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The versatile chemistry of DNA nanostructures enables the development of spatially controlled hybrid
nanomaterials for applications in biosensing and nanomedicine. Despite extensive progress, precise
control over their cellular interactions remains challenging. Here, we demonstrate a strategy that
harnesses DNA NS with prescribed orientations on various materials to modulate the cellular interaction.
Using spherical polystyrene nanoparticles, we demonstrate that DNA tetrahedron nanostructures (TDNs)
with corner-protruding geometry enhance uptake efficiency by up to 8.4-fold. Mechanistic studies
reveal that TDN orientation modulates configuration entropy at the cell-material interface, with vertex-
aligned TDNs reducing entropy penalties to optimize receptor engagement. Moreover, tailoring TDN

orientations serves as a general strategy to control cell-material interactions, as demonstrated with
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Aigzgti% 3§)rt(:101\lf)t\/oebnirbe?2225 graphene oxides of varying sizes, enhancing their ability for membrane disruption and efficient
cytoplasmic delivery. Overall, our findings establish TDN orientation as a design principle for tuning cell—

DOI: 10.1035/d55c08182¢ material interactions, offering new opportunities for DNA-functionalized nanomaterials in nanomedicine,
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Introduction

The precise control of interactions between cells and nano-
particles (NPs) is fundamental to nanomedicine, biosensing,
and environmental sciences, as these interactions regulate
essential biological processes at the nano-bio interface.'
Factors that affect cell-material interactions include size and
shape,” surface charge,® hydrophobicity,” and surface
ligands.'™ Among these, the spatial arrangement of surface
ligands has become increasingly important for mimicking
natural receptor-ligand systems, enhancing targeting precision,
and reducing off-target effects.’>**

In this context, DNA nanostructures offer a highly promising
platform for modulating cell-material interactions due to their
programmability, biocompatibility, and precise spatial control
over interaction sites and valences.'* Of particular interest are DNA
tetrahedron nanostructures (TDNs), which provide a rigid yet
customizable framework for arranging functional molecules.**>°

Previous studies have demonstrated the integration of DNA
TDNs with a range of nanomaterials, including synthetic polymer
micelles,* gold NPs,** Fe;0, NPs, quantum dots, microcapsules,*
and metal-organic frameworks*?** for drug and nucleic acid
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diagnostics, and biointerface engineering.

delivery. Additionally, TDNs anchored on cell membranes have
been employed for programmed cell-cell communication®*”” and
domain-specific interactions with cell membranes,*® showing the
versatility and broad potential of these nanostructures.>

Despite the promise of TDN-mediated ligand-receptor cellular
internalization, few studies have addressed the intrinsic interac-
tions between materials and cells when TDNs are immobilized on
nanosurfaces. Free-floating TDNs engage cellular membranes
through a “corner-attack” mode, facilitating caveolin-mediated
endocytosis (CvME).**** However, when immobilized on surfaces,
TDNs may exhibit distinct modes of interaction with cells.**** For
example, TDNs anchored at fewer sites (ie. presenting more
exposed corners) may show enhanced cellular uptake due to the
potential for multiple interactions.**** Conversely, it is also
possible that the higher charge density and steric hindrance
associated with TDN lines/faces inhibit corner-mediated interac-
tions with the cell membrane. Furthermore, in biological envi-
ronments, free TDNs can adsorb nonspecifically onto surfaces,
altering their spatial configuration and the manner in which they
interact with cells.**** Such alterations may shed light on
discrepancies in cellular responses to DNA nanostructures.*>*
Understanding and controlling the orientation of DNA nano-
structures on surfaces are thus critical for systematically tuning
cell-material interactions.

Herein, we present a strategy that modulates cell-material
interactions by rationally varying the anchoring orientation of
TDNs on surfaces without specific targeting agents (Fig. 1). By
controlling the precise configuration of TDNs (line-, face-, or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Design principles of DNA tetrahedron-anchored materials interact with cells modulated by the orientation of TDNs. (Top) Oriented TDNs
display distinct interaction geometries and surface areas, providing tunable modes for controlling cell-material interfaces. (Bottom) The TDN
configurations enable specific cellular interactions, including enhanced clathrin or caveolin-mediated endocytosis for intracellular delivery,
accelerated macropinocytosis via vertex-aligned TDNs, and controlled disruption of cellular membranes in large GO systems.

vertex-displayed), we demonstrate the ability to tune cellular
uptake efficiency, endocytic mechanisms, and subcellular locali-
zation of both spherical polystyrene nanoparticles (PS NPs) and 2D
graphene oxide (GO). Confocal microscopy and flow cytometry
reveal over 8.4-fold differences in internalization efficiency
between vertex-displayed PS@TDNs and face-displayed counter-
parts. Mechanistic studies further prove that vertex-oriented TDNs
exploit a prescribed displaying of TDN corners to maximize
interaction efficiency, utilizing diverse endocytic pathways and
facilitating lysosomal escape. Additionally, we show that tuning
TDN anchoring configurations can enhance the therapeutic
potential of GO by improving its membrane rupture capabilities.
These findings offer a powerful and versatile strategy for designing
advanced DNA-functionalized nanomaterials with applications
ranging from drug delivery to diagnostic technologies and
biophysical studies of cellular mechanisms.

Results and discussion
Design and fabrication of oriented TDNs on nanosurfaces

TDNs can enter cells without additional transfection agents.**-*>
However, numerous studies have involved additional functional
nanomaterials and cell-targeting elements for biomedical

© 2026 The Author(s). Published by the Royal Society of Chemistry

applications. Here, we focus on the intrinsic role of TDN
orientation in dictating receptor binding and endocytic routing
at the cell-material interface. By controlling whether TDNs are
presented through vertices, edges, or faces, we aim to reveal
how different anchoring geometries influence membrane
recognition, uptake efficiency, and intracellular trafficking. This
approach avoids confounding effects from auxiliary chemical
modifications, thereby isolating the structural contribution of
DNA frameworks. Such a strategy provides a mechanistic basis
for understanding how nanoscale geometry governs cellular
interactions of host materials.

To evaluate the efficacy of TDNs as artificial ligands for
mediating material-cell interactions, we investigated two model
systems: fluorescently labeled PS NPs and two-dimensional GO.
We first examined PS NPs. Carboxylated PS NPs (ca. 100 nm)
were labeled with fluorescein isothiocyanate (FITC) and conju-
gated with amine-functionalized DNA strands (cLinker-NH2,
detailed in Table S1) using the NHS-EDC coupling chemistry.
TDNs of two different sizes, TDN-17 and TDN-37, were used. We
engineered three distinct anchoring strategies: Vertex
(PS@TDN-Vertex), Line (PS@TDN-Line), and Face (PS@TDN-
Face), corresponding to three-point, two-point, and one-point
DNA overhang interaction, respectively (Fig. 1). These
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configurations allow us to rationally investigate how the spatial
organization of TDNs affects cellular uptake behaviors.

The successful assembly of TDNs was confirmed using
agarose gel electrophoresis. Both TDN-17 and TDN-37 exhibited
sharp migration bands, indicating precise folding and high
structural purity (Fig. S1). Furthermore, atomic force micros-
copy (AFM) revealed that bare PS NPs exhibited smooth
surfaces, while PS@TDNs displayed uniformly distributed
protrusions originating from the DNA nanostructures (Fig. 2a).
These surface modifications directly correlated with dynamic
light scattering measurements, which showed increased
hydrodynamic size upon TDN conjugation, and {-potential data
indicating a shift to a more negative surface due to the poly-
anionic nature of DNA (Fig. S2). Importantly, the number of
TDNs on each NP was controlled by adjusting reaction stoichi-
ometry, yielding comparable TDN densities for all orientations
and sizes (Fig. S3 and S4).

To ensure that TDNs were anchored on the particle surface,
we centrifuged the mixture of PS NPs and TDNs (15 000 rpm, 15
min). The hybrid materials sedimented at the bottom, visual-
ized through dual fluorescence signals: green (FITC-labeled
NPs) and red (Cy5-labeled TDNs) (Fig. 2b). In contrast, free
TDNs (no overhangs) failed to bind and remained in the
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supernatant, confirming specific hybridization via DNA oligo
overhangs. To confirm that the vertex, line, and face orienta-
tions remained intact after immobilization, we performed
a distance-dependent fluorescence-quenching assay on GO.
While GO is a general quencher for many fluorophores, its
quenching efficiency is strongly distance dependent. Three
FAM-labeled TDN37 constructs with identical backbones
(TDN37-Vertex-FAM, TDN37-Line-FAM, and TDN37-Face-FAM)
were prepared. Each carried a 15-nt sticky end for GO-cDNA
anchoring and a single FAM reporter positioned at the vertex
opposite the anchoring site. Simple geometric estimates pre-
dicted distinct mean FAM-GO distances for the three orienta-
tions (Vertex = 14.5 nm < Face = 17.7 nm).
Because the fluorophore was placed on the distal end of each
TDN, the fluorescence of the GO/TDN complexes could be
readily monitored. Under comparable surface coverages, the
residual fluorescence (I/1,) followed Face > Line > Vertex, con-
firming that these three spatial orientations were preserved on
the GO surface (Fig. S5 and S6).

Next, we evaluated the stability of PS@TDNs in phosphate
buffer saline (PBS) and cell culture medium over 24 h. While
TDNs exhibited excellent stability in PBS, maintaining consis-
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Fig. 2 Preparation and characterization of oriented TDN-anchored nanoparticles and their cellular uptake. (a) AFM images showing surface
roughness of PS nanoparticles functionalized with TDNs of defined orientations and sizes (TDN-17 and TDN-37). (b) Fluorescence images of
PS@TDNs before and after centrifugation (15 000 rpm, 15 min), confirming stable surface anchoring. (c) Confocal images of Hela cells incubated
with PS@TDN-17 and PS@TDN-37 prepared by three anchoring strategies for 4 h. (Left) Full-field images; (right) zoomed-in views. Scale bars, 10
pum. (d) Fluorescence measurement of PS@TDN37-1 uptake as a function of TDN loading. Uptake was quantified by flow-cytometry MFI (n = 3).

The corresponding confocal images after 1 h incubation are shown in (e
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). Scale bars, 20 pm.
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occurred in the cell culture medium during the first 6 h, grad-
ually plateauing (~62% retained) (Fig. S7). This reduction is
likely caused by partial degradation of the DNA structures,
either by nucleases or through interactions with serum
proteins. Notably, TDN-37 showed slightly higher stability
compared to TDN-17, consistent with previous studies linking
TDN size to enhanced structural durability. To minimize
potential artifacts by TDN degradation-induced signal loss, we
monitored the fluorescence of FITC-labeled PS NPs in the
cellular uptake assays. Nevertheless, these results demonstrated
that TDNs of controlled orientations and densities were
successfully conjugated to PS NPs and remained sufficiently
stable for cellular interaction studies.

Corner-protruding 3D geometry enabled efficient and rapid
internalization

With well-controlled coverage of TDNs on PS NPs, we next
investigated how TDN orientation regulates cellular uptake.
Two sizes of TDNs (TDN-17 and TDN-37) and three anchoring
modes (vertex, line, and face) were systematically evaluated.
Cy5-labeled TDNs enabled fluorescence tracking, and uptake
into HeLa cells was quantified by confocal microscopy and flow
cytometry. After 4 h incubation, striking orientation-dependent
differences were observed. For smaller TDN-17 (edge length ca.
6.1 nm), both vertex-anchored (PS@17-V, three anchoring sites)
and line-anchored (PS@17-L, two anchoring sites) hybrids
exhibited partial internalization, with PS@17-L showing a four-
fold higher uptake compared to face-anchored hybrids (PS@17-
F, one anchoring site) (Fig. 2c, left). In contrast, for larger TDN-
37 (edge length ~10.3 nm), vertex-anchored hybrids (PS@37-V)
displayed the most efficient uptake, markedly surpassing line-
and face-anchored configurations (Fig. 2c, right). The superior
performance of TDN-37 further underscores the corner-
protruding advantage, which is amplified by its larger three-
dimensional architecture. PS@37-L exhibited limited internal-
ization, with most particles retained at the plasma membrane,
while PS@37-F remained entirely membrane-bound. These
results highlight the vertex-display geometry as the most
favorable orientation, likely owing to its corner-protruding 3D
structure that facilitates membrane engagement.

Interestingly, CLSM imaging revealed distinct intracellular
distributions of Cy5-labeled TDNs and FITC-labeled PS NPs
(Fig. 2c), suggesting the partial degradation of TDNs after
internalization. We validated this by treating PS@TDNs with
DNase I, which fully degraded the TDNs within 1 h (Fig. S8),
consistent with previous reports. This degradation supports
cargo release and is beneficial for delivery applications.

The density of TDNs on the particle surface strongly influ-
enced uptake. Increasing the amount of TDN-37-Vertex
produced a clear dose-dependent rise in flow-cytometry fluo-
rescence (Fig. 2d). At the highest loading, PS@37-V showed an
8.4-fold enhancement in uptake relative to bare PS NPs with
matched size and particle number after 2 h. CLSM confirmed
this trend, showing much higher intracellular fluorescence for
PS@TDNs (Fig. 2e, S9 and S10). FITC intensity therefore reflects
particle number. Because the TDN shell gradually degrades in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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serum, all inhibitor and pathway studies were performed at 2 h
to avoid contributions from late-stage degradation. Dye leakage
from PS NPs was excluded, and PS@TDNs showed no detectable
cytotoxicity (Fig. S11).

We next examined how TDN orientation affects uptake
kinetics. PS@37-V internalized rapidly, with detectable entry
within 5 min (Fig. 3a). Flow cytometry separated the six hybrids
into fast and slow groups (Fig. 3b). PS@37-V, PS@17-L, and
PS@17-V reached a plateau within 10 min, whereas PS@37-L,
PS@37-F, and PS@17-F internalized slowly and remained near
the membrane. After 6 h, PS@37-V, PS@17-L, and PS@17-V
showed sustained uptake (Fig. 3c and S12). These results
demonstrate that TDN geometry directly controls the rate and
extent of internalization, with vertex presentation providing the
strongest effect.

The observed differences in uptake efficiency and kinetics can
be attributed to the unique interaction mechanisms of oriented
TDNs with the cell membrane. Liang et al. previously demon-
strated that a single TDN rapidly internalizes cells through a two-
stage process: (1) random movement of TDNs bound to the cell
membrane (>45 s) and (2) a rapid internalization phase (~15 s).*
The distinct uptake behaviors can be explained by how oriented
TDNs interact with the membrane. Liang et al. showed that free
TDNs internalize through an initial membrane-bound diffusion
phase followed by rapid entry. The sharp vertex of a TDN initiates
contact and drives a “corner-attack” mode that favors endocytosis.
On our PS NPs, PS@37-V followed a similar pattern: brief lateral
movement on the membrane was followed by fast uptake (Fig. 3d
and e). Immobilizing TDNs in a defined orientation restricts free
rotation and maintains a fixed interaction axis, which increases
the chance of vertex-mediated contact and accelerates membrane
penetration.

Mechanistically, the vertex concentrates the interaction at
one curved tip. This increases local contact pressure. It also
lowers the bending-energy barrier needed for membrane
wrapping. The exposed tip can reach beyond the steric and
protein-corona layer to access receptors. The vertex forms
a nanoscale hotspot that promotes receptor clustering. In
contrast, line- and face-oriented TDNs spread force and ligands
over larger areas. This reduces contact efficiency and raises the
barrier for pit formation. These geometric effects explain the
fast and efficient internalization of PS@37-V.

Orientation-dependent uptake pathways

The cellular uptake of nanomaterials is important for their
downstream applications. For instance, Lesniak et al. showed
that NP adhesion to the plasma membrane is a prerequisite for
efficient internalization, underscoring the role of surface-
membrane interactions.***® In addition, recent work has
demonstrated that nanoparticle shape modulates ligand-
receptor dynamics and thereby alters uptake kinetics.*® The
cellular uptake of nanomaterials is closely tied to their down-
stream functions. Nanoparticle adhesion to the plasma
membrane is often required for internalization, and particle
shape can modulate receptor dynamics and uptake kinetics. We
next examined the endocytic routes used by PS@TDNs using

Chem. Sci., 2026, 17, 2616-2626 | 2619
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Fig. 3 Kinetic tracking of the TDN-mediated cellular uptake of PS NPs. (a) Confocal fluorescence images of Hela cells incubated with PS@QTDNs
prepared by three anchoring methods at different time points. Cell membranes are labeled in white, and PS@TDNSs are shown in green. Scale
bars, 10 um. (b) Quantification of the fluorescence intensity of PS NPs in HeLa cells. (c) Flow cytometry analysis of cellular fluorescence intensity
after incubating Hela cells with PS@TDNSs using three anchoring methods for 6 h (n = 3 biologically independent experiments, each counting 10
000 cells). (d) Live-cell tracking of PS@TDNSs (green) movement in Hela cells. The magnified square region shows the trajectory of the particles.
(e) Snapshots of live-cell tracking at different time points. Scale bars, 10 pm.

pharmacological inhibitors. HeLa cells were pre-treated with
sucrose, methyl-B-cyclodextrin (MBCD), or cytochalasin D to
inhibit clathrin-mediated endocytosis (CME), caveolin-medi-
ated endocytosis (CvME), and macropinocytosis, respectively.
After 30 min pretreatment, cells were incubated with PS@TDNs
for 2 h and analyzed by confocal microscopy and flow cytometry.

The inhibition profiles differed across TDN orientations.
Sucrose strongly reduced the uptake of PS@17-L, indicating
CME dependence. In contrast, PS@37-V showed pronounced
inhibition by MBCD, pointing to CvME as its primary route
(Fig. 4a). Flow cytometry quantification supported these trends
by normalizing mean fluorescence intensity to untreated
controls. These results were highly reproducible across biolog-
ical replicates, with rigorous quantitative characterization sup-
porting the observed trends (Fig. S13).

MFTinibitor

IG =1 — —inhibitor
G MFIcomrol

To further assess endocytic pathways, we conducted flow
cytometry and normalized the MFI to the control group. The
inhibition grade (IG) was calculated using the formula
mentioned above, with values =0 set to 0. A heatmap was
generated to depict the dependency on different endocytic
pathways, with darker colors indicating higher IG values

2620 | Chem. Sci,, 2026, 17, 2616-2626

(Fig. 4b). The results revealed that line-displayed PS@17-L
predominantly utilized CME for internalization, with CvME and
macropinocytosis also contributing to the uptake process
(Fig. 4c). An analysis of face-displayed PS@TDNSs, particularly
PS@37-F, revealed minimal internalization, which aligns with
the absence of structural features promoting membrane inter-
actions. The flat orientation likely minimizes direct receptor
engagement, thereby reducing uptake efficiency. Interestingly,
such configurations, which exhibit low internalization, are still
relevant in applications requiring cell membrane monitoring or
the real-time study of intercellular signal transmission.
Previous studies, such as the work by Le et al.,** have demon-
strated that multivalent receptor-ligand interactions on larger
face areas reduce ratios of membrane-adhered structures,
further supporting the utility of face-displayed TDNs in appli-
cations where cell-material interactions should be minimized.*”

The intracellular fate of nanoparticles is critical to their
functionality in cargo delivery. To explore this aspect, we
tracked the subcellular localization of PS@TDNs incubated with
HelLa cells for 3 h (Fig. 4d). Green fluorescent PS NPs were used
to visualize nanoparticles, while Hoechst 33342 and Lyso-
Tracker Red were employed to stain nuclei and lysosomes,
respectively. Pearson correlation analysis quantified the coloc-
alization of PS@TDNs with lysosomes, providing insight into
lysosomal entrapment and potential escape. Vertex-displayed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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PS@37-V demonstrated a lower Pearson correlation coefficient,
suggesting a reduced tendency for lysosomal trapping and
a higher likelihood of escape into the cytosol. This capacity for
lysosomal escape is particularly advantageous for efficient
cytosolic delivery of therapeutic molecules, such as drugs or
genes. In contrast, PS@17-V, which showed significant reliance
on CvME for internalization, demonstrated a stronger lyso-
somal correlation, indicating its potential for applications
where lysosomal targeting is required. Face-displayed PS@37-F
exhibited the highest lysosomal colocalization, consistent with
its lower uptake efficiency and reduced reliance on non-lyso-
somal pathways.

An equally important finding is the applicability of specific
TDN orientations for the selective modulation of cell-material
interactions. While vertex-displayed TDNs demonstrated high
uptake efficiency and lysosomal escape potential, face-displayed
PS@TDNs minimized cell-material interactions, thereby
demonstrating their utility in applications requiring reduced
cellular entry. For instance, when lysosomal entrapment is
desired, as in lysosome-targeted chimeric antigen receptor
platforms, face-displayed PS@TDNs offer a promising solution.
Similarly, membrane monitoring applications that require

© 2026 The Author(s). Published by the Royal Society of Chemistry

minimized cellular uptake would benefit from the reduced
interaction profile of flat-oriented configurations. Overall, these
findings highlight that TDN orientation governs not only the
pathway of cellular uptake but also the intracellular fate of
nanoparticles, providing a versatile platform for tuning cell-
material interactions.

Oriented TDNs as a general strategy for cell-material
interaction

Lastly, we demonstrate that our oriented TDNs can be used as
a general strategy to facilitate the cell-material interactions. To
this end, graphene oxide (GO) was selected as a model nano-
material due to its unique two-dimensional structure and
tunable surface chemistry. GO is widely used in drug delivery,
bioimaging, biosensing, and targeted therapy.**° Its interac-
tions with cellular membranes are inherently complex and
difficult to predict. Depending on its size, surface functionali-
zation, and structural orientation, GO can exhibit a wide range
of behaviors, including cellular uptake, membrane insertion, or
even membrane disruption. GO below 500 nm and on the
micrometer scale presents distinct opportunities and chal-
lenges in nanomedicine.

Chem. Sci., 2026, 17, 2616-2626 | 2621
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We hypothesize that oriented TDNs could modulate GO-cell
interactions by leveraging the structural programmability of
TDNs to control the endocytic pathways and intracellular fate of
GO. We selected two different sizes of GO, 100 nm (small-sized
GO, s-GO) and 300 nm (large-sized GO, 1-GO), as these two size
regimes offer fundamentally different interactions with cells,
ranging from efficient internalization to membrane perturba-
tion (Fig. 5a). S-GO primarily interfaces with cells via CME,
making it an ideal candidate for intracellular delivery and
bioimaging.

However, the efficiency of cellular internalization remains low
for unmodified s-GO. To address this, we anchored TDNs,
specifically with the 37-V orientation, onto the s-GO surface to
maximize uptake efficiency (Fig. 5a and S14). Flow cytometry
analysis confirmed that 37-V/s-GO significantly increased cellular
uptake compared to other configurations and ssDNA-GO (Fig. 5b,
left). The multivalent ligand presentation enabled by the 37-V
configuration creates sharp, localized interaction points that
enhance membrane adhesion and initiate endocytosis. In
contrast, line- and face-displayed configurations exhibited
diminished uptake efficiency, further supporting the advantage of
the vertex orientation. Of note, the amount of TDNs loaded on GO
was maintained similarly for different orientations (Fig. S15). Also,
the size and &-potential measurements showed no significant
differences for all TDN-GO, excluding the possible electrostatic
interaction (Fig. S16 and S17).

Furthermore, TEM showed that GOs accumulated at the
plasma membrane (Fig. 5¢c). They were also found inside typical
macropinocytic structures. Intracellular vesicles with a macro-
pinosome-like morphology were observed, indicating active
macropinosome formation (Fig. S18). These features are
consistent with enhanced actin polymerization and membrane
wrapping induced by vertex-aligned TDNs. This process was
initiated by the formation of cellular membrane ruffles, which,
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upon closure, internalized both 37-V/s-GO and extracellular
fluid into the cell.* To further confirm the endocytic pathway,
we treated cells with cytochalasin D, an inhibitor of actin
polymerization, which is critical for macropinocytosis. Confocal
imaging demonstrated a significant reduction in the internali-
zation of 37-V/s-GO following cytochalasin D pretreatment
(Fig. 5d), indicating that the macropinocytosis pathway is a key
mediator for 37-V/s-GO uptake. This is a marked departure from
the typically reported CME observed with unmodified s-GO,
highlighting how oriented TDN configuration can reshape
cellular engagement mechanisms. Importantly, cytotoxicity
assays indicated minimal toxicity for all GO-bound TDN orien-
tations, including 37-V/s-GO (Fig. 5b, right). This biocompati-
bility, combined with increased cellular uptake, positions 37-V/
s-GO as an efficient nanovehicle for intracellular imaging and
targeted delivery.

Additionally, I-GO provides a distinct opportunity to exploit its
extensive basal plane for membrane interaction, such as
mimicking the immunological synapses for T-cell activation,
direct cytoplasmic delivery,”> and disrupting bacterial
membranes.*® However, unmodified -GOs often cause uncon-
trolled, nonspecific membrane adsorption. Rational engineering
of DNA anchoring thus provides a unique means to impose spatial
control over how GOs engage with cellular membranes. We
hypothesized that 37-V anchoring could focus basal-plane inter-
actions at sharp nanoscopic vertices, at working doses, amplifying
local stress on the plasma membrane and enabling controlled,
reversible disruption (Fig. 6a).

Lactate dehydrogenase (LDH) assays showed that 37-V/I-GO
induced higher LDH release during the 2-6 h exposure window,
indicating transient membrane permeabilization (Fig. 6b). Flow
cytometry and confocal quantification further supported this
result, revealing a threefold increase in cellular uptake
compared with control configurations (Fig. 6¢). TEM imaging

7 (d)
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Fig. 5 Cellular internalization pathway of s-GO. (a) Schematic illustration of the s-GO internalization pathway. (b) (Left) Flow cytometry analysis
of fluorescence intensity in Hela cells after incubation with TDN/s-GO using different anchoring methods for 6 h (n = 3 biologically independent
experiments, with 10 000 cells counted per experiment). (Right) Cytotoxicity assay. (c) Diagram and transmission electron microscope (TEM)
snapshots of the phagocytosis process of 37-V/s-GO. Scale bar, 1 um. (d) Confocal images showing TDN/s-GO (red) and nuclei (blue). Scale bar:

10 pm.
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TDN/I-GO (red) and nuclei (blue). Scale bar, 10 pm.

provided direct structural evidence: 37-V/I-GO adhered tightly to
the plasma membrane and generated deep invaginations with
localized rupture sites (Fig. 6d and S19).

In contrast, 37-F/I-GO, which minimizes basal-plane contact,
showed minimal uptake and negligible membrane perturba-
tion, underscoring its role as a negative control and confirming
the specificity of vertex-mediated disruption. Confocal imaging
after prolonged incubation (6 h) revealed pronounced vesicle-
like protrusions on the cell surface for 37-V/I-GO, consistent
with membrane ruffling and injury-repair dynamics (Fig. 6e).
These localized permeabilization events may facilitate direct
cytosolic access in addition to classical endocytic routes.

Together, these findings indicate that the basal plane of 37-
V/I-GO forms a strong membrane-interacting interface, while
vertex-displayed TDNs act as focal stress points that destabilize
lipid bilayers. This geometry amplifies local mechanical defor-
mation and generates transient nanoscale defects that permit
conditional cytosolic entry. Importantly, FRAP recovery of
membrane ROIs and preserved cell viability at 12-24 h indicate
that this permeabilization remains controlled and repairable at
working doses (Fig. S20 and S21).

Overall, these results highlight orientation engineering as
a general design principle for tuning cell-material interfaces and
enabling DNA-functionalized nanomaterials with programmable
intracellular behaviors and therapeutic potential.

Conclusions

In summary, we have established that orientation as a key
determinant of how DNA-functionalized nanomaterials interact
with cells. By comparing vertex-, line-, and face-displayed TDNs

© 2026 The Author(s). Published by the Royal Society of Chemistry

across two sizes and two material platforms, we identified
TDN37-Vertex as the most effective configuration for membrane
engagement, internalization, and cytosolic access. Its strong
performance highlights orientation control as a practical
strategy to enhance the delivery of nanomaterials, exosomes,
and proteins into cells and tissues.

A coordinated set of measurements—including endocytic
mapping, LDH release, TEM visualization, intracellular coloc-
alization, and FRAP recovery—revealed that each orientation
produces distinct physical and biological interactions at the
membrane. Vertex-displayed TDNs concentrate curvature and
stress, accelerating membrane wrapping and uptake. Line-di-
splayed TDNs support multivalent interactions and mixed entry
routes. Face-displayed TDNs minimize membrane contact and
show low internalization. These consistent trends across PS and
GO systems support a geometry-encoded mechanism that
governs uptake efficiency, routing, and intracellular fate.

Orientation programming provides a generalizable approach
to design nano-bio interfaces with predictable cellular behav-
iors. Vertex-displayed constructs are suited for cytosolic
delivery, intracellular imaging, and therapeutic payload trans-
port due to their strong uptake and escape capacity. Further-
more, the ability of vertex-oriented TDNs on large GO to induce
controlled membrane disruption points to potential applica-
tions in cancer therapy through oncosis-like processes or in
enhancing the delivery of impermeable therapeutics, whereas
the low-engagement face orientation may be advantageous for
extracellular or membrane-associated uses. Face-displayed
structures, with minimal cell entry, are well positioned for
membrane monitoring, extracellular sensing, and scenarios

requiring sustained lysosomal retention. Line-displayed

Chem. Sci., 2026, 17, 2616-2626 | 2623
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formats enable multivalent receptor targeting and immune
modulation. These principles extend naturally to diverse
nanomaterials through DNA-encoded handle placement,
offering a structural basis for building programmable delivery
platforms and next-generation biomedical applications.
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