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Novel hyaluronic acid hydrogels functionalized with polymerized DNA
nanostructures using rolling circle amplification were developed.
These hydrogels exhibited enhanced cell attachment and proliferation
through functional DNA-mediated interactions. The system maintained
favorable physicochemical properties and enhanced interactions with
biological interfaces, demonstrating potential for advanced 3D cell
culture applications.

Introduction

Given recent advances in biomaterials, regenerative medicine, and
biopharmaceutics, evaluation methodology has become more
advanced and sophisticated." For example, due to the ethical,
scientific, and regulatory requirements of animal experiments,
development of cell culture systems mimicking the i vivo environ-
ment has become increasingly important. Current conventional
two-dimensional (2D) cell culture platforms, which rely on cells
adhered to a flat surface, cannot fully replicate the native micro-
environments of physiological systems.”” Three-dimensional (3D)
cell culture presents a much more accurate alternative to the 2D
cell culture that can recapitulate complex interplays of biological
interfaces.” To mimic various biological tissues including the
vasculature, nerve system, and gastrointestinal tract, microfabrica-
tion tools such as organ-on-a chip, 3D-printing, and hydrogels
have been developed.®® Hydrogels can most accurately represent
the cell microenvironment owing to their biocompatibility and
mechanically soft and flexible properties.” " The high-water con-
tent of hydrogels is similar to that of the physiological environ-
ment, and unlike a flat surface, they can structurally support three-
dimensional space and allow cell-to-cell interactions. Moreover,
the adjustable pore structure and stiffness of hydrogels reinforce
their feasibility as a 3D support.'>'® Despite these advantages,
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New concepts

This study presents a novel strategy for engineering functional hydrogels
by incorporating polymerized functional DNA nanostructures synthesized
using rolling circle amplification (RCA). Unlike conventional approaches
that rely on chemically modifying short aptamers or ligands, our approach
utilizes RCA to generate high-molecular-weight, repetitive functional DNA
nanostructures that self-assemble and physically entangle within hydrogel
matrices. This approach enables dense and stable integration of bioactive
moieties without requiring covalent crosslinking or toxic chemical mod-
ifications. Our approach stands out for its ability to simultaneously
enhance both the structural retention and functional performance of
DNA nanostructures, thereby promoting cell attachment and proliferation
within 3D culture systems. By demonstrating that DNA nanostructure
functionality can be amplified and stabilized through polymerization, we
introduce a new framework for designing biomimetic matrices with
tunable biochemical cues. This insight advances the field of nanobioma-
terials by bridging nucleic acid nanotechnology and 3D tissue engineer-
ing, offering a versatile platform for investigating cell-matrix interactions
and developing next-generation scaffolds for regenerative medicine.

hydrogels lack the instructive and interactive components of the
native extracellular matrix (ECM), which interacts with cells via
various functional molecules including fibronectins, proteogly-
cans, and glycosaminoglycans.*"® In this regard, developing
hydrogels that can mimic these functional ECM interactions or
incorporate specific biological molecules is essential for develop-
ing advanced 3D cell culture systems.

Nucleic acid-based nanostructures have been widely studied
for enhancing cell-hydrogel interactions. An aptamer is a
representative functional DNA nanostructure known for its
ability to interact with biological molecules (e.g. ATP, growth
factors, hormones, and receptors) that comprises many nucleo-
tides, generally approximately 20 nt.'®'” Specific aptamer
sequences spontaneously assemble into DNA nanostructures.
The dynamic structure of aptamers enables them to bind to
their targets after structural recognition in a process that is
similar to that of antibody-antigen binding.'® Moreover, apta-
mers not only target membrane proteins, but also induce signal
transduction and promote changes in cellular behavior, such as
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proliferation.””>" Wang’s group reported aptamer-based cell
recruitment on 2D surfaces and 3D hydrogels.”>>* They demon-
strated that an aptamer conjugated on a hydrogel could recruit
cells via direct cell-to-aptamer or growth factor-mediated interac-
tions. Our previous work also demonstrated optimization of apta-
mer functionalization for 3D cell culture by investigating the effects
of aptamer density, isotropicity, and structures on homogeneity
and cell behaviors.*® Despite the importance of spatial control of
functional nanostructures, efficient conjugation strategies are
required as loading capacity and density are limited. Rolling circle
amplification (RCA) is a powerful DNA nanotechnology tool that
enables repeated replication of defined sequences.”>”” RCA fabri-
cates very long DNA strands with over 100 copies of the original
template which can be used as native hydrogels on their own self-
assembled formulate with magnesium pyrophosphate or to extract
long strands of DNA for various applications.”® Yang’s group
developed polymerized aptamer nanostructures for sequestration
of a desired cell type from multiple cell populations for cell
fishing.>**° Roh’s group demonstrated the importance of stoichio-
metry and physicochemical properties of a replicated DNA hydrogel
for sequence-based function.’* Based on this, we inferred that the
use of polymerized functional DNA nanostructures generated by
RCA offers two key advantages: enhancement of both the function-
ality and stability of DNA nanostructures, and loading of sufficient
functional moieties onto hydrogels with more complex and elon-
gated architectures.

In this study, we adopted RCA as a 3D cell culture hydrogel
platform based on the following hypotheses: (1) RCA replicates
short DNA sequences and converts them into long polymerized
DNA, resulting in DNA networks comprised of desired nanos-
tructures; (2) the molecular weight of polymerized DNA nanos-
tructures is large enough for tight incorporation into hydrogel
matrices through noncovalent interactions and physical entan-
glements without the need for any nonbiocompatible chemi-
cals; and (3) the repetition of DNA nanostructures increases the
likelihood of hydrogel matrix-cell membrane protein produc-
tion, leading to improved cellular attachment and signal trans-
duction. As a proof of concept, two types of aptamers—anti-
nucleolin and anti-FGFR1—were selected as functional moi-
eties to promote DNA nanostructures-based cell attachment
and proliferation, respectively (Fig. 1A). We chose hyaluronic
acid (HA), a major component of the ECM, as a supporting
hydrogel matrix with methacrylate modification for hydrogel
network fabrication (Fig. 1B). The changes in physicochemical
and rheological properties attributed to the adoption of poly-
merized DNA nanostructures were evaluated. Finally, we com-
pared the cell-instructive effectiveness of DNA nanostructure
polymerization to non-polymerized aptamers using cell attach-
ment and proliferation assay (Fig. 1C).

Results and discussion
Validation of functional DNA nanostructures

Among various DNA nanostructures, two types of DNA nano-
structures, AS1411 and bFGF aptamers, were selected as
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proof-of-concept to evaluate matrix—cell interactions in hydrogels.
AS1411 is a well-known aptamer structure, which binds with
nucleolin on the cytosolic membrane.**** In previous studies,
AS1411-mediated cell attachment was evaluated in both 2D and
3D platforms.®" The bFGF aptamer sequence binds to FGFR1 on
the cell surface and triggers phosphorylation of the downstream
Erk pathway and resulting in cell proliferation.**?® Therefore, we
examined the sequence-mediated effects on cell attachment and
proliferation.

To determine appropriate nucleolin-positive cell lines, we
validated the binding level of a 6-carboxy-fluorescein (FAM)-
labelled AS1411 aptamer on NIH-3T3, HeLa, and A-204 cells using
flow cytometry (Fig. S1). The fluorescence intensities of 20 nM
FAM-labelled AS1411-treated NIH-3T3, HeLa, and A-204 showed
3.0+, 8.5-, and 10.5-fold increases, respectively, compared with non-
treated controls. The binding affinity of AS1411 was superior in the
A-204 cell line, implying high expression of nucleolin on the cell
surface. Therefore, the AS1411 aptamer and A-204 cell line were
selected as appropriate models for evaluating the interaction
between the aptamer and cells in the hydrogel.

As A-204 cells are known to express the bFGF receptor, bFGF
aptamer-mediated proliferation enhancement was evaluated in A-
204 cells. Compared with non-treated cells, A-204 cells treated with
160 nM bFGF aptamer showed significantly enhanced prolifera-
tion on day 5, similar to that of cells treated with 160 nM
nonspecific (NS) DNA (Fig. S2). Hence, we identified appropriate
cell lines for both cell attachment and proliferation studies.

Polymerization of functional DNA nanostructures

Isothermal replication of these functional DNA nanostructures
was performed using RCA for three purposes: (1) enhanced
accumulation of functional DNA nanostructures with repeated
nanostructures, (2) increased loading efficiency on the hydrogel
through longer and more complex structures, and (3) enhanced
physiological stability owing to decreased enzymatic accessi-
bility (Fig. 2A). For RCA, we designed two circular DNAs, each
encoding its respective aptamer (Fig. S3 and Table S1).

RCA products exhibited fetal-like spherical structures,
composed of C, N, O, P, and Mg atoms (Fig. 2B and Fig. S4).
The crystalline structure of the RCA product was magnesium
pyrophosphate (MgPPi) crystals formed via electrostatic inter-
action between Mg>" from the reaction buffer and pyrophosphate
produced as a byproduct of DNA replication.’” In the EDS data, C,
N, O, and P indicate the presence of DNA, while O, Mg, and P
indicate the presence of MgPPi crystals. N is uniquely present in
DNA and not in MgPPi, serving as an indicator of DNA localiza-
tion, while Mg primarily reflects the presence of MgPPi crystals.
The distribution of N and Mg throughout the particles suggests
that DNA and MgPPi are well-integrated during the polymeriza-
tion process. Our previous findings suggested that the presence
of MgPPi crystals hindered DNA functionalities.>” Therefore, to
enhance DNA functionalities, ethylenediaminetetraacetic acid
(EDTA) was introduced to the RCA product as a Mg>" chelator
to disrupt MgPPi crystals, resulting in amorphous, polymerized
functional DNA nanostructures (pFDN) (Fig. 2C). The polymer-
ization and decomplexation with MgPPi were also revealed in gel

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Synthetic scheme of polymerized functional DNA nanostructures—hyaluronic acid hybrid hydrogels. (A) Isothermal polymerization of functional
DNA nanostructures. (B) Modification of hyaluronic acid and UV-triggered hydrogels functionalized with polymerized DNA nanostructures synthesis. (C)
Mechanism of action of two types of polymerized DNA nanostructures-mediated cell functions within the hydrogels. FDN, functional DNA
nanostructures; pFDN, polymerized FDN; HA, hyaluronic acid; and MAHA, methacrylated HA.

electrophoresis (Fig. 2D). Monomeric FDN (mFDN) showed a
highly shifted band in gel electrophoresis, whereas the RCA
product rarely shifted, with most residues being trapped in the
loading well. When EDTA was applied, smearing from the well
was observed, indicating de-complexed DNA strands. The relative
migration (R¢) against FDN was 0.04 and 0.4 in the RCA product
and pFDN, respectively. The estimated molecular weight of pFDN
is approximately 5.8 MDa (Fig. S5). The structural characteristics
of pFDN and thermal stability of aptamer structures were ana-
lyzed using circular dichroism (CD) (Fig. S6). Strong peaks
appeared in the CD spectra of both mFDN and pFDN because
these 3D aptamer structures contain right-handed double helix
structures. When the temperature was increased to 90 °C, the
strong peaks were diminished, as the FDN was denatured and the
3D aptamer structure was disrupted.

The effect of polymerization on the physiological stability
following incubation with serum and DNase was evaluated

This journal is © The Royal Society of Chemistry 2025

using gel electrophoresis (Fig. 2E and Fig. S7). The serum
stability of mFDN and pFDN was evaluated based on their
half-lives, which were estimated to be approximately 1.6 h for
mFDN and 36 h for pFDN. Notably, the half-life of pFDN was
approximately 23 times longer than that of mFDN. Regarding
DNase stability, mFDN was degraded within 8 h in the presence
of 25 U mL ™" DNase, whereas 85% of pFDN was maintained. The
polymerization of DNA nanostructures allowed the formation of
more complex structures, interfering with enzyme access via
steric hindrance. Enhancement of pFDN functionalities was
validated using a bFGF aptamer-mediated cell proliferation assay
(Fig. 2F). The proliferation rate of A-204 cells after treatment with
160 nM mFDN (bFGF) and pFDN (bFGF) was quantified using a
Cell Counting Kit-8 assay. After culturing for 7 d following pFDN
(bFGF) treatment, the proliferation rate was 1.7-fold higher than
that in non-treated cells. These results suggested that bFGF
nanostructures were correctly formed after polymerization, and
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Fig. 2 Synthesis and characterization of functional DNA nanostructures. (A) Synthetic scheme of pFDN. (B) EDS analysis of the RCA product. (C) SEM, TEM, digital,
fluorescence, and CLSM images of the RCA product and pFDN. (D) Gel electrophoresis images of mFDN, RCA product, and pFDN (1% agarose gel, running on
100 V for 30 min). (E) Gel electrophoresis images of FDN under serum and DNase incubation (2% agarose gel, running on 100 V for 30 min). (F) Comparison of cell
proliferation of A-204 cells treated with 160 nM mFDN-bFGF and 160 nM pFDN-bFGF. Data are presented as the mean + SD (n = 3); the differences between

experimental and control groups were assessed using Scheffe's post hoc test.

*p < 0.05, **p < 0.01, and ***p < 0.001 versus the non-treated group. pFDN,

polymerized functional DNA nanostructures; RCA, rolling circle amplification; SEM, scanning electron microscopy; TEM, transmission electron microscopy; CLSM,
confocal laser scanning microscopy; EDS, energy-dispersive X-ray spectroscopy; and mFDN, monomeric functional DNA nanostructures.

the superior thermodynamic and physiological stability contrib-
uted to the enhanced proliferation rate. Overall, pFDN was synthe-
sized via RCA and EDTA chelation. The polymerized nanostructures
exhibited higher thermal and enzymatic stabilities. The func-
tionality of pFDN was enhanced in the bFGF-mediated cell
proliferation assay. These results suggested that polymerization
enhances the functionalities of DNA nanostructures.

Synthesis of polymerized DNA nanostructures hybrid hydrogels

Hyaluronic acid (HA) was selected as the matrix for incorporat-
ing the functional DNA nanostructures. Although various
matrices have been utilized for hybridizing DNA into hydrogels,
HA was chosen for this study for the following reasons: (1) HA is
a major component of the extracellular matrix (ECM) and is
inherently biocompatible. (2) It does not exhibit strong
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interactions (e.g., electrostatic interactions) with DNA, thereby
minimizing any interference with DNA-based functions.
Furthermore, we avoided chemical hybridization of HA and
DNA, which could potentially hinder the formation of functional
DNA nanostructures. We utilized the long-chain structures of the
RCA product, allowing the incorporation of DNA into the HA
matrix through physical entanglement.*® To incorporate synthe-
sized pFDN, HA was modified with methacrylate and reacted with
glycidyl methacrylate under basic conditions (Fig. S8). The degree
of substitution of methacrylate was approximately 0.6, as calcu-
lated using NMR (Fig. S9). The methacrylated HA (MAHA) showed
negligible cytotoxicity (Fig. S10). As the reaction time is short and
relatively low concentrations of additives (approximately 0.05%)
are required, photocrosslinking was chosen for gelation of MAHA
(Fig. S11). To optimize the gelation conditions of HA, both the

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nh00521c

Published on 02 December 2025. Downloaded on 1/24/2026 5:03:58 PM.

Nanoscale Horizons

A

MAHA concentration (%,w/v)

MAHA concentration (%,w/v)

View Article Online

Communication

mFDN/HA pFDN/HA

4 2 1

0.050

PI concentration (%,w/v)
Pl concentration (%,w/v)
0.025

Cross-section

HA

2]
g
g E
e a
©
pFDN/HA
Cc D E
BEmFDN
mFDN/HA FDN/ mFDN  pFDN _
p mFDN pFON "% P ;\?100 B pFDN
: S ponis. &
P >
= == T a0
2
L
£ 601
[
s
S 401
ks
3
& 20
8 20
2
o g
0.03 0.06 0.12 0.25 0.50 1.00
DNA concentration (mM)
F G H
10 10% 350
\ —
100 w—‘—‘—‘-—-O—o—&‘_’_,_‘:\\X 3 300 i__.—/‘
g s
e —_ 77 o
s s P S 250
o 104 o ot 5
'Y A 5 10288 =m0 ZEEETFT >
—_—
9" 10 "N . [.0_0_ o,oﬂ"“ £ 200
L) — G’ HA Ad (U] 00 O O 3 wm O O™ g
——— G”HA
— (3 n -— HA
10° —— G mFDNHA 150 o MFDNHA
G” mFDN/HA —— PrONEA
—— G’ pFDN/HA
104 ———_G” pFDN/HA 101 . i . 1004 . . . . .
0 20 40 60 80 10 100 101 102 0 300 600 900 1200 1500
Time (s) Strain (%) Incubation time (min)

Fig. 3 Synthesis and characterization of the functional DNA nanostructures—hyaluronic acid hybrid hydrogels. (A) Gelation of HA and pFDN/HA with
varying HA and PI concentration. (B) 3D stacking images of HA, mFDN/HA, and pFDN/HA gels measured by CLSM. DNA of each hydrogel is stained with
GelRed, indicating red fluorescence. (C) SEM images of HA, mFDN/HA, and pFDN/HA. (D) Electrophoresis images of mFDN, pFDN, mFDN/HA, and pFDN/
HA hydrogels. (E) Encapsulation efficiency of mFDN and pFDN after gelation with HA, quantified from gel electrophoresis images. (F) Time sweep
rheological analysis of HA, mFDN/HA, and pFDN/HA with UV irradiation (1000 mW cm™2). (G) Amplitude sweep rheological analysis of HA, mFDN/HA, and
pFDN/HA. (H) Swelling ratio of HA, mFDN/HA, and pFDN/HA. Data are presented as the mean + SD (n = 3). HA, hyaluronic acid; FDN, functional DNA
nanostructures; mFDN, monomeric FDN; pFDN, polymerized FDN; CLSM, confocal laser scanning microscopy; and SEM, scanning electron microscopy.

MAHA and photoinitiator (PI) concentrations were adjusted.
Gelation of MAHA was successfully achieved at HA concentra-
tions of 2% and 4% (Fig. 3A). Although HA was crosslinked at all
PI concentrations, 0.05% PI was selected considering its toxicity,
gel stability in PBS, and rheological properties (Fig. S12 and S13).
Moreover, regardless of the presence of pFDN, the gelation
results were similar with varying HA and PI concentrations.

To evaluate the incorporation of FDN on the hydrogels,
confocal laser scanning microscopy was used after FDN stain-
ing using a GelRed DNA-specific dye. Although the HA showed
only noise signals, mFDN- and pFDN-containing hydrogels
showed significant red fluorescence signals (Fig. 3B). In both
hydrogels, the fluorescence was evenly distributed throughout
the hydrogel. Because the initial mass concentration was the
same in both gels, the differences in intensity indicated the

This journal is © The Royal Society of Chemistry 2025

high encapsulation efficiency of pFDN on the hydrogel matrix.
Moreover, in terms of DNA damage, we previously validated the
feasibility of using DNA nanostructures for photocrosslinking.
Matrix components such as PEG were shown to preserve DNA
strands, and we believe that HA played a similar protective role
in the current study.”>*%*° In summary, mFDN and pFDN had
a minimal effect on the methacrylate group-mediated photo-
crosslinking, and the nanostructures were successfully incor-
porated into the hydrogels.

Physicochemical properties of polymerized DNA
nanostructures hybrid hydrogels

To verify the effects of FDN introduction, various physicochem-
ical analyses were conducted. In the SEM morphological char-
acterization, all hydrogels, HA, mFDN/HA, and pFDN/HA gels,
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exhibited comparable morphology (Fig. 3C). All hydrogels
exhibited similar shapes, with no significant differences in
the average pore size of 53.2 £ 10.6, 53.15 £ 13.6, and 51.3 +
11.0 nm, respectively. Because the cell culture studies were
conducted after freeze-thaw treatment, further morphological
investigation was conducted. Despite the freeze-thawing pro-
cess, the pore size and cross-sectional structures of the hydro-
gels were not different (Fig. S14 and S15).

Comparison of the encapsulation efficiency of mFDN and
PFDN was performed using gel electrophoresis. mFDN and pFDN
were loaded onto the well as solution formulations, whereas
mFDN/HA and pFDN/HA were loaded as whole hydrogels. The
FDN showed a rapid electrophoretic shift (Fig. 3D). For the
mFDN/HA gel, most of the intensity after electrophoresis
appeared at a shifted position, nearly identical to that of mFDN,
while the rest of the intensity was observed in the loading well.
This suggested that the encapsulated DNA appeared in the well
and the unencapsulated DNA appeared in the same region of the
mFDN. When the pFDN was monitored, smearing from the well
was observed. After hybridization with HA, the pFDN/HA gel
showed a single band that remained on the well. For further
quantification, we examined the encapsulation efficiency from
the gel electrophoresis with varying fortified mFDN and pFDN
concentrations, which revealed that the polymerization of FDN
drastically increased the encapsulation efficiency (Fig. 3E and
Fig. S16). The calculated encapsulation efficiency of pFDN was over
80% across all fortified concentrations, whereas that of mFDN was
less than 40% across all initial fortified concentrations.

From the perspective of kinetics, we tracked the rheological
change during UV illumination to investigate the intersection
time of G’ and G”, that is, the sol-gel transition point (Fig. 3F).
The delayed G’'-G” intersection times for HA, mFDN/HA, and
pFDN/HA gels were 10.5, 10.8, and 10.5 s, respectively. No
significant difference in the crosslinking kinetics was observed,
suggesting that the mFDN and pFDN rarely interfere with the
photocrosslinking reaction, consistent with the previous results.
In the rheological properties, both mFDN/HA and pFDN/HA gels
showed decreased G’ and increased G” compared with those of
the HA gel (Fig. 3G), which may be explained by the high loss
modulus properties of DNA. Despite decreased storage moduli,
the complex moduli were similar for all hydrogels, suggesting
that no significant difference in the material properties in the
subsequent cell culture applications would be observed. Interest-
ingly, swelling ratio results for hydrogels with mFDN and pFDN
showed unexpected differences (Fig. 3H). Compared with the HA
gel, the swelling ratio of the mFDN/HA gel was increased,
probably because of the noncrosslinked portion of the hydrogel.
However, in the pFDN-containing hydrogel, the swelling ratio
decreased with respect to the pFDN concentration (Fig. S17). We
attributed this phenomenon to the construction of a quasi-
interpenetrating network between the HA network and pFDN.*"*>
Compared with mFDN, pFDN is more likely to form inter-molecular
networks owing to the higher degree of polymerization. Moreover,
distinct from other general polymers, pFDN is rationally designed to
self-assemble with inter- and intra-molecular structures. We inferred
that this change in the swelling ratio was an inherent characteristic
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of pFDN. In summary, the hybridization of FDN did not
significantly affect the hydrogel properties. pFDN demonstrated
much higher encapsulation efficiency and the decrease in the
swelling ratio could be attributed to the formation of a quasi-
interpenetrating network.

Evaluation of cell instructive function from encapsulated DNA
nanostructures

To evaluate the DNA sequence-mediated functionality in the
hydrogel-based 3D cell culture model, we assessed cell attach-
ment efficiency on the hydrogel surface mediated by the AS1411
sequence. From optical microscopy images, both mFDN-
AS1411/HA and pFDN-NS/HA gels showed similar cell attach-
ment levels to that of the HA gel, whereas a significantly higher
number of cells was observed on the pFDN-AS1411/HA gel
(Fig. 4A). Fluorescent microscopy images also confirmed that
enhanced cell attachment in the pFDN-AS1411/HA gel was
concentration-dependent (Fig. 4B). Cell attachment ability
showed a non-linear response to increasing pFDN concentra-
tions (AS1411), with a distinct optimal concentration.

In quantification analyses, the cell attachment ability of the
PFDN-AS1411/HA gel was approximately 3.5-fold higher than those
of HA, mFDN-AS1411/HA, and pFDN-NS/HA gels (Fig. 4C). These
results suggested that both factors, the polymerization degree of
nanostructures, and the functional sequence of the nanostruc-
tures, may simultaneously contribute to the observed effect.
Optimal attachment was observed at a concentration of 1 mM of
PFDN (Fig. 4D). This suggested that concentrations higher than
1 mM may cause steric hindrance to cell attachment due to
excessive density or that 1 mM nanostructure density is already
sufficient given the nucleolin expression level on the cell surface.
This result is consistent with previous studies revealing a plateau
in cell attachment at higher aptamer concentrations.*>** We
concluded that the saturation point of this pFDN/HA hybrid
hydrogel was approximately 1 mM. Cell proliferation effects of
bFGF were validated in HA, mFDN-bFGF/HA, pFDN-NS/HA, and
PFDN-bFGF/HA gels after creating pores in the hydrogels via
freeze-thaw cycles to provide the space for cell growth. On day 1,
no significant differences were observed compared with the HA
gel (Fig. 4E and F). On day 5, cell proliferation in the pFDN-
bFGF/HA gel was significantly higher than that in the mFDN-
bFGF/HA and HA gels, showing 1.7- and 2.3-fold increases,
respectively.

These DNA sequences and nanostructures-mediated cell beha-
viors, such as attachment and proliferation, in the pFDN-loaded
hydrogels were affected by the physiological stability of the
hydrogel matrix and DNA components. To verify this, we evalu-
ated the stability of the HA, mFDN/HA, and pFDN/HA hydrogels
under physiological conditions (10% FBS in PBS at 37 °C) (Fig. 4G
and Fig. S18). Although the fluorescence intensity of mFDN/HA
dramatically disappeared, that of pFDN/HA was maintained until
after 4 h of incubation. At 120 h of incubation, the intensity of
both hydrogels had mostly disappeared through the degradation
of pFDN or bleaching of the fluorescent probe. In addition, over a
120 h incubation period, no significant changes relative to the
initial mass were observed among the hydrogels (Fig. S19). The

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Evaluation of DNA nanostructures-mediated biological functions on the hydrogel cell culture. (A) OM images of HA, mFDN-AS1411/HA, pFDN-
NS/HA, and pFDN-AS1411/HA hydrogels after A-204 cell attachment. (B) CLSM images of HA hydrogels and pFDN-AS1411/HA hydrogels with various
FDN concentrations after A-204 cell attachment and staining using the live/dead assay kit. (C) Quantification of attached cells from OM images of HA,
mMFDN-AS1411/HA, pFDN-NS/HA, and pFDN-AS1411/HA hydrogels. (D) Quantification of attached cells from CLSM images of HA hydrogels and pFDN-
AS1411/HA hydrogels with various FDN concentrations. (E) CLSM image of live/dead stained A-204 cells in HA, mFDN-bFGF/HA, pFDN-NS/HA, and
pFDN-bFGF/HA hydrogels after 1-, 3-, and 5-d incubation. (F) Proliferation of A-204 cells in HA, mMFDN-bFGF/HA, pFDN-NS/HA, and pFDN-bFGF/HA
hydrogels after 1-, 3-, and 5-d incubation. (G) Fluorescence image of mFDN/HA and pFDN/HA gels after serum incubation. FDN of each hydrogel is
stained with GelRed after serum incubation. Data are presented as the mean + SD (n = 3); the differences between experimental and control groups were
assessed using Scheffe's post hoc test. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the HA group. OM, optical microscopy; CLSM, confocal laser
scanning microscopy; HA, hyaluronic acid; FDN, functional DNA nanostructures; mFDN, monomeric FDN; and pFDN, polymerized FDN.

images captured throughout the observation period demon- should focus on cellular behavior changes including protein
strated no discernible morphological alterations in any of the expression, spheroid construction, migration, and differentia-
samples. These findings demonstrated that the hydrogels main- tion for evaluating the possibility of practical applications.
tained their structural integrity and dimensional stability under These findings highlight the potential of RCA-generated func-
physiological conditions, thereby supporting their potential tional DNA nanostructures as functional components in next-
applicability in long-term 3D cell culture systems. Overall, generation biomimetic hydrogels for tissue engineering and
functional DNA nanostructures-mediated effects, enhanced cell regenerative medicine.

attachment and proliferation, were observed within the 3D

culture model.
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