright © 2023 Wiley-VCH GmbH. (E) The assembly of DNA structures, the principle of sensitive detec-
tion and fluorescence imaging of APE1, and apoptosis of tumor cells.131 Copyright © 2024 Copyright Clearance Center, Inc.
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Nucleic acid amplification technology (NAT)-based DNA nanostructures
Direct in  situ analysis  of  intracellular  nucleic  acid  has  provided  valuable

approaches for identifying cancerous cells and monitoring changes in nucleic
acid  levels.114-118 However,  visualization  of  intracellular  cancer-associated
DNA/RNA remains a key challenge due to its low expression levels and inad-
equate signal readout.119-121 Consequently, it is imperative to develop intracel-
lular  signal  amplification  strategies  for  monitoring  cellular  DNA/RNA  in
ultralow  amounts.61,122 Nucleic  acid  amplification  allows  detection  of  low-
abundance  targets  at  an  ultrahigh  amplification  efficiency  (over  108),  upon
specifically  identifying  genetic  markers  by  the  designed  primers.  Especially,
DNA nanostructures can be designed as scaffolds for the assembly of multi-
ple amplification components, such as primers, enzymes, and target-specific
probes. This  integration  of  amplification  components  into  DNA  nanostruc-
tures enables efficient signal amplification, reducing false-positive results and
improving detection  limits.  Additionally,  the  programmability  of  DNA nanos-
tructures  allows  for  multiplexed  amplifications  and  detections,  enabling
simultaneous  analysis  of  multiple  targets.123 Therefore,  the  introduction  of
nucleic  acid  amplification  into  DNA  nanotechnology  significantly  enhances

the sensitive and specific detections of biological molecules.
For introducing amplification strategies into constructing DNA nanostruc-

tures,  Pierce  and  co-workers  demonstrated  a  dynamic  assembly  system to
form  dendritic  nanostructures  by  triggering  DNA  hairpins.124 Recently,  a
nonlinear  version  of  hybridization  chain  reaction  (HCR)  was  reported  to
construct  an  exponentially  growing  dendritic  nanostructure  by  two-loop
structured  hairpins.125 In addition,  a  nonlinear  HCR  system  was  also  intro-
duced to achieve exponential growth kinetics, in which a trigger DNA initiated
the  self-sustained  assembly  of  quenched  double-stranded  substrates  into
fluorescent  dendritic  nanostructures.  As  shown  in Figure  4A,  upon  strand-
displacement  reactions,  multiple  trigger  DNAs  labeled  with  fluorescent
reporters  were  released  from  quenched  substrates.126 This  facilitated  the
chain-branching growth of the assembled DNA dendrimers along with a rapid
increase in fluorescence intensities. Similarly, a DNA-based strategy was also
reported to enhance the detection sensitivity of acidic signals in the extracel-
lular environment of tumors (Figure 4B).127 Therefore, NAT-based fluorescent
DNA  nanostructure  technology  can  detect  trace  biological  targets  in  cells,
which is of great significance for the early screening of tumors.
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Figure 5.  AIE properties and AIE-based DNA nanostructures’ applications (A) AIE properties of tetraphenylethylene (a) as a monomer and (b) as a building block in single and
double-stranded DNA.155 Copyright  © 2012 American Chemical  Society.  (B)  Illustration  of  the  non-templated assembly  and DNA-templated assembly  of  tetraphenylethylene-
modified 2’-deoxyuridines 1d and 1L.156 Copyright © 2024 Copyright Clearance Center, Inc. (C) Molecular structure of TPBT and its various emissions upon binding with different
polyanionic macromolecules.158 Copyright © 2019 American Chemical Society. (D) The formation of spherical dsDNA-(TPE)2 NPs from two complementary DNA conjugated with
hydrophobic TPE molecules due to hydrophobic interaction.160 Copyright © 2022 Wiley-VCH GmbH. (E) Schematic illustration of dense binding of AIE donors into natural DNA for
constructing  an  efficient  light-harvesting  system.161 Copyright  ©  2023  Wiley-VCH  GmbH.  (F)  Schematic  diagram  of  the  preparation  of  DNA  dendrimer-Cu  NASs  and  Pb2+

sensing.162 Copyright © 2021 Wiley-VCH GmbH.
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In addition, the enzyme-free catalytic hairpin assembly (CHA) also acted as
a guided and high-throughput reaction module for the evolution of constitu-
tional  dynamic  networks  from  a  set  of  nucleic  acids.  In  this  way,  the  self-
assembly nanoarrays of  micrometer-scale DNA tiles have been constructed
upon the efficient CHA. Upon spatially restricted CHA with accelerated kinet-
ics,  the  ultrasensitive  detection  of  miRNA-21  has  been  achieved in  vitro.128

Afterwards, the self-assembly of DNA tiles was modulated (Figure 4D)129 and
size-controlled nanoarrays were constructed in the nanoscale. With this plat-
form,  direct  cytoplasmic  delivery  via  caveolae-mediated  endocytosis  was
achieved, and the signal-amplified dual-fluorescence imaging of miRNAs was
realized  at  the  single-cell  level.  Recently,  networks  of  variable  complexities
and  functionalities  have  been  assembled  into  constitutional  confinement
dynamic  networks  (CDN)  by  CHA,  which  provided  possible  pathways  for
examining evolutions under prebiotic conditions. In this way, a set of four or
six structurally engineered hairpins was subjected to a promoter P1, leading
to the CHA-guided emergence of a [2×2] CDN or the evolution of a [3×3] CDN,
respectively  (Figure  4C).130 Besides,  to  enhance  the  targeting  activity  and

reaction  efficiency,  the  DNA  networks  were  assembled  from  two  kinds  of
functionalized  tetrahedral  DNA  nanostructure  (Figure  4E).131 As demon-
strated,  the  reaction  rate  of  the  CHA  on  functionalized  tetrahedral  DNA
nanostructures was much faster than that of the conventional free CHA reac-
tions.  This  could  be  attributed  to  the  high  local  concentration  of  hairpins,
spatial  confinement  effect,  and  production  of  giant  DNA  networks,  which
significantly enhanced the fluorescence signals.

In addition to the conventional nucleic acid amplification strategies of HCR
and CHA, there are some other strategies to trigger signal aggregations. For
example,  combined with  FRET strategy,  the performance of  FDNs has been
further  enhanced.  In  this  way,  the  AuNPs-based  amplified  FRET  nanoflare
was  constructed,  which  provided  significantly  amplified  FRET  signals  from
multiple  signal  strands  on  AuNPs.  As  designed,  once  triggered  by  miRNA,
high-abundance endogenous mRNAs would act as fuels and generate ampli-
fied  FRET  signals  for  the  imaging  of  low-abundant  targets  in  living  cells.132

For  the  more  biocompatible  sensitive  detections,  a  programmable  AuNPs-
based  DNA  nanoflare  was  further  established  upon  the  encapsulation  by

 

Figure 6.  The application of NIR-based DNA nanostructures (A) Design and characterization of the engineering TDF nanodevice (Kim-TDF).171 Copyright © 2022 Wiley-VCH GmbH.
(B) Illustration of organic fluorescence-emitting spherical nucleic acid self-assembled from PS-b-DNA and organic dyes.172 Copyright © 2020 Wiley-VCH GmbH. (C) Establish-
ment flow of SLN and operation principle of the SLN-supported fluorescent nanosensor in live biological medium.176 Copyright © 2023, American Chemical Society. (D) pH and
near-infrared light  dual-stimuli  responsive drug delivery  using DNA-conjugated gold nanorods for  effective treatment  of  multidrug resistant  cancer  cells.173 Copyright  © 2016
Published by Elsevier B.V.
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cancer  cell  membrane  vesicle.133 In  this  work,  a  poly(A)-tagged  and  FAM-
labeled hairpin DNA probe was modified on the surface of the AuNPs, and the
FAM  fluorescence  was  quenched  by  the  AuNPs  via  FRET.  After  homing-
targeting  internalization,  the  specific  miRNAs  triggered  the  fast  dynamic
catalytic  hairpin  assembly  to  display  an “off-on” fluorescence  response,
which  facilitated  the  sensitive  intracellular  miRNA  imaging.  Furthermore,  a
rationally  designed  elegant  entropy-driven  DNA  probe  was  integrated  with
assisted DNA fuel on hollow copper sulfide nanoparticles (HCuSNPs).134 The
anchored  assisted  DNA  fuel  strands  could  be  efficiently  released  upon
photothermal effect of the HCuSNPs under a NIR-II laser irradiation. The DNA
machine was activated by the target binding of miRNA and was powered by
the released DNA fuels through toehold-mediated strand displacement reac-
tions. In another work,  a dynamic DNA origami plasmonic nanodevice aided
by  a  DNA  circuit  was  reported  to  convert  trace  stimuli  signals  to  the
detectable  NIR  CD  responses.135 Furthermore,  an in  vivo miRNA  magnifier
programmed by 980/808 nm NIR was developed by conjugating an activat-
able  DNAzyme  walker  to  rare-earth  nanoparticles.136 As  designed,  the  980-
nm  excitation  has  activated  DNA  nanomachine  for  miRNA-21  recognition,
followed by signal amplification to suppress “false positive” signals.

Consequently,  by  integrating  nucleic  acid  amplification  techniques  with
fluorescent  DNA  nanostructures,  highly  sensitive  and  specific  detection  of
target  biomarkers were achieved.  These nanostructures can be designed to
recognize specific  DNA  or  RNA  sequences  and  generate  amplified  fluores-
cence  signals  upon  target  recognition.  Combined  with  multiple  fluorescent
strategies,  the detection of infectious agents,  genetic mutations,  or disease-

related biomarkers with high accuracy and sensitivity would be greatly facili-
tated. 

Aggregation-induced emission (AIE)-based DNA nanostructures
Expect for  the  enhancement  of  fluorescent  signals  by  amplification  tech-

niques,  some  other  strategies  could  also  provide  enhanced  fluo-
rescent  signals  for  the  sensitive  detections.  Especially,  AIE  has  pro-
vided  enhanced  responses  for  sensitive  detections,  which  is  a  photophy-
sical  phenomenon  closely  related  to  the  intramolecular  motion  of  excited
states (Figure 5A).137 Normally, the sensitivity and photostability of small fluo-
rescent  molecules  are  limited  by  the  aggregation  caused  quenching  (ACQ)
effect and  consequently  weakens  their  performance  in  biosensing  applica-
tions.138,139 In contrast to the traditional ACQ effect, AIE luminogens (AIEgens)
display  much  higher  fluorescence  and  possess  advantages  for  biological
applications (such as low background, long-term tracking ability,  and strong
resistance to photobleaching). In the dispersed states, dynamic intramolecu-
lar  rotation and vibration of  AIEgens give rise to the nonradiative decay and
dissipate the excitation energy. While under aggregation, strong fluorescence
is  exhibited  upon  intramolecular  motion140 of  molecules,  preventing  the
excited-state energy dissipation and initiating a barrier to nonradiative decay.
In this pathway,  AIEgen molecules have been designed for  detecting ions,141

amino  acids,142 carbohydrates,143 nucleic  acid144 and  peptides/proteins.145

Recently,  amphiphilic  AIE  polymers  have  emerged  as  highly  attractive
luminogens,  upon  the  construction  of  functional  polymeric  self-assemblies
with  synergistic  effects.137,146 Therefore,  AIEgens  have  also  been  involved  in
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Figure 7.  The application of UCNPs-based DNA nanostructures in cancer treatments (A) Working principle of the activatable DNA nanodevice for NIR light controlled miRNA
sensing and imaging.181 Copyright © 2019 American Chemical Society. (B) Schematic illustration of NIR-induced disassembly of UAuTe tetrahedron and the use for senescence
clearance and apoptosis tracking in vivo.183 Copyright © 2020 Wiley-VCH GmbH. (C) Illustration of the synthesis of multifunctional DNA polymer-assisted upconversion thera-
peutic  nanoplatform and the targeted photodynamic nanoplatform for  highly  efficient  photodynamic therapy.184 Copyright  © 2020 American Chemical  Society.  (D)  Schematic
illustration of the working mechanism of the NIR light-responsive DNA nanodevice.185 Copyright © 2022 Elsevier Ltd. All rights reserved. (E) Schematic illustration showing the
DNA  origami-based  nanoplatforms  for  synergistic  cancer  therapy  involving  PTT  and  chemotherapy  against  breast  cancer in  vitro and in  vivo.186 Copyright  ©  2023  BioMed
Central.

REVIEW

The Innovation Materials 2(2): 100064, June 13, 2024　　　  9



the construction of  photostable biosensing nanodevices for  biological  appli-
cations.

To  promote  the  biological  application  of  AIE-based  strategies,  more  and
more  reports  have  been  developed  for  describing  the  interaction  of  AIE
molecules (AIEs) with DNA,147,148 proteins149,150 or other biostructures.151 Natu-
rally,  DNA  nanotechnology  offers  unique  contributions  to  AIE-based detec-
tions.  Typical,  DNA’s hydrophobic  pockets  and  hierarchically  ordered  struc-
tures can serve as excellent AIE-active molecules,  preventing their  aggrega-
tion in DNA nanostructures and thus maintaining fluorescence quenching.152

Besides,  the  three-dimensional  arrangement  of  DNA  nanostructures  further
contributes  to  induce  or  enhance  AIE  effects  upon  the  formation  of  chiral
environments.153 Therefore,  by  integrating  AIE-active  molecules  into  DNA
nanostructures, effective fluorescence “on-off” switching can be achieved for
biosensing.  For example,  an AIE compound of  1,1-dimethyl-2,5-bis[4-(isoth-
iocyanatemethyl)phenyl]-3,4-diphenylsilole  (SITC)  was  synthesized  to  be
conjugated with aminoallyl-dUTP. As demonstrated, the quantum yields (ΦF)
was 45.8% in the solid state to guarantee the construction of AIE-based DNA
systems. As designed, SITC showed weak emission in good solvents such as
tetrahydrofuran (THF),  while  the PL intensity  greatly  increased with  increas-
ing  water  content.  The  PL  responses  in  95/5  (v/v)  water-THF was  approxi-
mately 50-fold higher than that in 70/30 (v/v) water-THF. With this platform,
an AIE-based DNA nanostructure has been constructed upon the derivation
of an AIE-active silole into DNA strands by an enzymatic method.154 Further-
more,  two  stereoisomers  of  alkynyl-tetraphenylethylene  were  synthesized,
respectively exhibiting ΦF of 40% and 39% in a 95/5 (v/v) water-THF solution.
The two stereoisomers were therefore incorporated into DNA to provide the
conjugates with the AIE properties for sensitive biosensing.155 In addition, two
chiral  conjugates  of  AIE  dyes  (tetraphenylethylene,  TPE)  (1D  and  1L)  were
applied  to  constructing  supramolecular  DNA  architectures  with  strong  AIE
properties  upon self-assembly  (Figure  5B).156 The  configurations  of  their  2’-
deoxyribofuranosides are different, which can monitor the chirality of both the
non-templated assembly and the assembly along D- and L-DNA templates.
The  modulating  of  the  light-harvesting  was  achieved  upon  the  efficient
energy transport to the Attodye that attached to the 5’-terminus of the DNA

templates.  These  supramolecular  architectures  were  hierarchically  ordered,
whose  DNA  templates  can  modulate  multiple  functions  including  binding
selectivity, chirality, and light harvesting capabilities.

More significantly, AIE-based FDNs have exhibited great potential in tumor-
associated  nucleic  acid  detections.157 For  example,  upon  binding  to  anionic
macromolecules, the  AIE  luminogens  (AIEgen)  emitted  bright  red  fluores-
cence emission at 640 nm. Based on this emission, a powerful molecule with
AIE  properties  has  been  developed,  to  specifically  interact  with  double-
stranded DNA (dsDNA) via groove binding. With this platform, the conforma-
tional  change of  dsDNA can be detected based on AIE signal  changes from
red  to  green  (Figure  5C).158 In  addition,  the  unique  fluorescence  of  AIE  was
sensitively  influenced  by  the  base  pairing  of  dsDNA,  providing  a  new  and
facile  approach  for  the  label-free  monitoring  of  SNP  spotting  and  DNA
damage. However,  green  emission  near  537 nm was found to  be  an  exclu-
sive  response  of  multinational  AIEgen  (called  TPBT)  to  dsDNA.  This  signal
was  closely  related  to  conformational  changes  after  the  groove  binding  of
TPBT  to  dsDNA.  Nobe  et  al.  designed  and  synthesized  block  copolymers
containing  sulfonium  cations  and  a  hydrophobic  TPE  unit.  This  copolymer
exhibited distinct self-assembly behaviors for generating polyplex with DNA,
along with the AIE emissions with tunable colors for monitoring.159 In addition,
the  emission  related  to  charged  states  of  dyes  can  be  modulated  by  the
formation of  a  polyplex  between  the  negatively  charged  DNA  and  the  posi-
tively charged  sulfonium  segments  in  the  shell.  These  works  have  demon-
strated the potential of AIE-based DNA nanostructures for biological applica-
tions.

With  the  developments  of  AIE  techniques,  the  modification  of  AIE
molecules has been employed to further enlarge the biological application of
AIE-based  DNA  nanostructures.  For  example,  a  hydrophobic  TPE  was
designed  to  be  bound  to  an  oligonucleotide,160 which  greatly  enhanced  the
condensation  properties  of  DNA (Figure  5D). As  designed,  two complemen-
tary  DNA-TPE  sequences  were  close  for  the  hybrid  (dsDNA-(TPE)2)  in  an
Mg2+-containing buffer, which induced the self-assembly for obtaining spher-
ical  nanostructures.  Besides,  based  on  the  fluorescent  properties  of  AIE
molecules, the  aggregation  state  can  be  indicated  by  the  sensitive  fluores-

 

Figure 8.  Small fluorescent dye-intercalated DNA complexes (A) Scheme of the photoisomerizable dye semi-intercalation in the DNA-CTMA matrix and all-optical switching in
dye-doped DNA nanofibers.188 Copyright © 2024 Copyright Clearance Center, Inc. (B) Self-quenching is avoided by confining the dyes within separate intercalation sites.192 Copy-
right © 2007 American Chemical Society. (C) Schematic illustration for a single DOX binding to the TDN-17 and (b) the structural formula of the DOX. The possible binding modes
observed in  the  molecular  docking:  (c)  the  inside-corner  mode,  (d)  the  outside-corner  mode,  (e)  the  intercalation mode,  (f)  the  major-groove mode,  and (g)  the  minor-groove
mode.193 Copyright © 2024 Copyright Clearance Center, Inc. (D) The synthetic routes of CPT-modified phosphorothioate oligonucleotides and their self-assembly to form CPT-
loaded DNA tetrahedra, as well as the delivery process.195 Copyright © 2019 Wiley-VCH GmbH.
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cence. This not only facilitated studying the self-assembly mechanism of AIE
but  also  being  conducive  to  monitoring  the  cellular  processes  during  gene
transfection. As  demonstrated,  the  hybrid  dsDNAs  showed  significant  fluo-
rescence  upon  TPE  aggregation,  which  was  about  tenfold  higher  than  the
sum  signals  from  multiple  units  of  single  DNA-TPE.  Moreover,  to  obtain  an
efficient light-harvesting antenna upon the assembly of dense donors around
a  single  acceptor,  a  cationic  AIE  amphiphile  was  further  designed  to  self-
assemble  with  natural  DNA  duplexes.161 As  illustrated  in Figure  5E,  the  as-
prepared donor of cationic AIE amphiphile was densely attached to the phos-
phate groups of natural DNA duplexes through smaller cationic trimethylam-
monium.  In  this  process,  the  insufficient  binding  caused  by  the  steric
hindrance  of  the  AIE  fluorophore  can  be  overcome  by  the  long  alkyl  chain
between the cationic trimethylammonium and AIE fluorophores. This ensured
a remarkably high donor/acceptor ratio for biological applications, which was
comparable to that of the custom DNA assemblies.

Besides, AIE-based DNA nanostructures can also be used for the detection
of  metal  ions.  For  instance,  Cu2+ can  be  detected  by  DNA-copper
nanoassemblies  with  AIE  enhancement  properties,  which  were  designed
using  DNA  dendrimers  with  the  sticky  ends  as  templates  (Figure  5F).162 In
addition, the FDNs can also act as an excellent fluorescent probe for detect-
ing  lead  ions  (Pb2+)  in  biological  matrix.  In  this  way,  DNA-functionalized
AuNPs were designed for the specific detection of Pb2+.163 In the presence of
Pb2+, the aggregation of the DNA-functionalized AuNPs was triggered for the
enhancement  of  the  peroxidase-mimetic activity  of  AuNPs.  Then,  the  chro-
mogenic  reaction  of  3,3’,5,5’-tetramethylbenzidine  (TMB)  by  the  catalyst  of
AuNPs was used for the sensitive UV-vis and colorimetric detection of Pb2+.
Consequently,  based  on  the  specific  properties  of  AIE  molecules,  the  AIE-
based DNA nanostructures  have  exhibited  advantages in  biological  applica-
tions. 

Near-infrared (NIR)-based DNA nanostructures
Although  multiple  strategies  can  enhance  the  responses  for  sensitive

detections, some other factors, such as tissue penetration and phototoxicity,
still  challenged  the in  vivo biological applications  of  FDNs.  Recently,  photo-
chemical-based  strategy  for  constructing  DNA  nanostructures  has  been
proposed for biomedical applications.However, the requirement of ultraviolet
(UV)  or  blue  light  in  these  systems164-166 significantly  limited  the  biological
applications  due  to  associated  poor  tissue  penetration  and  phototoxicity.
Alternatively,  the  bio-window  NIR  light  has  enabled  penetration  of  deeper
tissue  than  UV  and  visible  light,  which  exhibits  satisfied  biocompatibility  for
wider biological applications. Based on the programmable properties of DNA
molecules,  the  NIR-active  components  can  be  precisely  positioned  to
enhance  the  photoactivation  efficiency.  Furthermore,  DNA  nanostructures
can  serve  as  carriers  for  NIR-responsive  molecules,  enabling  controlled
release  of  therapeutic  agents.167 Thereby,  DNA  nanotechnology  provides  a
versatile  NIR-photoactivatable probes  by  incorporating  NIR  dyes  or  plas-
monic  nanoparticles  into  DNA  nanostructures,168 showing  great  potential  in
biomedical applications.

Firstly,  the  NIR-based DNA  nanostructures  have  exhibited  great  advan-
tages for in vivo imaging. For example, a photo-locked DNA nanomachine (P-
DNA) has  been  designed  to  spatiotemporally  activate  nanomachine  opera-
tion  for  imaging  of  metal  ions  in  cancer  cells  upon  single  NIR  irradiation.169

Besides,  multiple-armed  DNA  tetrahedral  nanostructures  (TDNs)  were  also
designed  for  dual-modality  imaging  based  on  NIR  fluorescence  and  single-
photon emission computed tomography (SPECT).170 With this platform, func-
tional  groups  including  tumor-targeting  folic  acid,  NIR  emitter  Dylight  755,
and  radioactive  isotope 99mTc  were  precisely  anchored  and  noninvasively
detected  in  tumor-bearing  mice.  In  another  work  (Figure  6A),  a  tetrahedral
DNA  framework  (TDF)-based  nanodevice  was  constructed  for in  vivo NIR
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Figure 9.  The detection methods with SPR-based DNA nanostructures (A) Methodologies of a photonic CRISPR sensing to induce a changed (decreased) SPR wavelength.202

Copyright  © 2022 Oxford  University  Press.  (B)  The  design  of  the  portable  CRISPR-SPR-FT biosensing  platform for  MPXV detection.203 Copyright  © 2023 American  Chemical
Society.
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diagnosis  of  early-stage  acute  kidney  injury  (AKI)  upon  detecting  slight
histopathologic  damages  in  the  kidney.171 This  nanodevice  comprised  three
functional  modules:  a  size-tunable  TDF nanostructure  as a  kidney-targeting
vehicle, a binding module for targeting the biomarker kidney injury molecule-1
(Kim-1), and a NIR signaling module. With this nanodevice, the early diagno-
sis of AKI onset was demonstrated at least 6 h ahead of Kim-1 urinalysis, or
12 h ahead of blood detection.

Notably,  fluorescence  in  the  NIR-II  region  (1000-1700 nm)  has  a  deeper
penetration  depth  and  a  better  signal-to-noise ratio  compared  to  conven-
tional  fluorescence  in  the  NIR-I  region.  Compared  to  commonly  used  X-ray
computed  tomography  (CT)  and  magnetic  resonance  imaging  (MRI),  the
fluorescence  imaging  of  the  IR-II  region  is  convenient  and  allows  for  real-
time  intraoperative  monitoring.  Recently,  IR-II-emitting organic  nanofluo-
rophores have been constructed and applied to non-invasive imaging of the
brain.  For  example,  a  nanocarrier  of  DNA  organic  nano-fluorophores  was
prepared  using  DNA  block  copolymer  and  polystyrene-b-DNA. As  demon-
strated (Figure 6B), this platform can efficiently cross the blood-brain barrier
and target brain tumors to emit signals at the NIR-II region, achieving imag-
ing of brain tumors at ultra-high resolution.172

In  addition,  DNA-based  nanodevices  are  also  widely  used  for  NIR-
controlled  drug release  and bioimaging.  To  achieve  precise  control  over  the
space  and  duration  of  drug  release,  a  thiolated  pH-responsive DNA  conju-
gated gold nanorod (GNR) was developed. This DNA-based nanodevice acted
as a multifunctional nanocarrier for the targeted delivery of drugs, which was
triggered  by  dual-stimuli  of  low  pH  and  NIR.173 As  demonstrated,  the  rapid
and  effective  release  of  chemotherapeutic  drug  (DOX)  was  triggered  by  an
acidic pH  environment  (pH~5)  and/or  under  a  NIR  laser  radiation.  Further-
more, exogenous photoacoustic probes also exhibited the NIR absorbance,174

which initiated photoacoustic imaging for cancer hypoxia diagnosis or sensi-
tive monitoring of tumor treatments. To avoid the effect of tumor hypoxia for
chemotherapy,  a  DNA  origami-based theranostic  nanoplatform  was  devel-
oped with  an  intercalated  anticancer  anthraquinone  as  both  a  chemothera-
peutic  drug  and  a  photoacoustic  contrast  agent.175 Furthermore,  to  avoid
uncontrollable  target  identification,  a  fluorescent  nanosensor  was
constructed  by  introducing  the  nucleic  acid  confinement  effect  into  a  NIR
photo-controlled sensing platform.176 As shown in Figure 6C, the NIR sensing
was  initiated  by  an  external  light  irradiation  at  808  nm.  Simultaneously,  the
local reaction concentrations were vastly enhanced by a special confinement
effect  from a six-branched DNA nanowheel,  which highly guaranteed sensi-
tive detections.  Moreover,  to address the limitations associated with current
oligonucleotide  delivery  vehicles,  the  fluoropolymer-coated  DNA  nanoclews
(FNCs)  were  constructed for  the  systemic  delivery  of  oligonucleotides.177 As
shown in Figure 6D, fluorinated zwitterionic monomers were in situ polymer-
ized  and  attached  to  DNA  nanoclews  through  hydrogen  bonding.  As
designed, the fluoropolymer coating prolonged circulation time,  which facili-
tated cellular internalization and endosomal escape of DNA nanoclews for the
subsequent efficient biological applications.

More  interestingly,  upconversion  nanoparticles  (UCNPs)-based  FDNs  can
enable indirect activation of photodynamic therapy (PDT) using NIR light.178,179

This  also  provides  an  excellent  alternative  strategy  for  the  diagnosis  and
treatment  of  deep tumors.  For  UCNP-based applications,  DNA logic  circuits
were functionally modified on down/upconversion nanoparticles to construct
smart down/upconversion nanomachines (D/UCNMs) for NIR light-triggered
PDT.180 In  this  way,  a  NIR-activated  nanodevice  functionalized  with  UCNPs
was reported, acting as spatially and temporally controlled probes for miRNA
imaging in  vivo (Figure 7A).181 Thereafter,  with  various aptamers,  NIR-based
DNA nanodevices can be constructed for  sensing of  various targets as well
as the regulation of biological functions in living systems. For example, a DNA
nanodevice  was  designed  to  detect  ATP  in  living  cells  upon  up-conversion
luminescence.  In  this  system,  the fluorescence sensing activity  for  ATP can
be temporarily controlled by NIR irradiation both in vitro and in vivo.182 There-
fore,  the  UCNP-based  FDN  strategy  is  quite  suitable  for  tumor-specific
targeted detection.

The UCNPs-based DNA nanostructures have also exhibited great potential
in cancer treatments. For instance, a UCNP-centered Au20 -Au30 nanoparticle
tetrahedron (UAuTe)  was  prepared  by  DNA  hybridization,  which  can  selec-
tively  accelerate  the  clearance of  senescent  cells.183 As  shown in Figure  7B,

once the senescent  cells  were recognized by the beta-2-microglobulin anti-
body (anti-B2MG) on the AuNPs,  UAuTe was disassembled by breaking the
boronic ester linkage upon NIR-light irradiation. Subsequently,  the apoptosis
in senescent cells was induced by Granzyme B exposed to the UCNPs, which
were  tracked  by  fluorescence  changes.  In  the  same  year,  an  upconversion
DNA  nanoplatform  was  constructed  for  DNAzyme-mediated  gene  silencing
of  survivin,  which achieved enhanced cancer  therapy by the combination of
NIR-triggered PDT with gene therapy.184 As shown in Figure 7C, the multiva-
lent ssDNA  endowed  the  upconversion  nanoplatform  with  efficient  recogni-
tion  and  high  loading  of  photosensitizers  and  DNAzymes.  When  the
nanoplatform was targeted and internalized into cancer cells,  PDT was trig-
gered by NIR light to generate reactive oxygen species for killing cancer cells.
Recently, to achieve controlled and precise release of medicine, a NIR-guided
DNA  nanodevice  was  designed  by  engineering  guanine  cytosine-rich  DNA
duplexes with a UV-labile moiety onto UCNPs.185 As shown in Figure 7D, DOX
was  incorporated  into  photolabile  DNA  duplexes  (PD),  whose  fluorescence
was  quenched  via  interacting  with  the  guanine-cytosine  motif.  Acting  as  a
transducer,  UV  light  was  emitted  upon  NIR-light  irradiation  of  UCNPs.  As
resulted,  photolysis  of  ortho-nitrobenzyl  moiety  in  PD  was  induced  for
controlled release of DOX along with the recovery of fluorescence. Therefore,
efficient imaging of tumor cells and the inhabitation of their proliferation were
simultaneously  achieved  in  the  NIR  light-responsive  system.  Besides,  an
AS1411-functionalized triangle DNA origami (TOADI) was prepared to deliver
both  DOX  and  a  photosensitizer  (indocyanine  green,  ICG).186 As  shown  in
Figure  7E,  triggered by  NIR laser  irradiation,  TOADI  controllably  released the
DOX into the nucleus through the photothermal effect of ICG. Simultaneously,
upon NIR light irradiation, the UCNPs acted as energy transducers to emit UV
light for breaking the photolabile moiety in DNA duplexes. This resulted in the
controlled release of drugs and recovery of their fluorescence for monitoring.
In  conclusion,  the  NIR-induced DNA nanostructures have provided a  practi-
cal strategy for clinical diagnosis and therapy. 

Small fluorescent dyes-based DNA nanostructures
Inspired  by  the  aforementioned  NIR-based  DNA  nanostructures  with  NIR

molecules as the fluorophores, the investigation of small fluorescent dyes is
another aspect to promote the development of FDNs. With the development
of DNA techniques, fluorescent dyes can be modified on DNA strands to track
the  cycling,  distribution,  and  lifetime  of  biomolecules  in  living  systems.56

Given  the  spatiotemporally  controlled  predictable,  programmable  and
addressable  properties  of  DNA  nanostructures,  fluorescent  dyes  along  with
other  functional  molecules  can  be  integrated  in  one  DNA  nanostructure  for
simultaneous  imaging  and  delivery.  For  example,  the  aptamer-conjugated
FRET  nanoflowers  (NFs)  were  designed  upon  modification  with  fluorescent
molecules  of  fluorescein  (FAM),  cyanine  3  (Cy3),  and  6-carboxyl-X-
rhodamine  (ROX).  As  designed,  an  efficient  FRET  system  from  intercalated
dyes  to  covalently  attached  acceptor  dyes  exhibited  10-fold higher  absorp-
tion efficiency than the individual ones. Consequently, the NFs exhibited high
fluorescence  intensity  and  excellent  photostability  for  multiplexed  cellular
imaging and traceable  targeted drug delivery.187 Thereafter  (Figure 8A),  dye-
intercalated DNA complexes were integrated in organic nanofibers to support
optical birefringence with fully reversible switching, controlled by continuous-
wave laser irradiation.188 As convenient and efficient approaches to template
molecular  organization,  the  nanofibers  evoked  new  routes  for  constructing
optical logic gates, reconfigurable photonic networks and fabricating sensors.

As  reported,  helical  arrays  of  dyes  can  also  be  assembled  using  nucleic
acid and polypeptide templates.189,190 The supramolecular arrays can also be
prepared  based  on  the  self-assembly  of  the  molecular  components.191 The
easy synthesis of noncovalent assemblies was appealing, although it gener-
ally lacked precision covalent structures. For the easy preparation, Armitage’s
group has synthesized supramolecular  complexes consisting of  a  branched
DNA  template  and  fluorogenic  intercalating  dyes.192 As  shown  in Figure  8B,
the dyes can be intercalated into each base pair, obtaining high-density fluo-
rophores upon assembly of DNAs. At the same time, the DNA template kept
them  far  enough  away  from  each  other,  efficiently  preventing  the  self-
quenching.  These  properties  of  small  fluorescent  dyes  further  enabled  the
advanced application of DNA nanostructures.

In addition, various DNA nanostructures have been synthesized and widely
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used in  the  delivery  of  small  molecular  drugs.  Among the  anticancer  drugs,
doxorubicin  hydrochloride  (DOX)  and  camptothecin  (CPT)  are  most  widely
used in chemotherapy with fewer side effects. For delivery of small molecu-
lar drugs, the binding of DOX molecules to TDN-17 under different conditions
was  investigated  by  combining  molecular  docking  and  all-atom  molecular
dynamics  simulations  (Figure  8C).193 Interestingly,  the  binding  of  DOX
molecules with a DNA carrier not only facilitated fluorescent imaging, but also
inhibited  the  macromolecular  biosynthesis.194 However, the  luminous  wave-
length  of  DOX  is  not  long  enough,  and  the  following  problems  still  exist  in
biological imaging: 1) The penetration ability of biological tissue is not strong
enough; 2) The interference of animal autofluorescence at this wavelength is
very  serious.  3)  The self-quenching of  DOX is  very  serious,  and the fluores-
cence efficiency is relatively low. Consequently, further developments are still
encouraged for  the  delivery  of  other  fluorescent  drugs  by  DNA  nanostruc-
tures.

For delivery of other fluorescent drugs, a precise fluorescent drug-contain-
ing  DNA  framework  was  constructed  for  cancer  treatment  based  on  DNA’s
excellent  programmability  and  double  helix  conformation.195 As  shown  in
Figure 8D, carbonethyl bromide-modified CPT directly reacted with phospho-
rothioate (PS) that modified DNAs, resulting in the formation of chemothera-
peutics-grafted DNAs with a responsive disulfide linkage. This drug-carrying
DNA tetrahedral framework has exhibited fluorescence properties and stimu-
lus-response  properties,  which  enhanced  anti-tumor  efficacy in  vivo and
in vitro.

Although the  introducing  of  small  fluorescent  dyes  into  DNA  nanostruc-
tures  facilitated  real-time  visualization  of  efficient  diagnosis,  the  biological
applications  could  still  be  challenged  by  the  toxicity  and  stability  of  small
fluorescent  dyes.196 The  toxicity  of  small  fluorescent  dyes  could  be  induced
by  various  factors,  including  their  chemical  structure,  concentration,  and
interaction  with  cellular  components.  Firstly,  some  fluorescent  dyes  could
disrupt  cellular  processes,  interfere  with  DNA  replication  or  transcription,  or
induce oxidative  stress.  Secondly,  small  fluorescent  dyes  could  also  chal-
lenge the stability of DNA nanostructures. Normally, photobleaching could be
induced  for  losing  fluorescence  intensity  of  fluorescent  dyes  upon  repeated
excitations,  limiting their  performance of  long-term imaging by DNA nanos-
tructures.  Additionally,  small  dyes  could  be  altered  upon  changes  of  pH,
temperature  or  the  presence  of  reactive  molecules,  which  could  lead  to
degradations  or  changes  of  fluorescence  properties.  Consequently,  the
precise  design  of  small  fluorescent  dye-based  DNA  nanostructures  is
required to ensure the low toxicity and stability for reliable biological applica-
tions.

To  decrease  toxicity  and  increase  stability  of  the  small  dye-based  DNA
nanostructures, the precise and powerful design of DNA nanostructures have
been arisen for  self-assembly  of  DNA nanostructures  and fluorescent  dyes.
For  example,  some fluorescent  molecules/dyes,  such as DOX and CPT,  can
dwell  themselves  in  DNA  by  intercalating  the  GC-rich  regions  of  the  double
helices.  Additionally,  special  modifications  on  small  fluorescent  dyes  have
also  been  employed  to  reduce  their  toxicity  or  increase  their  stability.  Upon
incorporating  specific  functional  groups,  their  interaction  with  cellular
components can be minimized and their  resistance to degradation can also
be  enhanced.  Meanwhile,  encapsulating  the  dyes  within  protective  coatings
or  nanoparticles  can  also  avoid  the  interface  of  environmental  factors  and
minimize  their  toxicity.  In  this  way,  DOX-loaded  DNA  origami  exhibited
remarkable antitumor efficacy without observable toxicity for nude mice with
orthotopic  breast  tumors.197 Therefore,  upon several  modification strategies,
small  dye-based  DNA  nanostructures  could  be  innovative  platforms  for  the
efficient and low-toxic cancer therapeutics in vivo. 

Surface plasmon resonance (SPR)-based DNA nanostructures
Some other  optical  techniques could also be introduced into DNA nanos-

tructure  engineering.  For  example,  SPR-sensing  technology  is  a  versatile
technique for  constructing optical  sensing platforms.198,199 In  another  words,
the DNA nanostructures can devote a significant enhancement on the sensi-
tivity  and  selectivity  of  SPR-based  detections.  For  example,  functionalized
with thiol-modified DNA strands, DNA nanostructures were immobilized onto
gold surfaces.  Consequently,  the specific  interaction between DNA and gold
surfaces  formed  a  stable  and  well-defined  DNA  monolayer,  facilitating  the

accurate detection of biomolecular interactions through SPR.200 Besides,  the
programmability  of  DNA allowed for  the design of  DNA nanostructures with
tailored surface  densities  and  orientations,  further  optimizing  the  perfor-
mance  of  SPR-based  assays.201 In  fact,  DNA  nanotechnology  enabled  the
incorporation of various functional elements, such as aptamers or enzymes,
into  the  DNA  nanostructure,  expanding  the  scope  of  SPR-based  detection
methods.

Furthermore,  the  gene  editing  technologies  can  also  be  introduced  into
SPR-based detection of nucleic acids. For example, a “gene scissors” of clus-
tered  regularly  interspaced  short  palindromic  repeat  (CRISPR)  platform204,205

has  been  proposed  to  combine  with  SPR.  Recently,  a  CRISPR-empowered
SPR  diagnostic  strategy  was  established  to  fulfill  accurate  detection  of  ~  5
fM  unamplified  DNA  samples.206 However,  dCas9  protein  and  sgRNA  were
normally  immobilized  onto  the  chip  for  the  detection,  making  the  detection
procedures complicated and time-consuming. In addition, the CRISPR’s abili-
ties of distinguishing single mutated site in gene sequences was encouraged
to  be  invoked.  Accordingly,  taking  advantage  of  the  mutation  site-specific
recognizing  ability  of  the  CRISPR/Cas12a  system,  a  CRISPR/Cas12a-SPR
biosensor  was  designed to  correctly  determine  the  SARS-Cov-2 concentra-
tion  in  both  fake  viruses  and  clinical  samples  (Figure  9A).  Upon  the  lateral
(trans-)  cleavage  properties  of  the  CRISPR/Cas12a,  only  gold  nanoparticle-
linked  ssDNAs  were  immobilized  on  the  chip,  dramatically  simplifying  the
chip preparations.202 In addition, a portable biosensor, called the CRISPR-SPR-
FT  biosensor,  was  further  developed  for  the  detection  of  MPXV  DNA.203 As
shown  in Figure  9B,  based  on  the  trans-cleavage  of  target  DNA  by
CRISPR/Cas12a system, the SPR-based fiber probes of ssDNA reporter were
activated.  Upon  the  presence  of  MPXV  DNA,  Cas12a  cleaved  the  ssDNA
reporter  molecules  for  releasing  AuNPs.  Therefore,  the  reductive  CRISPR
reaction  was  employed  on  the  sensor  surface  to  result  the  decreased  SPR
signals.  Without  the  amplification,  the  dsDNA  from  MPXV  was  detected  by
CRISPR-SPR-FT biosensor within 1.5 h, at a detection limit below 5 aM plas-
mids.  Therefore,  integrating  sequence-specific  recognition  of  CRISPR/Cas
systems with highly sensitive SPR sensors, precise, stable, sensitive and reli-
able gene analysis of clinical samples would be initiated. 

SUMMARY AND OUTLOOK
With the advantages of easy agent-loading,  excellent biocompatibility and

biodegradability,  and  low  physiological  effects,  FDNs  have  exhibited  great
potential in  biomedical  applications.  However,  there  are  still  several  chal-
lenges  that  need  to  be  addressed  to  fully  exploit  the  potential  of  FDNs  in
biomedical research and clinical practice. Further efforts could be required for
enlarging biological applications of FDNs, such as the following issues:

(1)  The  design,  synthesis  and  purification  of  complex  FDNs  with  precise
control over shape and functionality are further pursued. Currently, the design
of FDNs heavily relies on computational modeling and simulation techniques,
which  could  suffer  the  low  yields  and  poor  reproducibility.  Besides,  the
complexity of structures and some interactions with the environment species
could also limit  the further applications.  Consequently,  improving the design
and synthesis methods of FDNs will enable the creation of more intricate and
functional nanostructures for wider biomedical applications. Series of efforts
could address these problems, including exploring new synthesis methods or
modification  techniques,  optimizing  reaction  conditions,  and  introducing
automated  synthesis  platforms.  Additionally,  the  development  of  high-
throughput  purification  techniques  could  also  improve  the  scalability  and
reproducibility  of  the  process,  such  as  size-exclusion  chromatography  or
DNA origami  purification  methods.  Besides,  some  new  experimental  tech-
niques could further overcome the limitations of computational modeling. For
example,  upon  folding  long  single-stranded  DNA  molecules  into  desired
shapes  using  shorter  complementary  strands  as  staples,  the  DNA  origami
enables  the  precise  creation  of  complex  DNA  nanostructures.  Furthermore,
other  biomolecules,  such  as  proteins  or  RNA,  could  also  be  adopted  to
conjunct with DNA nanostructures to enhance their functionality. Additionally,
the  external  stimuli,  such  as  light  or  temperature,  could  also  enable  the
dynamic  control  over  their  shape  and  functionality.  Besides,  the  seeking  of
fluorophores  with  enhanced  brightness,  photostability,  and  compatibility
would  also  initiate  the  outstanding  FDNs.  Anyway,  with  the  development  of
nanotechnology,  synthesis  and  nuclear  acid  engineering,  more  FDNs  with

M
a

teria
ls

REVIEW

The Innovation Materials 2(2): 100064, June 13, 2024　　　  13



precise structures and excellent performance would be constructed.
(2)  The  stability  and  biocompatibility  of  FDNs  in  biological  environments

should be further improved to ensure their applicability in biological systems.
As  we  know,  DNA  is  susceptible  to  be  degraded  by  nucleases  and  other
enzymes in biological fluids, which could limit the stability and effectiveness
of  DNA  nanostructures in  vivo.  Additionally,  the  interaction  between  DNA
nanostructures and biological  molecules could also affect  their  stability  and
functionality in biological systems. Therefore, further developments of strate-
gies to enhance the stability and biocompatibility of DNA nanostructures will
be crucial to ensure their successful translation for efficient biomedical appli-
cations.  Modifications  of  the  DNA  backbones  or  nucleotide  bases,  such  as
phosphorothioate linkages or methyl groups, could enhance the resistance of
DNA  nanostructures  to  enzymatic  degradations.  Another  solution  is  to
encapsulate DNA nanostructures within protective coatings or nanoparticles,
such as liposomes or polymeric nanoparticles. These coatings can shield the
DNA nanostructures from enzymatic degradation, providing additional barrier
against interactions  with  biological  molecules.  Moreover,  some biocompati-
ble  materials,  such  as  DNA  aptamers  or  proteins,  could  also  stabilize  DNA
nanostructures  and  avoid  enzymatic  degradations.  For  obtaining  the  more
biocompatible  FDNs,  more  simple  and  biocompatible  strategies  are  still
encouraged to be further developed for the better biological applications.

(3)  The  scalability  and  cost-effectiveness  of  FDNs  are  required  to  be
addressed.  Despite  the  low-cost  of  DNA  strands,  the  cost  could  still  be
greatly  increased  by  the  introducing  of  probe-labeled  strands  (e.g.,  MB  and
TaqMan  probe)  and  tool-enzymes.  In  addition,  current  methods  for  the
synthesis of DNA nanostructures are normally time-consuming with special-
ized  equipment  and  expertise.  Additionally,  the  cost  associated  with  the
synthesis and purification of  DNA nanostructures could be prohibitive,  limit-
ing their  widespread biomedical  and clinical  applications.  Hence,  developing
cost-effective  and  scalable  synthesis  methods  will  enable  the  widespread
biological  applications  of  DNA  nanostructures.  The  label-free  and  enzyme-
free  methods  could  be  helpful  for  decreasing  the  cost  of  DNA  devices.  In
addition, the self-assemble strategies could also facilitate the construction of
complex DNA architectures, which would reduce cost by minimizing the intri-
cate fabrication  processes.  Along  with  the  developments  of  the  interdisci-
plinary technologies, the scalability and cost-effective FDNs would be kept on
improving for the wider applications.

Despite  these  challenges,  the  future  biomedical  applications  of  FDNs  still
hold great promise. As reviewed, FDNs have been endowed with a wide range
of functions with the benefits of controllable and precise constructions, open-
ing  up  new  opportunities  in  multi-modal  biological  applications.  Combined
with a variety of  biotechnology methods,  FDNs keep on improving to obtain
more  and  more  sensitive  and  precise  detections  with  high  resolution  and
signal-to-noise ratios. In addition, efficient disease treatments can be simul-
taneously achieved along with the sensitive diagnosis. Moreover, the integra-
tion  of  DNA  nanostructures  with  other  emerging  technologies  will  further
expand their capabilities in biological applications. Consequently, FDNs have
become  an  invaluable  platform  for  biological  applications,  providing
advanced opportunities  for  sensing,  imaging,  catalysis,  diagnosis  and  treat-
ments.
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