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Abstract   Among the diverse DNA nanostructures explored for precise drug delivery, DNA tetrahedra have rapidly advanced to the forefront ow-

ing to their exceptional structural stability and highly efficient self-assembly. In contrast to conventional designs that rely on limited responsive

elements, we engineered DNA tetrahedra that incorporate cytosine-rich sequences along every structural backbone. The acidic tumor microenvi-

ronment specifically triggers the stimuli-responsive full-frame disintegration of these nanocarriers. This complete structural collapse ensures the

highly efficient and precise release of encapsulated antitumor drugs.  Furthermore,  assembling five tetrahedral  units into a pentameric super-

structure significantly enhanced drug payload capacity, improved cellular uptake, and maintained robust structural integrity. Systematic charac-

terization confirmed the rapid stimulus-induced conformational  transitions and selective cytotoxicity  toward cancer  cells.  By  effectively  over-

coming these fundamental delivery barriers, this study establishes practical design principles for the development of advanced DNA nanocarri-

ers with higher therapeutic precision.
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INTRODUCTION

DNA nanotechnology has emerged as a distinctive platform for
next-generation  drug  delivery  systems.  Conventional  lipids,
polymers, and inorganic nanocarriers can improve pharmacoki-
netics  but  often  suffer  from  batch  heterogeneity,  limited  ad-
dressability,  and  long-term  toxicity  or  immunogenicity.[1,2] In
contrast,  DNA  nanostructures  are  assembled  by  predictable
base pairing, affording precise control of size, geometry, and lig-
and  presentation,  together  with  intrinsic  biocompatibility,
biodegradability, and easy integration of multiple targeting and
stimuli-responsive  modules  into  a  single  construct.[3,4] These
features  make  DNA  nanocarriers  uniquely  suited  to  encode
complex  behaviors  such  as  tumor  microenvironment–respon-
sive release and multimodal targeting, which are difficult to sys-
tematically realize in other materials.[5−7]

Within  this  class,  tetrahedral  DNA  nanostructures/tetrahe-
dral  framework  nucleic  acids  (TDNs/tFNAs)  are  prototypical
DNA carriers.  TDNs form in  a  one-pot  step from four  strands
into mechanically robust, geometrically well-defined tetrahe-
dra  with  high  serum  stability  and  resistance  to  nucleases.[8]

Their  compact  3D  shape  mediates  efficient  cellular  uptake
without  transfection  agents  and  favorable  biodistribution,
while  vertices  and  edges  provide  multiple  addressable  sites
for loading small-molecule drugs, nucleic acids, peptides, and
imaging or targeting ligands.[9,10] As a result,  TDN-based sys-
tems have been widely used for chemotherapy, gene therapy,
imaging,  and  theranostics,  often  showing  improved  tumor
accumulation and reduced systemic toxicity compared to free
drugs and non-programmable carriers.[11,12]

The evolution of TDNs has followed a clear path, from stat-
ic scaffolds to smart stimuli-responsive delivery systems. Ear-
ly  designs  exploited  the  internal  cavity  to  encapsulate  dox-
orubicin or paclitaxel and simple surface ligands for receptor-
mediated  targeting.[8] More  recent  platforms  integrate  ap-
tamers and tumor microenvironment–responsive motifs (pH,
ATP, miRNA, enzymes) to achieve active targeting and on-de-
mand drug release,  as  well  as  hybrid constructs  where TDNs
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gate  or  decorate  high-capacity  cores  such  as  metal–organic
frameworks  or  hydrogels.[12−14] Nevertheless,  most  current
systems rely on a few localized responsive elements,  leading
mainly  to  partial  opening  or  gate  detachment  rather  than
complete  structural  disintegration,  which  can  limit  the  drug
release  efficiency  and  payload  capacity.[15−17] This  gap  has
motivated  the  development  of  edge-programmed  tetrahe-
dral architectures that couple robust circulation stability with
stimuli-triggered full-frame collapse for more precise and effi-
cient drug liberation.

Responding to these limitations, we introduced distinctive
edge-programmed pentameric DNA tetrahedra (illustrated in
Fig.  1).  Our  design  integrates  cytosine-rich  sequences
throughout  every  structural  backbone.  The  acidic  tumor  mi-
croenvironment directly triggers stimuli-responsive full-frame
disintegration through i-motif conformational switching. The
pentameric  architecture  provides  four  fundamental  advan-
tages  over  conventional  monomeric  tetrahedra:  (1)  substan-
tially increased payload capacity by geometrically expanding
the  structural  framework,  thereby  providing  more  available
drug-loading  sites;  (2)  multivalent  targeting  capability
achieved through the dense, three-dimensional presentation
of  aptamers,  creating  stronger  avidity  effects  that  improve
cellular recognition; (3) optimized structural dynamics, where
the  constrained  mobility  between  tetrahedral  units  gener-
ates internal torsional stress that lowers the activation energy
for pH-triggered disintegration; (4) improved cellular internal-
ization  through  size  optimization,  where  the  assembled
about 100 nm pentameric structure demonstrates significant-
ly  higher  endocytic  efficiency  compared  to  individual  about
40  nm  tetrahedral  units,  while  remaining  below  the  thresh-
old  for  enhanced  permeability  and  retention  (EPR)  effects.
These inherent characteristics established our platform as an
innovative strategy for site-specific drug activation. This study

defines  practical  design  principles  for  advanced  targeted
drug delivery systems that minimize off-target effects and ul-
timately elevate therapeutic precision.

EXPERIMENTAL

Detailed experimental  procedures,  materials,  synthesis,  charac-
terization, drug loading, drug release, cell experiments, and sup-
plementary  figures  are  provided  in  the  electronic  supplemen-
tary information (ESI).

RESULTS AND DISCUSSION

Design Rationale of the Edge-programmed DNA
Tetrahedron for Full-frame Disintegration
We engineered a  fundamental  DNA tetrahedral  building block
to undergo complete structural collapse upon exposure to spe-
cific  microenvironmental  stimuli,  as  illustrated  in Fig.  2.  To
achieve  this  full-frame  disintegration,  we  embedded  comple-
mentary  C-rich  (dashed  lines  in Fig.  2)  and  G-rich  sequences
(solid lines in Fig.  2)  directly into the central  double helix  of  all
six  structural  edges.  This  configuration  establishes  a  compre-
hensive  network  of  microenvironment-triggered  switches
throughout  the  nanostructure  framework.  Unlike  conventional
strategies that confine responsive motifs to isolated vertices or
single  edges,  our  complete  edge  integration  ensures  that  no
rigid scaffold remains to entrap the encapsulated cargo after ac-
tivation. The pervasive presence of six distinct C-rich segments
distributed across the four strands is critical for achieving the si-
multaneous  and  complete  dissociation  of  all  six  tetrahedral
edges.

The  core  tetrahedron  self-assembles  from  four  rationally
designed  DNA  strands  (TDN-1,  TDN-2,  TDN-3,  and  TDN-4,  as
depicted  in Fig.  2,  upper  panel).  Each  strand  incorporates
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Fig. 1    Schematic illustration of the pentameric DNA tetrahedron enabling precision drug release via stimuli-responsive disintegration.
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three  primary  C-rich  or  G-rich  segments  that  form  the  struc-
tural backbone of the tetrahedron (the specific sequences are
detailed  in  Table  S1  in  ESI).  Two  unpaired  nucleotides  were
strategically  inserted between structural  segments in  the se-
quence  design.  These  hinge  insertions  ensure  smooth  geo-
metric transitions at the tetrahedral vertices and maintain the
structural  integrity  of  all  edges.  Structural  programming  re-
lies on a delicate thermodynamic balance between the stable
double-stranded tetrahedral edges (Fig. 2, middle) and condi-
tionally  active i-motif  domains (Fig.  2,  lower  part).  We estab-
lished  an  18-nucleotide  core  length  to  maintain  strict  geo-
metric  rigidity  during  the  systemic  circulation.  Concurrently,
we extended the stimuli-responsive segments to lengths be-
tween  31  and  39  nucleotides.  This  specific  length  ratio  pro-
vides  a  crucial  mechanistic  advantage,  as  the  elongated  C-
rich  domains  generate  a  sufficient  thermodynamic  driving
force  upon  protonation  to  actively  disrupt  the  stable  core.
Meticulous sequence orthogonality  was achieved to prevent
unwanted  spontaneous  hybridization  during  the  initial  ther-
mal annealing process.

To  further  optimize  structural  transformation  kinetics,  we
appended  flexible  single-stranded  extensions  ranging  from

13 to 21 nucleotides.  Specifically,  these extensions are locat-
ed  at  the  3'  ends  of  TDN-1,  TDN-2,  and  TDN-3  and  at  the  5'
end  of  TDN-4.  These  overhangs  alleviate  steric  hindrance  at
highly  crowded  junctions  and  provide  essential  nucleation
points to accelerate the transition into i-motif conformations.
Furthermore,  these  accessible  terminals  provide  modular  at-
tachment  sites  for  two  additional  critical  functions:  mediat-
ing  the  hierarchical  assembly  of  the  pentameric  superstruc-
ture  and allowing self-assembly  into  functional  aptamers  for
targeted cellular recognition. The combination of these flexi-
ble  vertices  and pervasive  i-motif  integration establishes  the
foundation for complete nanostructure disintegration, specif-
ically  within  acidic  tumor  regions.  This  thorough  collapse
mechanism was designed to facilitate the unhindered release
of  the  intercalated  therapeutics.  Ultimately,  such  an  engi-
neered  response  seeks  to  localize  the  structural  breakdown
exclusively  at  the  target  site  and  prevent  premature  drug
leakage in healthy tissues.

Assembly and Structural Characterization of
Pentameric DNA Tetrahedra
Conventional single DNA tetrahedra, although effective, exhibit
certain inherent limitations for optimal drug delivery. Their rela-
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Fig. 2    Illustration of the edge-programmed DNA tetrahedron structure and its stimuli-responsive full-frame disintegration. Four single-stranded
DNA  components  (TDN-1,  TDN-2,  TDN-3,  TDN-4)  self-assemble via sequence-specific  hybridization  into  six  double-stranded  edges.  Each  edge
incorporates stimuli-responsive C-rich segments (dashed lines) and complementary G-rich regions (solid lines). Flexible single-stranded extensions
at  the  vertices  fold  to  initiate  i-motif  conformational  switching,  link  individual  tetrahedra  to  construct  the  pentameric  superstructure,  and  self-
assemble into functional aptamers for targeted cellular recognition.
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tively small molecular size restricts the total drug-loading capac-
ity. The limited number of surface recognition sites can also hin-
der  efficient  cellular  uptake,  particularly  when  multiple  nano-
structures  compete  for  entry.  To  overcome  these  constraints
and significantly augment therapeutic efficacy, we developed a
pentameric DNA tetrahedron architecture. This design compris-
es  a  central  DNA  tetrahedron  acting  as  a  core,  surrounded  by
and connected to four  peripheral  DNA tetrahedra through the
base pairing of flexible single-stranded extensions. This higher-
order assembly was specifically engineered to enhance drug de-
livery efficiency by increasing both payload volume and multi-
valent targeting capabilities.

For this architecture, the central DNA tetrahedron was pre-
pared with four identical 15-nt sticky ends extending from its
vertices  (Fig.  3a,  Central  Sticky  Ends).  Peripheral  tetrahedra
were modified to carry complementary sticky-end sequences
on  the  flexible  single-stranded  extensions  of  their  TDN-4
strands  (Fig.  3a,  Peripheral  Sticky  Ends).  The  single-stranded
extensions  of  the  TDN-1,  TDN-2,  and  TDN-3  strands  of  these
peripheral  units  were  functionalized  with  specific  Targeting
Aptamers  (Fig.  3a).  In  addition,  through  systematic  adjust-
ment  of  the  linker  sequence  length  connecting  the  central
and  peripheral  tetrahedra,  we  generated  three  distinct  pen-
tameric  configurations:  a  short-linker  variant,  medium-linker
variant, and long-linker variant (Fig. 3b). This controlled struc-
tural  diversity  allowed  for  a  comprehensive  investigation  of
the optimal geometric arrangement for enhanced cellular up-
take and precise drug delivery.

The  synthesis  of  these  nanostructures  commenced  with
precise  thermal  annealing of  individual  DNA strands to form
monomeric  tetrahedra.  The  pentameric  assembly  was  then
proceeded by combining the pre-synthesized central and pe-
ripheral  tetrahedra  under  carefully  controlled  conditions.
Structural  verification  was  performed  by  agarose  gel  elec-

trophoresis  and atomic force microscopy (AFM).  Agarose gel
electrophoresis  (Figs.  3c and  3d)  demonstrated  clear  migra-
tion  patterns  corresponding  to  the  formation  of  dimeric,
trimeric,  and  monomeric  tetrahedral  species.  The  distinct
bands  further  confirm  the  successful  assembly  of  all  three
pentameric  configurations.  Specifically,  lane  3  in Fig.  3(c)
shows a singular band for the monomeric tetrahedron, while
lanes 2−4 in Fig. 3(d) verify the formation of the short-, medi-
um-,  and  long-linker  variants  through  specific  hybridization.
Complementary AFM imaging (Figs. 3e and 3f) provided a di-
rect visualization of the assembled nanostructures, unequivo-
cally  resolving  individual  tetrahedra  with  dimensions  of
about  20  nm  and  larger  pentameric  assemblies  measuring
about 80 nm. These characterization data establish the struc-
tural  integrity and efficient assembly of  the pentameric  DNA
tetrahedra.

Extracellular Validation of Stimuli-responsive
Disintegration
Fluorescence  spectroscopy  with  thiazole  orange  and  circular
dichroism  spectroscopy  were  used  to  analyze  the  conforma-
tional changes and secondary structure transitions. Thiazole or-
ange exhibits distinctive fluorescence properties that highly de-
pend on its specific binding environment.[18] The intercalation of
rigid  double-stranded  DNA  edges  partially  restricts  molecular
rotation  and  generates  moderate  fluorescence  enhancement.
Conversely, binding to the compact i-motif imposes severe ster-
ic  constraints.  This  tight  binding completely  suppresses nonra-
diative  decay  pathways  and  significantly  amplifies  the  overall
fluorescence intensity.[19,20]

The mildly acidic tumor microenvironment acts as a critical
trigger  for  precise  drug  delivery  systems.  To  systematically
characterize  the  structural  dynamics  of  edge-programmed
DNA tetrahedra under physiologically relevant conditions, we
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evaluated the nanostructures on a pH gradient ranging from
5.0  to  7.4. Fig.  4(a)  demonstrates  that  after  DNA  tetrahedral
incubation  in  buffer  solutions  with  different  pH  values,  the
fluorophore-bound  tetrahedra  at  pH=5.0  exhibits  maximal
fluorescence  intensity.  This  strong  signal  is  consistent  with
complete  structural  reorganization  into  i-motif  conforma-
tions.  Intermediate  acidic  conditions  between  pH=5.5  and
6.0, produced graded fluorescence responses. The physiologi-
cal stability of our pentameric DNA tetrahedra is derived from
their  unique  structural  design.  The  dense  three-dimensional
framework provides steric protection against nuclease degra-
dation,  consistent  with  established  findings  that  tetrahedral
DNA  nanostructures  exhibit  enhanced  resistance  to  DNase
I.[8] Furthermore, the combination of mechanically rigid tetra-
hedral  units  (persistence  length  about  40  nm)  and  pro-
grammed  sticky-end  hybridization  through  relatively  long
(15-nt) connections ensures structural integrity under physio-
logical  conditions,  which  is  consistent  with  recent  advances
demonstrating that DNA assemblies can achieve both circula-
tory  stability  and  microenvironment-responsive  behavior.[11]

The time-resolved fluorescence kinetics (Fig. 4b) further eluci-
dated the full-frame disintegration process. Acidic buffers in-
duced  rapid  signal  amplification  within  the  first  8  h  and
reached  a  plateau  at  12  h,  signifying  a  complete  structural
collapse.  At physiological  pH (7.4),  the fluorescence intensity
exhibited no significant increase throughout the observation

period.  This  stability  indicates  that  the  edge-programmed
nanostructures  maintained  their  original  double-stranded
framework without any detectable disassembly.

Circular  dichroism  spectroscopy  provided  direct  evidence
for  these  secondary  structure  transitions  (Fig.  4c).  Spectra
recorded  at  pH=7.4  displayed  canonical  B-form  DNA  signa-
tures characterized by a negative peak at 240 nm and a posi-
tive peak at 280 nm. The introduction of acidic conditions in-
duces distinct spectral shifts. A new positive peak emerged at
245  nm  along  with  a  second  positive  band  at  290  nm.  The
quantitative  drug  release  results  (Fig.  4d,  Figs.  S1  and  S2  in
ESI)  confirm  pH-responsive  behavior:  acidic  conditions  trig-
gered  substantial  doxorubicin  release  (41.0%  at  pH=5.5),
while  the  constructs  remained  highly  stable  at  physiological
pH (4.5% at pH=7.4). Release follows a sustained 24-h profile,
consistent  with  gradual  nanostructure  disassembly  during
the pH transition, which helps maintain therapeutic drug lev-
els  in tumor tissue.  These combined spectral  changes defini-
tively  confirmed  the  formation  of  the  i-motif  structures.  This
validation  established  an  unambiguous  correlation  between
microenvironment-triggered  full-frame  disintegration  and
measurable  conformational  switching.  The  gradual  pH-
dependent  transition  observed  in  our  system  likely  arises
from  the  distributed  i-motif-forming  sequences  throughout
the  nanostructure  framework  combined  with  microenviron-
mental variations within the pentameric assembly. While this
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progressive response differs from the sharp all-or-none transi-
tions reported in some simpler DNA switches, it may provide
better  adaptation  to  the  heterogeneous  pH  gradients  found
in actual tumor microenvironments.

Structural Determinants for Optimal Full-frame
Disintegration
To evaluate the structural features governing efficient full-frame
disintegration, we engineered systematic variations of the edge-
programmed  tetrahedron  (detailed  oligonucleotide  sequences
are  given  in  Table  S3  in  ESI).  The  primary  design  integrates  C-
rich sequences across all six edges along four flexible vertex ex-
tensions  and is  designated as  a  hexa-responsive construct.  We
compared this architecture to restricted designs possessing on-
ly  four  or  two  C-rich  edges,  termed  tetra-responsive  and  di-
responsive constructs, respectively. We also evaluated a nonre-
sponsive control lacking all C-rich domains and a vertex-locked
variant that contains six C-rich edges but lacks flexible terminal
extensions. Agarose gel electrophoresis confirmed the success-
ful synthesis of each architectural variant, as depicted in Fig. S3
(in ESI).

Subsequent  fluorescence  assays  demonstrated  that  only
architectures  integrating  both  C-rich  edges  and  flexible  free
ends  exhibited  stimuli-responsive  signal  enhancements. Fig.
5(a) shows that the hexa-responsive construct generated the
strongest conformational response. The tetra-responsive and
di-responsive designs produced sequentially weaker respons-

es, as shown in Figs. 5(b) and 5(c), respectively. This behavior
establishes a definitive correlation between the number of re-
sponsive  edges  and  structural  disintegration  efficiency.  The
non-responsive  control  shown  in Fig.  5(d)  verifies  the  abso-
lute  necessity  of  C-rich  sequences  for  acidic  activation.  Cru-
cially,  the vertex-locked variant analyzed in Fig.  5(e)  failed to
respond,  proving that  flexible  free ends remain critical,  even
when  all  six  edges  inherently  possess  conformation-switch-
ing  capabilities.  These  comparative  results  (Fig.  5f)  indicate
that  optimal  full-frame  disintegration  requires  both  compre-
hensive edge programming and flexible free-ends. The unre-
sponsiveness of the vertex-locked variant confirms that these
free  terminals  serve  as  indispensable  nucleation  points  for
overcoming the kinetic barriers of protonation-induced tran-
sitions within the constrained tetrahedral framework.

Enhanced Cellular Targeting and Precision Drug
Delivery of Multivalent Superstructures
We  conducted  cellular  studies  to  evaluate  the  targeting  speci-
ficity and precision of drug delivery efficiency of the engineered
nanostructures.  This  evaluation  compared  the  monomeric
tetrahedral  DNA  nanostructure  TDN  against  the  three  pen-
tameric  variants  identified  as  PTDN-S  (short-linker  variant),
PTDN-M  (medium-linker  variant),  and  PTDN-L  (long-linker  vari-
ant).  We  used  MCF-7  human  breast  cancer  cells  and  normal
MCF-10A  mammary  epithelial  cells  for  these  comparative  as-
says.  All  constructs  incorporated  MUC1-specific  DNA  aptamers
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Fig.  4    Stimuli-responsive  structural  transitions  of  the  edge-programmed  DNA  tetrahedra.  (a)  Fluorescence  intensity  of  thiazole  orange-bound
DNA tetrahedra after 12 h incubation in buffers of ranging from acidic environments to physiological conditions; (b) Time-dependent fluorescence
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(detailed sequences are provided in Table S2 in ESI) at strategic
vertex  positions  to  enable  active  cellular  recognition.  The
monomeric architecture contains four distributed aptamers. The
pentameric  superstructures  arrayed  12  aptamers  to  achieve
multivalent targeting. Doxorubicin (Dox) was selected as a mod-
el therapeutic agent because of its intrinsic fluorescence. Inter-
calation of the drug into stable double-stranded edges resulted
in  optimized  loading  capacities  of  about  20  doxorubicin
molecules  per  monomeric  TDN  and  about  100  molecules  per
pentameric assembly.

Confocal  microscopy  revealed  three  critical  findings  re-
garding  cellular  interactions.  Control  experiments  with  free
doxorubicin  demonstrated  equivalent  and  non-specific  up-
take in both cell types (Fig. S4 in ESI), confirming the absolute
necessity  of  targeted  delivery  systems.  Subsequent  assays
were  performed  to  evaluate  the  aptamer-modified  TDN-Dox
conjugates.  These monomeric carriers exhibited selective ac-
cumulation exclusively within the MCF-7 cancer cells, as illus-
trated in Fig. 6(a). Furthermore, pentameric architectures dis-
played  significantly  superior  performance  characteristics.  As
shown  in  Figs.  S5  and  S6  (in  ESI),  the  short-linker  variant
PTDN-S  generated  the  most  intense  intracellular  fluores-
cence signals among all tested assemblies. Quantitative anal-
ysis  performed  at  equivalent  therapeutic  doses  of  Dox  (5
μmol/L)  demonstrated  a  substantial  enhancement  in  target-
ed delivery. Fig. 6(b) and Fig. S7 (in ESI) show that the PTDN-S
superstructure  achieved  about  3.7-fold  greater  intracellular
drug  accumulation  compared  to  the  monomeric  TDN  plat-
form. Flow cytometry quantification (Fig. S8 in ESI) confirmed
the confocal microscopy observations,  with PTDN-S showing

significantly  higher  cellular  uptake  compared  to  monomeric
TDN,  directly  demonstrating  the  targeting  advantage  of  the
multivalent pentameric architecture.

The  superior  intracellular  efficacy  of  pentameric  super-
structures  originates  from  multi-faceted  structural  enhance-
ments.  The  dense  presentation  of  12  aptamers  significantly
amplified  target  recognition  through  multivalent  avidity
compared with the monomeric building block. Concurrently,
an expanded nanoscale diameter  promotes more robust  en-
docytic  internalization.  Furthermore,  the  constrained  mobili-
ty  between  the  assembled  tetrahedral  units  generates  inter-
nal  torsional  stress.  This  mechanical  tension lowers  the ther-
modynamic barrier for strand dissociation and accelerates the
simultaneous  i-motif  conformational  switching  to  ensure
rapid  full-frame  disintegration.  Finally,  the  superior  delivery
performance of  the compact  PTDN-S variant  over  the PTDN-
M and PTDN-L  designs  confirms that  a  tighter  geometric  or-
ganization optimally balances the systemic circulation stabili-
ty with efficient stimuli-responsive disassembly.

Systematic Assessment of Therapeutic Efficacy and
Selectivity
Cytotoxicity studies were conducted to evaluate the therapeu-
tic  potential  and  cancer  selectivity  of  our  DNA  nanostructure-
based  drug  delivery  systems.  Using  MTT  assays  after  48-h  co-
culture  periods,  we  compared  free  doxorubicin  with  TDN-Dox
and PTDN-Dox.  These comparisons were performed at  equiva-
lent concentrations of 1 and 5 μmol/L doxorubicin in both MCF-
10A normal mammary cells and MCF-7 breast cancer cells.

Dose-dependent cytotoxicity was consistently observed in
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all  formulations.  Specifically,  five  micromolar  treatments,  in-
cluding free doxorubicin,  TDN-Dox,  and PTDN-Dox complex-
es, significantly reduced cell viability compared with their mi-
cromolar  counterparts  (Fig.  7a).  Cytotoxicity  assessment  re-
vealed distinct patterns of cancer cell selectivity across differ-
ent formulations. Although free doxorubicin showed cytotox-
icity  comparable  to  that  of  PTDN-S-Dox  in  normal  MCF-10A
cells,  the  pentameric  nanostructure  demonstrated  signifi-
cantly enhanced anticancer efficacy in MCF-7 cells (particular-
ly  at  5  μmol/L),  highlighting  its  improved  therapeutic  index
through selective cancer cell targeting. In contrast to the non-
specific  cytotoxicity  of  conventional  drug  delivery  methods,
both TDN-Dox and PTDN-Dox complexes exhibited preferen-
tial toxicity toward MCF-7 cancer cells over normal mammary
cells (Fig. 7b). The pentameric PTDN formulation consistently
elicited  stronger  cytotoxic  effects  than  those  of  the
monomeric  TDN  system  at  equivalent  drug  concentrations,
confirming  its  superior  delivery  efficiency.  This  observed  se-
lectivity pattern aligns well  with the cellular  uptake observa-
tions  reported,  and  strongly  supports  the  precise  targeting
capability of our aptamer-functionalized DNA nanostructures.
A  linker-length  dependency  study  (Fig.  7b)  further  demon-

strated that  the short-linker  pentameric  variant  PTDN-S gen-
erated  the  strongest  cytotoxic  effects.  This  was  followed  by
the  medium-linker  PTDN-M  and  the  long-linker  PTDN-L  vari-
ants. This performance gradient indicates that the optimal in-
tertetrahedral  spacing  is  critical.  It  must  balance  the  struc-
tural  stability  during  systemic  circulation  with  efficient  intra-
cellular drug release. Both overly extended linkers and exces-
sively compact designs can compromise therapeutic efficacy.

CONCLUSIONS

In  this  study,  we  developed  edge-programmed  pentameric
DNA tetrahedra for precise drug delivery. These nanostructures
integrate  C-rich  sequences  along  every  structural  backbone,
achieving stimuli-responsive full-frame disintegration through i-
motif  conformational  switching  in  the  acidic  tumor  microenvi-
ronment.  This  thorough  structural  collapse  ensures  the  highly
efficient and precise release of encapsulated therapeutics. Pen-
tameric  assembly  enhances  drug  payload  capacity  and  pro-
vides multivalent targeting for robust cellular uptake, while con-
currently preserving structural integrity. Such an advanced sys-
tem directly addresses the critical challenges in payload capaci-
ty, targeting efficiency, and responsive release inherent to DNA
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nanocarriers.  This  study  establishes  valuable  design  principles
for advanced DNA nanocarriers, thereby directly supporting the
engineering of more effective and precise tumor-targeted ther-
apeutic platforms.
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