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With the progressive development of DNA nanotechnology and synthetic biology, the applications of DNA

have expanded from traditional genetics study to materials science. By employing DNA as a structural

framework or cross-linking agent, DNA hydrogels retain a hydrophilic three-dimensional (3D) network

structure similar to biological tissues, exhibiting high biocompatibility, programmable responsiveness,

and specific recognition functions. In this perspective, we summarize the preparation strategies of DNA

hydrogels, analyze their application advantages, and highlight recent advances in areas such as cell

culture, drug delivery, and tissue engineering. Finally, we discuss the current challenges in DNA hydrogel

development and offer insights into future research directions.
Introduction

Hydrogels are 3D network structures formed by hydrophilic
polymers through physical or chemical cross-linking.1 Due to
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their high water content, excellent biocompatibility and struc-
tural similarity to natural biological tissues, hydrogels are
widely used in tissue engineering, therapeutic delivery, and
biosensing.2 Materials commonly used to construct hydrogels
can be classied into two major categories based on their
origin: natural materials and synthetic materials. Typical
natural materials include gelatin, collagen, hyaluronic acid, and
sodium alginate, which exhibit excellent biocompatibility but
oen suffer from batch-to-batch variability.3 Common synthetic
polymers such as polyacrylamide (PAM), polyacrylic acid (PAA),
polyvinyl alcohol (PVA), and polyethylene glycol (PEG) offer
advantages including high production yield, low cost, and
consistent material properties, though they generally demon-
strate inferior biocompatibility.4 Consequently, the develop-
ment of novel hydrogel systems has become a primary focus in
hydrogel materials research.
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Deoxyribonucleic acid (DNA), a natural biomacromolecule,
serves as the carrier for genetic information storage and trans-
mission in living organisms. Through the Watson–Crick base-
pairing principle, DNA possesses highly selective base recogni-
tion capabilities, which confer precise programmability.
Through precise sequence design, DNA can be engineered to
construct materials with tailored mechanical properties, func-
tionalities, and architectures, offering novel tools and possi-
bilities for biomedical engineering.5,6

In recent years, DNA has demonstrated signicant advan-
tages as a biomaterial, leading to extensive exploration in con-
structing DNA hydrogel systems.7 By employing DNA as
a structural scaffold or cross-linker, DNA hydrogels retain the
hydrophilic 3D network resembling biological tissues while
gaining enhanced biocompatibility, easy functionalization,
conditional responsiveness, and specic recognition capabil-
ities. Furthermore, DNA hydrogels offer diverse preparation
methods, allowing exible design according to application
requirements. Although challenges remain regarding
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mechanical strength and production cost, the application
potential of DNA hydrogels in therapeutic delivery,8 immuno-
therapy,9 biosensing,10 and tissue engineering11 is now widely
recognized.

In this perspective, we discuss the design strategies, physi-
cochemical properties, and recent advancements in biomedical
applications of DNA hydrogels. We further summarize
emerging trends and existing challenges in their clinical
translation, aiming to provide insights and guidance for future
developments in this emerging eld.

Design and preparation of DNA
hydrogels

Based on their compositional differences, DNA hydrogels can
be classied into two categories: hybrid DNA hydrogels and
pure DNA hydrogels. In the hybrid DNA hydrogels, DNA serves
as the cross-linker and the system usually contains other
components as functional materials, e.g., polymer backbone,
nano-entities or additional networks. On the other hand, in
pure DNA hydrogels, the molecular networks are constructed
solely from DNA. The basic types of DNA hydrogels and their
corresponding properties are summarized in Table 1.

Hybrid DNA hydrogel with DNA cross-linking

In 1996, Nagahara and Matsuda synthesized the rst hybrid
DNA hydrogel employing DNA as cross-linkers by covalently
conjugating acrylate-modied DNA strands to PAM side
chains.12 As illustrated in Fig. 1A, they implemented two distinct
gelation approaches: by complementary hybridization of two
complementary ssDNA linkers graed onto the polymer back-
bone and by a free ssDNA strand bridging two non-
complementary ssDNA linkers attached to the backbone
through simultaneous complementary binding. The DNA-
dependent crosslinking mechanism inherently conferred
thermo-responsive properties to these hydrogels. Based on the
Yuanchen Dong
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rst attempt, diverse stimulus-responsive hydrogels were also
engineered through analogous design principles. For example,
Willner et al. developed pH-responsive shape-memory hydro-
gels using a similar architecture (Fig. 1B).13 Two ssDNA strands
covalently graed to a PAM backbone served as cross-linkers,
assembling into i-motif structures at pH 5.0 to form stable
hydrogels. At pH 8.0, these structures dissociated, triggering
hydrogel dissolution into the liquid. Liu et al. constructed an
OTA-detecting hybrid DNA hydrogel by functionalizing linear
PAM chains with OTA aptamer-encoded DNA strands.14 Upon
target recognition, aptamer-OTA binding induced hydrogel
network disassembly, releasing encapsulated gold nano-
particles (AuNPs) for visual quantitative detection. The polymer
backbones for DNA graing have also diversied beyond PAM.
Biological materials such as polypeptides and proteins have
been employed as hydrogel scaffolds. Li et al. utilized (ROP) to
gra ssDNA onto polypeptide chains (Fig. 1C), which can form
hydrogels through complementary hybridization with dsDNA
linkers.15 Furthermore, they substituted the backbone with
poly(ethylene glycol)-modied, denatured human serum
albumin (HSA).16 Compared to synthetic polypeptides, these
natural macromolecules possessed a well-dened primary
sequence and secondary structure, offering abundant func-
tionalization sites.

In addition to graing DNA onto polymer backbones, hybrid
DNA hydrogels can also be formed by incorporating functional
materials into the cross-linked network. Through interactions
such as electrostatic adsorption, p–p stacking, or coordination
bonds, nanomaterials, including AuNPs,21 carbon nanotubes
(CNTs),22 graphene oxide (GO),23,24 and lanthanide ions,25 can be
attached to DNA strands. As the cross-linked network forms,
these functional materials become uniformly dispersed
throughout the hydrogel system. Furthermore, to overcome the
limitations of single-network structures in mechanical proper-
ties and dynamic regulation, a second chemically independent
cross-linked network can be constructed within the pure DNA
network. These two networks interpenetrate to form a double-
network structure. For example, Li et al.26 utilized host–guest
interactions between cucurbit[8]uril (CB[8]) and phenylalanine
to build an interpenetrating second network in a pure DNA
hydrogel system, signicantly improving the brittleness and
fragility of the single DNA network. Similarly, Cao et al.27

introduced acrylamide/bis-acrylamide monomers into a pure
DNA hydrogel, allowing them to diffuse evenly through the DNA
network and form a second covalent network in situ, thereby
enhancing the mechanical strength of the hydrogel.

Overall, incorporating hybrid components imparts
enhanced properties, including superior stability, tunable
mechanical strength and controllable luminescence, to DNA
hydrogel systems. These advanced functionalities signicantly
broaden the application prospects of hybrid DNA hydrogels.
Pure DNA hydrogel

Compared to the complex synthesis and modication proce-
dures required for hybrid DNA hydrogels, pure DNA hydrogels
demonstrate relative simplicity in both composition and
Chem. Sci., 2026, 17, 3875–3893 | 3877
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Fig. 1 Design and preparation of the DNA hydrogel. (A) Strategies for constructing DNA hybrid hydrogels using oligonucleotides as cross-
linkers.12 Permission from Elsevier, copyright 2025. (B) pH-responsive hydrogel synergistically cross-linked by i-motifs.13 Permission fromWiley-
VCH, copyright 2025. (C) DNA-peptide hybrid hydrogel formed by grafting ssDNA onto peptide chains and assembling with double-stranded
DNA linkers.15 Permission from Wiley-VCH, copyright 2025. (D) Pure DNA supramolecular hydrogel formed via i-motif structures.17 Permission
from Wiley-VCH, copyright 2025. (E) Pure DNA supramolecular hydrogel self-assembled from Y-scaffolds and L-linkers.18 Permission from
Wiley-VCH, copyright 2025. (F) “H”-shaped pure DNA supramolecular hydrogel cross-linked solely by two types of ssDNA.19 Permission from
Wiley-VCH, copyright 2025. (G) Pure DNA hydrogel prepared by multi-primer rolling circle amplification.20 Permission from Springer Nature,
copyright 2025.
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fabrication. Pure DNA hydrogels employ DNA strands as
building blocks to form cross-linked networks through either
self-assembly or enzymatic ligation. Additionally, physical
entanglement and electrostatic interactions can also establish
cross-linked networks.

In 2006, Luo et al. reported the rst pure DNA hydrogel
constructed exclusively from single-stranded DNA (ssDNA).28

This system employed an ssDNA self-assembly to generate X-, T-
, or Y-shaped DNA building blocks, each featuring variable
numbers of complementary sticky ends at their branch termi-
nals. Catalysed by T4 DNA ligase, these structural units inter-
connected to form stable DNA hydrogels. In 2009, Liu et al.
pioneered the construction of pure DNA supramolecular
hydrogels by the Y-shaped DNA building blocks (Fig. 1D).17 The
system is exclusively composed of DNA strands crosslinked
3878 | Chem. Sci., 2026, 17, 3875–3893
through non-covalent bonding, which employs three partially
complementary ssDNA strands assembled under alkaline
conditions (pH 8.0) to form Y-shaped units. Upon acidication
to pH 5.0, the cytosine-rich termini of adjacent Y-units rapidly
dimerized into stable i-motif quadruplex structures. The rigid
duplex region at the assembly core prevented intramolecular i-
motif folding, directing formation of intermolecular i-motif
cross-links that established a 3D hydrogel network. The pH-
sensitivity of i-motif structural transitions enabled rapid,
reversible sol–gel phase changes in response to pH variation.
The same group subsequently rened this design (Fig. 1E) by
constructing hydrogels by two modular components: Y-shaped
building blocks and L-shaped connectors.18 Jiang et al.
designed a ssDNA containing three structural domains, each
comprising a self-complementary palindromic sequence. Each
© 2026 The Author(s). Published by the Royal Society of Chemistry
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individual strand can crosslink with others through these
complementary domains, enabling the formation of a solid
hydrogel through single-step crosslinking within a single-
component system.29 This approach offers notable advantages
in compositional simplicity and rapid gelation. In contrast, Du
et al. replaced the terminal self-complementary sequences with
general sequences and introduced another ssDNA strand con-
taining complementary domains (Fig. 1F).19 Each single strand
rst forms a dimer via the central self-complementary region,
and upon mixing, the dimers undergo secondary crosslinking
through the terminal domains. This two-step assembly strategy
further enhances the stability and completeness of the cross-
linked network. Dirks and Pierce pioneered the hybridization
chain reaction (HCR) concept,30 which Wang et al. later
extended to the construction of DNA hydrogels.31 Their system
employs three DNA strands: introduction of initiator strand I
unfolds the hairpin conguration of H1, which then hybridizes
with H2 to establish cross-linking. This process proceeds under
mild conditions with high assembly delity.

DNA hydrogels can alternatively be fabricated through
physical entanglement of ultralong DNA strands. As illustrated
in Fig. 1G, Luo et al. generated extremely long DNA strands via
combined rolling circle amplication (RCA) using F29 DNA
polymerase and multi-primed chain amplication (MCA).20

These ultralong chains formed hydrogel networks primarily
through physically entangled cross-links, supplemented by
a limited number of complementary base pairs. As a result,
these hydrogels exhibit an extremely low modulus, typically in
the range of 1–50 Pa. Remarkably, these hydrogels exhibit uni-
que phase-inversion behaviours, maintaining solid-state integ-
rity in aqueous environments while transitioning to liquid
states upon dehydration. On the other hand, DNA hydrogels can
alternatively be constructed through entanglement of short
DNA assemblies, as demonstrated by Nöll et al., where
concentrated short strands self-assembled into linear DNA
duplexes whose inter-duplex entanglement established cross-
linked networks.32 Furthermore, Liu et al. engineered hydro-
gels via interpenetrating circular DNA nanostructures, wherein
mechanical properties could be tuned by adjusting constituent
oligonucleotide rigidity and length.33

In summary, pure DNA hydrogels primarily rely on interbase
hydrogen bonding and interchain entanglement for their
assembly. Composed exclusively of DNA strands, these systems
exhibit exceptional biocompatibility and biodegradability.
Consequently, they hold promising applications in biomedical
elds such as drug delivery systems, controlled release plat-
forms, and tissue engineering scaffolds.

Physical properties of DNA hydrogels

Capitalizing on the favourable properties of DNA, the
mechanical strength and porosity of DNA hydrogels can be
precisely tuned within a certain range through rational design
of building blocks, adjustment of complementary sequence
length, or introduction of additional modications.34 Further-
more, the reversible hydrogen bonding at the junction sites
imparts favourable dynamic properties to DNA hydrogels, such
© 2026 The Author(s). Published by the Royal Society of Chemistry
as high permeability, shear-thinning behavior, self-healing
capability, and reversible responsiveness to multiple external
stimuli.

The tunable mechanical strength of DNA hydrogels repre-
sents a key advantage for their application in biomedical
materials. Liu et al. rst proposed the rigid supramolecular DNA
hydrogel with tunable mechanical strength, where Y-shaped
DNA assemblies and DNA linkers interlock to form a uniform
porous structure.18 The backbone distance between cross-
linking points was precisely designed to be 84 base pairs, clearly
shorter than the persistence length of dsDNA (150 bp).

Building on this work, they further modulated the hydrogel's
stiffness by introducing varying numbers of mismatched base
pairs within the sticky ends of the two building blocks. They
successfully prepared six hydrogel variants with storage moduli
ranging from 4.3 kPa to 0.3 kPa (frequency-1 Hz), and utilized
this platform to investigate how substrate stiffness inuences
the differentiation behavior of neural progenitor cells (NPCs).35

Du et al. adopted an alternative strategy by modifying ssDNA
terminals with thiol groups.19 Through gradual oxidation, these
thiol groups slowly form covalent disulde bonds, resulting in
a hydrogel whose mechanical strength progressively increases
over time.

The permeability of DNA hydrogels is a critical property that
underpins their utility as biomaterials, as it governs the
exchange of nutrients, bioactive factors, therapeutic agents, and
metabolic waste. A Y–L DNA supramolecular hydrogel was
employed to demonstrate that small molecules can freely
diffuse through the DNA hydrogel network, reaching diffusion
equilibrium within minutes.36 For larger particles, including
macromolecular proteins, Dai et al. proposed a “shutter model”
to elucidate the inuence of dynamic crosslinking in DNA
hydrogels on molecular diffusion.37 According to this model,
when the size of a diffusing molecule is smaller than the mesh
size of the hydrogel, its diffusion behavior resembles that in free
solution. Simultaneously, the dynamic crosslinked network of
the DNA hydrogel enables temporary disconnection and rehy-
bridization of junctions, resulting in alternating “open” and
“closed” pore states. The “open” state facilitates the diffusion of
macromolecules such as proteins. These above studies conrm
that DNA hydrogels can effectively support essential material
exchange between cells and their surrounding environment.

Beneting from the reversible nature of DNA base pairing,
DNA hydrogels exhibit excellent dynamic properties such as
shear-thinning and self-healing behaviors. As the frequency of
applied shear increases, the DNA duplexes within the network
can undergo reversible dissociation, leading to a rapid decrease
in the viscosity of the crosslinked system and demonstrating
non-Newtonian uid characteristics. Upon removal of the shear
force, the gel quickly recovers to its original state, endowing
DNA hydrogels with injectability and making them suitable as
bioinks for 3D bioprinting.15,38 Moreover, when two separated
hydrogel pieces are brought into contact, dynamic exchange of
complementary base pairing occurs at the interface, allowing
them to fuse into an integrated 3D network.39 These dynamic
features have enabled extensive research into DNA hydrogels for
Chem. Sci., 2026, 17, 3875–3893 | 3879
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applications in drug delivery, 3D bioprinting, tissue engi-
neering, and beyond.
Biomedical applications of DNA
hydrogels

In biomedical engineering, DNA hydrogels are intelligent
materials formed by the self-assembly of programmable DNA
sequences. They exhibit high molecular programmability,
excellent biocompatibility, and controllable degradability,
allowing precise control over cross-linking sites, mechanical
properties, degradation kinetics, and functionalization. These
features support their applications across scales-from the
molecular level to macroscopic systems. Based on their molec-
ular recognition capacity and abundant modication sites, DNA
hydrogels have been used for highly sensitive biosensing. Their
programmability enables the presentation of antigens or
immunomodulatory molecules, making them a promising
platform for molecular immunotherapy. Through accurate drug
loading and controlled release mechanisms, they provide a tar-
geted drug delivery strategy for nano-medicine. The three-
dimensional network also provides a biomimetic microenvi-
ronment for cells and allows specic cellular manipulations.
Furthermore, by integrating these functions, DNA hydrogels
serve as bioactive scaffolds that carry drugs and cells to promote
tissue repair and regeneration, thereby advancing tissue
engineering.
Biosensing

DNA hydrogels demonstrate signicant potential in the eld of
biosensing due to their unique programmable molecular
recognition capabilities and stimuli-responsive properties. By
converting specic biological stimuli (such as enzymes, nucleic
acids, ATP) or non-biological stimuli (such as pH, light,
temperature) into physical, chemical, or optical signals, DNA
hydrogels enable signal amplication and output through
diverse mechanisms.40–42 Their primary functional mechanisms
include gel–sol phase transitions,43,44 swelling/deswelling
behaviors, optical modulation,45 and changes in mechanical
properties.46 This effectively allows the direct transformation of
molecular recognition events into detectable signals. This
integrated “stimulus-structural transition-signal output” design
facilitates highly sensitive and specic detection of trace ana-
lytes without requiring additional labels, showcasing consid-
erable value for point-of-care diagnostics and in vivo
monitoring.47

Sensing strategies based on the gel–sol phase transition
represent an early core focus in DNA hydrogel research. The
fundamental principle involves target molecules inducing
either rupture or reconstruction within the crosslinked
network, thereby driving a reversible material transition from
the gel state to the sol state. During this process, encapsulated
signal molecules can be rapidly released or the properties of the
electrode interface altered, resulting in a low-background, high-
gain “on–off” signal output. The triggering mechanisms exhibit
high programmability, such as (i) utilizing i-motif structures47
3880 | Chem. Sci., 2026, 17, 3875–3893
or triplex DNA48 to achieve pH-dependent acid–base switching,
(ii) incorporating specic enzymatic cleavage sites within
crosslinking strands for recognition by proteases or endonu-
cleases,49 (iii) employing strand displacement reactions
responsive to specic miRNAs to achieve competitive dissocia-
tion of crosslinkers and hydrogel disintegration,50 (iv) exploiting
aptamer recognition for targets like ATP or small molecules,51 or
leveraging the cleavage of disulde bonds under reductive
environments for specic environmental responses.52 This class
of mechanisms has been utilized in various visual and electro-
chemical detection platforms. For instance, Ma et al. con-
structed a glucose-responsive sensor using an aptamer-
crosslinked DNA hydrogel where target molecule-triggered
disintegration released PEG-modied gold nanoparticles
(PEG-AuNPs), generating a visible color change for enzyme-free
glucose detection with a limit as low as 0.44 mM (Fig. 2A).44

Alternatively, Liu et al. proposed an application where iron-
labeled DNA probes crosslinked with DNA strands on a PAM
backbone formed a hybrid hydrogel xed on an electrode
surface, where miR-21 presence caused gel disintegration and
a subsequent current decrease, enabling sensitive detection at
5 nM (Fig. 2B).53 Furthermore, Zhang et al. integrated the
CRISPR/Cas12a system with a rolling circle amplication (RCA)-
based DNA hydrogel, where the target nucleic acid activated
Cas12a0s trans-cleavage activity, inducing hydrogel disintegra-
tion and signal probe release, thereby enabling tri-modal
detection (uorescence, electrochemical, and colorimetric),
exemplifying the versatile potential for multimodal detection
platform development inherent in this mechanism (Fig. 2C).54

Distinct from the phase-transition type, swelling/deswelling-
based DNA hydrogel sensors achieve macroscopic amplication
of molecular recognition events into measurable signals by
modulating gel volume changes. In such systems, target mole-
cules drive signicant volumetric alterations by inuencing
crosslinking density, chain conformation, or osmotic pressure;
these changes are further transduced into variations such as
optical reection color, Bragg peak shis, or geometric
dimensions. For example, embedding photonic crystals or
ordered colloidal crystal arrays within the hydrogel enables
direct visual or spectroscopic readout;58 when a target (e.g.,
a heavy metal ion) binds to recognition groups, altered charge
distribution triggers the Donnan effect, causing a shi in lattice
spacing and consequently a change in reection wavelength.59

Alternatively, dynamic hybridization/strand displacement
reactions driven by DNA “fuel strands” can induce the extension
or cleavage of crosslinkers; reported systems achieve nearly 100-
fold volumetric swelling, thereby providing substantial signal
amplication.60

In the realm of optical modulation, the excellent optical
transparency of DNA hydrogels, combined with functional
nanomaterials, endows them with the capability to directly
generate and modulate optical signals. Compared to methods
relying on macroscopic volume changes, optical signal trans-
duction offers higher sensitivity and faster response times.
Primary approaches include uorescence resonance energy
transfer switching and nanomaterial embedding. The donor–
acceptor uorophore pairs are immobilized within the gel
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representative applications of DNA hydrogels in biosensing. (A) A glucose-responsive DNA hydrogel composed of aptamer-crosslinked
PAM and embedded AuNPs undergoes structural disassembly upon glucose binding, releasing AuNPs for colorimetric glucose detection.44

Permission from Royal Society of Chemistry, copyright 2025. (B) An electrochemical DNA hydrogel biosensor integrates ferrocene-labeled
probes and DNA-grafted polymers for miR-21 detection, where target hybridization triggers probe release and electrochemical signal reduc-
tion.53 Permission from Elsevier, copyright 2025. (C) A CRISPR/Cas12a-activated DNA hydrogel prepared via RCA enables multi-modal signal
outputs through Cas12a-mediated trans-cleavage of the hydrogel matrix.54 Permission from American Chemical Society, copyright 2025. (D) A
PSA-responsive Y-DNA hydrogel with in situ synthesized AgNCs exhibits fluorescence quenching upon target-induced hydrogel dissociation,
allowing sensitive PSA quantification.55 Permission from Elsevier, copyright 2025. (E) A programmable shape-memory hydrogel incorporating
pH- and strand displacement-responsive DNA motifs enables reversible and region-specific gel-to-quasiliquid transitions for dynamic recon-
figuration.56 Permission from American Chemical Society, copyright 2025. (F) A multi-stimuli-responsive DNA-pNIPAM hydrogel utilizes i-motif
formation and Ag+ coordination for reversible pH-, ion-, and temperature-triggered sol–gel transitions with excellent mechanical reversibility.57

Permission from WILEY-VCH, copyright 2025.
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network; conformational changes induced by the target mole-
cule alter the distance between them within the 1–10 nm range,
enabling uorescence “on/off” signal switching. Alternatively,
incorporating optical nanomaterials such as quantum dots or
silver nanoclusters (AgNCs) into the hydrogel allows target
response to alter their aggregation state or spatial relationship
with quenchers, inducing uorescence quenching/recovery or
aggregation-induced emission (AIE). For instance, in an AgNCs-
hydrogel system, the presence of prostate-specic antigen trig-
gers AgNC aggregation, resulting in signicant uorescence
© 2026 The Author(s). Published by the Royal Society of Chemistry
enhancement based on the AIE effect, achieving a detection
limit as low as 4.4 pg mL−1 and demonstrating exceptional
sensitivity for ultra-sensitive detection (Fig. 2D).55

Finally, sensing mechanisms based on changes in mechan-
ical properties offer novel avenues for expanding the functional
scope of DNA hydrogels. Through programmable modulation of
hydrogel stiffness, elastic modulus, and shape, non-destructive
biological monitoring can be achieved. These designs typically
rely on orthogonal triggers combined with shape-memory
strategies or the integration of thermoresponsive polymers.
Chem. Sci., 2026, 17, 3875–3893 | 3881
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For example, incorporating both pH-sensitive i-motifs and Ag+-
responsive C–Ag+–C pairing units within the same network
enables multi-state reversible transitions under distinct stimuli
(Fig. 2E).56 Furthermore, copolymerizing thermoresponsive
polymers like pNIPAM into the DNA network facilitates a triple
phase transition (solution–gel–solid) around 32 °C, where
hydrophobic collapse behavior synergistically regulates the
hydrogel's mechanical properties alongside DNA conforma-
tional changes, thereby enabling dynamic mechanical sensing
in complex environments (Fig. 2F).57

Drug delivery

DNA hydrogels are programmable, biodegradable nano-
materials composed solely of DNA strands, whose non-toxic
nucleotide degradation products minimize in vivo accumula-
tion.7,61 By tailoring sequence and network architecture, their
mechanical properties and cargo-release proles can be
precisely controlled.62 Moreover, intrinsic bioactivity and facile
chemical modication enable incorporation of diverse func-
tional groups within a 3D matrix.63 These features establish
DNA hydrogels as versatile carrier platforms with signicant
promise in biomaterials science, particularly for drug delivery
applications.64

The primary objectives of drug delivery systems are to
prolong the drug retention time at target sites, enhance
bioavailability, and reduce systemic adverse effects.65 As a new-
generation drug carrier, DNA hydrogels enable efficient encap-
sulation of drugs under mild, biocompatible conditions (oen
achieving near 100% volumetric pre-loading).66 Beyond
chemotherapeutic agents, their compatibility extends to a broad
spectrum of bioactive substances, including proteins, nucleic
acid therapeutics, and even cells.67,68 Critically, through precise
sequence and structural design, DNA hydrogels enable the
achievement of accurate spatiotemporal control over drug
release kinetics and targeting. For example, Hu et al. provided
an acid tolerant, physiological pH responsive DNA hydrogel
based on A motif/i motif crosslinking to address the challenges
of oral protein delivery (e.g., insulin). The hydrogel protects
encapsulated proteins under harsh gastric (pH 1.2) and
duodenal (pH 5.0) conditions, dissolving specically in the
small intestine (pH 7.2) for site-specic release (Fig. 3A).69 Fu
et al. developed an intelligently responsive DNA nanohydrogel
for intracellular mRNA delivery and functional protein expres-
sion. It disassembled in the lysosomal acidic environment (pH
4.5–5.0) post-endocytosis, releasing mRNA. Translation effi-
ciency matched commercial LNPs, with superior biocompati-
bility (Fig. 3B).70

Immunotherapy

The application of DNA hydrogels is particularly transformative
in cancer immunotherapy, a eld facing challenges like low
response rates and immune evasion despite advances in
vaccines, checkpoint blockade, and adoptive cell therapy.75–77

DNA hydrogels offer a unique solution as potent carriers of
immunostimulatory signals, enabling precise modulation of
immune responses. DNA hydrogels can be engineered to locally
3882 | Chem. Sci., 2026, 17, 3875–3893
deliver and sustain immunostimulatory signals (e.g., adjuvants,
antigens), mimicking physiological immune microenviron-
ments to potentiate antigen-specic responses.78 This capability
is uniquely enabled by the ability to precisely encode bioactive
sequences, like cytosine-phosphate-guanine(CpG) motifs,
within the DNA scaffold.79 For example, Li et al. constructed an
injectable dynamic DNA supramolecular matrix through the
self-assembly of ve unmodied short-chain ssDNA molecules,
serving as a novel vaccine adjuvant platform. This material, as
an adjuvant, signicantly enhances antigen-specic IgG levels
(approximately 1000-fold higher than antigen alone and about
100-fold higher than alum), prolongs the in vivo retention of
both the adjuvant and antigen, and undergoes self-disassembly
into nanoparticles that promote lymphatic targeting and accu-
mulation. The immunostimulatory effect depends on the TLR9-
MyD88 pathway in dendritic cells and is exclusive to right-
handed (d-DNA) congurations. In SARS-CoV-2 and Strepto-
coccus pneumoniae infection models, this adjuvant induces
high levels of neutralizing antibodies and provides robust
protection (Fig. 3C).71 Shao et al. developed an injectable DNA
supramolecular hydrogel vaccine (DSHV) that locally enriched
CpG motifs to mimic the lymph node microenvironment; this
system directly recruits and activates antigen-presenting cells
(APCs), thereby eliciting robust immune responses and
pronounced antitumor effects (Fig. 3D).72

Notably, DNA hydrogels can be engineered as multifunc-
tional platforms that simultaneously incorporate diverse ther-
apeutic modalities, including immunotherapeutic agents,
chemotherapeutic drugs, and photosensitizers, within their
network architecture.80 Through this precise spatiotemporal
control-synergistic combination strategy, DNA hydrogels
demonstrate signicant potential for advancing personalized
and systematic tumor immunotherapy paradigms. For example,
Wang et al. engineered an implantable postoperative DNA
hydrogel integrating PD-L1 aptamer-mediated capture of
recurrent tumor cells, ATP concentration-triggered early
warning signaling, and photodynamic immunotherapy for early
detection and precise suppression of tumor relapse. This
hydrogel concurrently delivers immune checkpoint blockade
and adjuvant stimuli to induce systemic antitumor immunity.
The system achieved approximately 88.1% inhibition of tumor
regrowth and effectively prevented metastatic spread in murine
models (Fig. 3E).73 Fan et al. engineered an ultraso injectable
DNA hydrogel-built on ATP-aptamer scaffolds, polymeric CpG
oligonucleotides and co-loaded with anti-PD-L1 and
doxorubicin-whose time-programmed release merges chemo-
toxicity, in situ vaccination, and checkpoint blockade to syner-
gistically inhibit tumor growth, recurrence, and metastasis
(Fig. 3F).74
Cell culture and cell capture

The extracellular matrix (ECM) is a dynamic interconnected 3D
network residing outside cells, featuring a complex composi-
tion. It integrates with cells to maintain tissue integrity while
providing mechanical support to embedded cells.81,82 DNA-
based networks allow good control over porosity, stiffness,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representative applications of DNA hydrogels in drug delivery and immunotherapy. (A) A pH-responsive DNA hydrogel with A-motif/i-
motif dual crosslinking remains stable in acidic gastric environments and disassembles at intestinal pH, enabling targeted oral protein delivery.69

Permission from Wiley-VCH, copyright 2025. (B) An X-shaped DNA scaffold incorporating pH-responsive i-motifs crosslinks mRNA into
nanospheres for efficient uptake and pH-triggered cytoplasmic release.70 Permission from Wiley-VCH, copyright 2025. (C) A non-immunosti-
mulatory DNA hydrogel adjuvant enhances both short-term and durable humoral immune responses against SARS-CoV-2 antigens while
avoiding autoantibody induction.71 Permission from Springer Nature, copyright 2025. (D) An injectable Y-DNA/CpG supramolecular hydrogel
vaccine synergistically activates APCs, inducing potent antitumor immunity with high biocompatibility.72 Permission from Wiley-VCH, copyright
2025. (E) A light-responsive postoperative DNA hydrogel integrating PDL1 aptamer, CpG, and recurrence-sensing modules enables fluores-
cence-guided relapse detection and laser-triggered immunotherapy.73 Permission from Springer Nature, copyright 2025. (F) A multifunctional
DNA hydrogel composed of ATP aptamer/CpG ODN scaffolds co-delivers doxorubicin and anti-PD-L1 antibody, achieving combined chemo-
immunotherapy.74 Permission from Wiley-VCH, copyright 2025.
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and degradation behavior, thereby providing physicochemical
cues reminiscent of native ECM to guide cell adhesion, migra-
tion, and differentiation, while also facilitating efficient mass
exchange between cells and the matrix.83–86 As a result, DNA
hydrogels have emerged as an ideal material platform for
mimicking the ECM in biomedical applications.

A variety of 3D culture systems have been developed using
DNA hydrogels as the substrate to meet different requirements.
For example, to enhance DNA hydrogels, Cao et al. constructed
a PAM covalent network within a DNA supramolecular hydrogel
via in situ polymerization (Fig. 4A).27 This dual-crosslinked
© 2026 The Author(s). Published by the Royal Society of Chemistry
network signicantly improved tensile and shear strength,
offering greater mechanical robustness and enhanced support
for encapsulated cells. Li et al. developed a double-network
hydrogel using gelatin methacryloyl (GelMA) and DNA, which
introduced dynamic functionalities such as stress relaxation,
ultimately promoting cell proliferation and osteogenic differ-
entiation.87 Zhu et al. utilized a similar system to investigate
how the gel network supports dynamic processes such as tissue
mineralization and remodeling during osteogenic differentia-
tion of stem cells.88 Nam et al. functionalized four comple-
mentary ssDNA strands with PEG (serving as photo-crosslinking
Chem. Sci., 2026, 17, 3875–3893 | 3883
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Fig. 4 DNA hydrogel system for cell culture. (A) Synthesis of the DNA-PAAmdouble-network hydrogel. The AAm/BISmonomers diffuse through
the DNA supramolecular cross-linked network and construct a second covalent cross-linked network in situ.27 Permission from American
Chemical Society, copyright 2025. (B) Synthesis of multifunctional Apt-X-DNA and DNA hybrid hydrogels for 3D cell culture.89 Permission from
American Chemical Society, copyright 2025. (C) Cross-linking process of the DNA/PLL hydrogel. The protective coating of PLL increases steric
hindrance between DNA and nucleases, extending the service life of the DNA/PLL hydrogel in a 3D cell culture.90 Permission from Wiley-VCH,
copyright 2025. (D) The composition of L-DNA and D-DNA hydrogels. The L-DNA hydrogel exhibits significantly higher resistance to nucleases
than the D-DNA hydrogel, enabling it to maintain a certain level of mechanical strength over extended periods in the culture medium.91

Permission from Wiley-VCH, copyright 2025.
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sites) and aptamers (acting as cell-adhesive molecules),
respectively, to fabricate multifunctional X-DNA nanostructures
(Fig. 4B).89 This system exhibited highmechanical strength, and
the aptamer-modied nanostructures further promoted
uniform cell distribution and increased cell viability.

On the other hand, to increase the bio-stability, Yao et al.
proposed a novel stabilization strategy (Fig. 4C) by utilizing
poly(L-lysine) (PLL) as a crosslinker.90 The positively charged
amino residues present in the PLL coating provide abundant
positive charges, which undergo electrostatic adsorption with
the negative charges supplied by the phosphate groups of the
DNA strands, thereby constructing the cross-linked structure.
The steric hindrance introduced by the binding of PLL to DNA
impedes the access of nucleases to the DNA strands, thereby
enhancing the stability of the DNA/PLL hydrogel and extending
its service life to over 15 days. It should be noted that the
3884 | Chem. Sci., 2026, 17, 3875–3893
authors did not investigate the stimuli-responsiveness of the
PLL hydrogel, which may be a concern for future applications.
Furthermore, though such gels can rapidly transition between
gel and sol states when subjected to cyclic strain switching
between 1% and 5000%, the effect of the PLL on the dynamic
properties in vivo should also be investigated in the future.

In a different approach, Wu et al. employed tetraethylene
glycol as a core, conjugating four ssDNA strands to form
dendritic DNA molecules, which were subsequently assembled
with DNA linkers into a hydrogel network (DDH).92 The DDH
network possesses a uniform and densely crosslinked frame-
work, which signicantly improves its resistance to endonu-
cleases. Yang et al. reported an L-DNA hydrogel, which exhibits
characteristic shear-thinning, self-healing, and thermores-
ponsive properties (Fig. 4D).91 The le-handed helical confor-
mation of L-DNA confers markedly enhanced biostability to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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hydrogel, enabling it to retain its original mechanical strength
aer immersion in fetal bovine serum (FBS) for over onemonth.
Furthermore, through in vitro cellular assays and a series of
inammatory experiments in mice, the authors conrmed that
L-DNA induces almost no inammatory stimulation, with its
induced inammation level comparable to that of the PBS
control group. However, the observation period in mice was
limited to six hours. While the six-hour observation period was
sufficient to assess acute inammatory responses, the potential
long-term persistence in vivo and its implications for chronic
inammation or immune rejection should be evaluated in the
future, which would further strengthen its potential for
biomedical applications.

Beyond serving as cell culture substrates, DNA hydrogels
show signicant promise for the specic capture and release of
cells. By readily incorporating targeting modules such as
aptamers to construct the hydrogels, these systems can be
designed to precisely recognize and isolate specic cell types
from complex mixtures. This is primarily achieved through two
strategies. One approach involves recruiting target cells aer
the DNA hydrogel has been formed. For example, Mu et al.
developed a pNIPAM-DNA hydrogel featuring a macroporous
structure.93 An AS1411 aptamer was incorporated into the DNA
Fig. 5 DNA hydrogel system for specific cell capture and release. (A
temperature-controlled selective capture and release of target cells.93 P
synthesis process of a physically cross-linked DNA network for stem cell c
(C) Cell encapsulation based on in situDNA gelation. The aptamer specific
atcHCR reaction to assemble a DNA hydrogel around the cell. ATP can
dissolving the cross-linked structure and releasing the cell.96 Permission

© 2026 The Author(s). Published by the Royal Society of Chemistry
sequence to enable specic recognition of cancer cells exhibit-
ing high nucleolin expression, such as MCF-7. Leveraging the
thermoresponsive properties of a co-polymerized pNIPAM
network, which collapses above its lower critical solution
temperature (LCST) and swells below it, the hydrogel enables
reversible cell capture and release (Fig. 5A). This system
demonstrated high capture efficiency over multiple repeated
cycles. In a related approach, Miao et al. constructed a macro-
porous double-network hydrogel composed of GelMA and DNA
using an aqueous bubble-template method.94 The DNA network
was functionalized with the Apt19S aptamer, conferring upon
the hybrid hydrogel the ability to recruit bone mesenchymal
stem cells (BMSCs).

Alternatively, single-cell encapsulation can be achieved by
directly crosslinking ssDNA chains on the cell surface to form
a hydrogel network. Yao et al. developed a strategy for capturing
cells by directly assembling a DNA hydrogel network on the
surface of BMSCs.95 As illustrated in Fig. 5B, two long ssDNA
chains were synthesized via RCA. One chain (DNA-chain-1)
contained the Apt19S aptamer sequence, which exhibits high
affinity toward BMSCs, while the other (DNA-chain-2) was
partially complementary to DNA-chain-1. DNA-chain-1 speci-
cally recognized and anchored BMSCs from a mixed cell
) Schematic illustration of the anisotropic DNA-pNIPAM cryogel for
ermission from American Chemical Society, copyright 2025. (B) The
apture.95 Permission from American Chemical Society, copyright 2025.
ally binds to EpCAMon the cell surface, followed by the triggering of an
subsequently bind to the encoded ATP aptamer within the sequence,
from American Chemical Society, copyright 2025.
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population. Subsequently, the addition of DNA-chain-2 induced
crosslinking with DNA-chain-1 on the cell surface, leading to
the formation of an encapsulating DNA hydrogel network
around the BMSCs. The captured cells could later be released
through enzymatic degradation of the DNA network using
nucleases.

Through the same approach, the team also incorporated
a PD-1-specic aptamer to enable selective recognition of T
cells,97 while functionalizing the network with CpG ODN to
activate APCs, thereby achieving a combined immunothera-
peutic effect. Li et al. also designed a system in which an EpCAM
aptamer was programmed into a DNA strand to act as an
initiator for the aptamer-trigger-clamped atcHCR (Fig. 5C).96

When the aptamer specically recognizes and binds to EpCAM
on the target cell surface, it triggers atcHCR, leading to the in
situ formation of a hydrogel coating around the cell. This
strategy enables precise recognition and isolation of EpCAM
overexpressing cells (such as MCF 7) from mixed cell pop-
ulations, facilitating subsequent cellular analysis.
Tissue engineering

DNA hydrogels represent a novel class of biomaterials capable
of forming tunable 3D network structures, providing an ideal
platform for tissue engineering applications. Through precise
sequence design and controlled molecular assembly, DNA
hydrogels offer high controllability over structural mechanical
properties, degradation kinetics, and functional site presenta-
tion, thereby addressing the diverse regenerative requirements
of neural, osseous, cartilaginous, dermal, and vascular
tissues.98,99 Notably, their inherent biochemical composition
and programmable architecture present distinct advantages in
mitigating undesired immune responses. The natural origin
and low immunogenicity of DNA could usually reduce the
potential for inducing inammatory or adaptive immune reac-
tions. Although some immunostimulatory sequences such as
CpG motifs have been found, these motifs can be easily avoided
by the sequence design. The incorporation of antioxidants or
anti-inammatory agents, combined with temporally controlled
and stimuli-responsive release proles, further minimizes pro-
longed immune exposure. Moreover, DNA hydrogels degrade
into biocompatible nucleotides, thereby reducing risks of
chronic foreign-body responses. In vivo, DNA hydrogels func-
tion not only as delivery vehicles, but also as immunocompat-
ible, injectable or implantable functional scaffolds that actively
support biomedical processes including neural,100 bone and
cartilage repair,101 wound healing,102 and local angiogenesis.

For example, Yuan et al. developed a neural repair scaffold
comprising a highly permeable DNA supramolecular hydrogel
loaded with neural stem cells for spinal cord regeneration. The
construct exploits the intrinsic low immunogenicity and supe-
rior permeability of the DNA-based matrix to create a pro-
regenerative niche. This design facilitates efficient molecular
diffusion, attenuates inammatory cytokine accumulation, and
restrains glial scar formation. By fostering host–gra integra-
tion and exerting immunomodulatory effects, the scaffold
promotes the re-establishment of functional neural circuits.
3886 | Chem. Sci., 2026, 17, 3875–3893
Consequently, treated animals exhibited signicant recovery of
hindlimb motor function and detectable electrophysiological
responses within eight weeks post-implantation (Fig. 6A).100 In
osteochondral regeneration, Yan et al. utilized a tissue engi-
neering strategy in which a pure DNA-based supramolecular
hydrogel served as a scaffold for delivering bone marrow-
derived BMSCs to treat severe osteoarthritis in a rabbit model.
The hydrogel not only shielded MSCs from shear stress during
injection but also provided a favorable 3D microenvironment
that promoted cell survival, distribution, and chondrogenic
differentiation. Moreover, due to its natural DNA composition
and biocompatible self-assembly process, the scaffold exhibited
low immunogenicity and did not elicit adverse immune
responses, as conrmed by reduced inammatory cytokine
levels in the synovial uid. This integrated scaffold-cell system
effectively enhanced cartilage regeneration, demonstrating the
potential of DNA hydrogels as immunocompatible, cell-
instructive matrices for cartilage tissue engineering
(Fig. 6B).103 In the eld of skin regeneration, Xiong et al.
developed a multilayered regenerative-guidance articial skin
in which programmable DNA hydrogels orchestrate broblast
behaviors to reconstruct a pro-regenerative microenvironment
conducive to scarless tissue remodeling and appendage regen-
eration. The system integrates an intrinsically biocompatible
DNA scaffold with liposome-mediated controlled release to
ensure stable biochemical cues, while precise modulation of
hydrogel mechanics mitigates aberrant Yes-associated protein
mediated mechanotransduction, thereby averting mechanically
driven brotic remodeling. Importantly, both in vitro and in vivo
assessments conrmed that the engineered construct main-
tains immune homeostasis-promoting reparative macrophage
polarization and preventing chronic inammatory activation-
thus enabling the scaffold to facilitate functional neo-tissue
formation. Collectively, this regenerative-guidance articial
skin exemplies a tissue-engineering approach in which
biochemical programmability, biomechanical optimization,
and immunomodulatory design act synergistically to achieve
high-delity skin regeneration (Fig. 6C).104 Furthermore, DNA
hydrogels can be combined with drug-loaded liposomes or
antibacterial/photothermal components, thereby combining
bio-responsiveness with anti-infective functions in wound
management. For instance, Zhou et al. engineered a photo-
thermally responsive DNA-polyethylenimine hydrogel scaffold
integrated with black phosphorus quantum dots for advanced
tissue regeneration in diabetic wounds. This multifunctional
construct not only exhibits excellent exudate absorption, tissue-
adhesive properties, and on-demand antibacterial photo-
thermal capability but also actively orchestrates the regenera-
tive microenvironment. A key feature is its ability to modulate
local immune responses by driving macrophage polarization
from the pro-inammatory M1 phenotype toward the pro-
regenerative M2 phenotype, thereby redirecting chronic
inammation toward repair and regeneration. Coupled with
sustained release of the antioxidant procyanidin B2 to mitigate
oxidative stress, the scaffold promotes a cascade of regenerative
outcomes, including enhanced angiogenesis, accelerated cuta-
neous nerve regeneration, and de novo hair follicle formation.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08190d


Fig. 6 Representative applications of DNA hydrogels in tissue engineering. (A) A highly permeable DNA supramolecular hydrogel loaded with
neural stem cells was implanted into spinal cord injury sites, promoting endogenous and transplanted stem cell differentiation to reconstruct
neural networks and restore motor function.100 Permission from WILEY-VCH, copyright 2025. (B) An injectable DNA hydrogel carrying bone
marrow BMSCs protects them from shear stress and significantly improves osteoarthritis treatment outcomes under mechanically hostile joint
conditions.103 Permission from WILEY-VCH, copyright 2025. (C) A bilayer DNA hydrogel with verteporfin-loaded liposomes regulates macro-
phage polarization and fibroblast regeneration, enabling scar-free wound healing and restoration of functional skin appendages.104 Permission
from WILEY-VCH, copyright 2025. (D) A self-assembled DNA supramolecular hydrogel mimicking vitreous properties exhibits high mechanical
strength, shear-thinning, and long-term biocompatibility, effectively maintaining retinal structure and intraocular pressure in vivo.106 Permission
from Wiley-VCH, copyright 2025.
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To ensure biocompatibility and controlled immune interaction,
the design capitalizes on the inherent low immunogenicity of
DNA, employs near-infrared-triggered release to minimize pro-
longed immune exposure, and highlights the importance of
optimizing cationic components such as polyethylenimine.105

Notably, Jin et al. employed a shear-thinning and self-healing
supramolecular DNA hydrogel for use as an injectable vitreous
substitute, which undergoes in situ reassembly into a stable,
biomimetic scaffold. Leveraging the low immunogenicity of
DNA and its ability to replicate key physicochemical properties
of the native vitreous, this system mitigates foreign-body reac-
tions and chronic inammation, preserves ocular immune
privilege, and promotes tissue repair without inducing adverse
immune activation (Fig. 6D).106

To summarize, the multifunctionality of DNA hydrogels
stems from their highly programmable molecular scaffold and
readily functionalizable chemical sites. Through precise
sequence design and the integration of modular functional
elements, these materials are endowed with the ability to
dynamically respond to biological signals, execute complex
instructions, and ultimately achieve predened biological
goals. However, their clinical translation faces several common
challenges, including long-term stability in complex physio-
logical environments, scalable synthesis and cost control,
tissue-specic delivery in vivo, precise assessment and modu-
lation of material-host immune interactions, and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
establishment of standardized evaluation systems bridging in
vitro characterization and in vivo functional validation. Future
research will increasingly focus on developing logic-gated
systems capable of multimodal responsiveness and autono-
mous feedback. By fostering interdisciplinary integration,
spanning articial intelligence, synthetic biology, living cell
therapeutics, and advanced manufacturing technologies,
efforts will be directed toward establishing a closed-loop
research framework from sequence–structure–function theo-
retical design to in vivo functional validation. The ultimate goal
is to evolve DNA hydrogels from “smart materials” into bi-
oinspired interfaces capable of deep information exchange with
biological systems, thereby providing actionable technological
pathways and methodological foundations for precision medi-
cine and regenerative medicine.
Conclusions and outlook

Since the rst construction of 3D gel networks with DNA
molecules, DNA hydrogels have undergone multiple develop-
mental stages, from conceptual establishment and perfor-
mance optimization to functional integration. Owing to their
physicochemical properties resembling the native extracellular
matrix, along with unique advantages such as programmability,
precise molecular recognition, stimuli-responsiveness, self-
healing capabilities, and ease of functionalization, DNA
Chem. Sci., 2026, 17, 3875–3893 | 3887

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08190d


T
ab

le
2

C
o
m
p
ar
is
o
n
am

o
n
g
n
at
u
ra
l/
sy
n
th
e
ti
c/
D
N
A
h
yd

ro
g
e
ls

T
yp

e
C
om

m
on

m
at
er
ia
ls

M
ai
n
ad

va
n
ta
ge
s

M
ai
n
di
sa
dv

an
ta
ge
s

Pr
ep

ar
at
io
n
di
ffi
cu

lt
y

C
om

m
er
ci
al
iz
ed

pr
od

uc
ts

N
at
ur
al

h
yd

ro
ge
ls

C
ol
la
ge
n
,h

ya
lu
ro
n
ic

ac
id
,g

el
at
in
,

br
in
,a

lg
in
at
e,

c
h
it
os
an

,e
tc
.

G
oo

d
bi
oc
om

pa
ti
bi
li
ty

W
ea
k
m
ec
h
an

ic
al

st
re
n
gt
h

E
as
y
ra
w
m
at
er
ia
l
ac
qu

is
it
io
n
,d

iffi
cu

lt
pu

ri

ca
ti
on

or
m
od

i
ca
ti
on

H
ya
lu
ro
n
ic

ac
id

ge
ls
:d

er
m
al


lle

rs
,e

.g
.,
Ju
vé
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hydrogels have emerged as an ideal platform for engineering
smart biomaterials. They demonstrate signicant potential in
a wide range of applications including tissue engineering, drug
delivery, cell culture, and biosensing. In recent years,
researchers have further enhanced the mechanical properties
and functionality of DNA hydrogels through strategies such as
chemical modication of DNA strands, rational design of
crosslinking modules, and hybridization with various func-
tional materials, greatly expanding their utility in biomedical
applications.

Despite the signicant application potential of DNA hydro-
gels, their development thus far remains conned to laboratory
settings, with no approved clinical trials to date. This limitation
stems from multiple challenges, including a narrow range of
mechanical strength, extremely low production efficiency and
high costs of purication and modication, which are currently
inadequate to meet the demands of clinical trials, and the long-
term biological safety of these materials has yet to be fully
validated.

Currently, most commercially available synthetic DNA is
produced and puried in laboratories, with quantities typically
measured in micromoles or millimoles. In contrast, synthetic
prepolymers can be manufactured on a scale of kilograms or
even tons. This situation indicates that DNA production lags far
behind that of synthetic polymers. Moreover, many DNA
modication strategies further increase the complexity and cost
of hydrogel preparation. For example, L-DNA contains deoxyri-
bose, which is a mirror image of D-DNA, so conventional
commercial DNA synthesis monomers cannot be used.
Although many teams optimized the synthesis route for these
mirror-image monomers and achieved a scale of tens of grams,
the high monomer consumption in DNA synthesis still makes L-
DNA very expensive. As a result, it remains difficult to apply in
studies involving medium or large animal models. Overall, the
synthesis of DNA, including modied or functionalized DNA,
faces major limitations. These include high costs from expen-
sive raw materials, specialized equipment, and controlled
synthesis environments, as well as multi-step processes and low
yields. Together, these factors signicantly hinder large-scale
production.

Furthermore, the mechanical properties of DNA hydrogels
remain inadequate, which limited their applications in tissue
engineering. Different biological tissues exhibit elastic moduli
that span several orders of magnitude. Compared to synthetic
polymers which possess stable mechanical properties and
a modulus span of up to several million Pascals, the modulus of
DNA hydrogels is typically limited to the range of hundreds to
thousands of Pascals. Although this stiffness confers advan-
tages for repairing so tissues in vivo, such as skins, muscles,
and nerves, it falls signicantly short for high-strength appli-
cations. Modications or adulterations could substantially
enhance their strength; however, such approaches oen raise
additional safety concerns and increase costs. This considerable
mechanical property gap has also severely hampered the
expansion of their application scope. Thirdly, DNA hydrogels
face challenges in biological stability and long-term safety.
Native DNA is susceptible to enzymatic degradation by
© 2026 The Author(s). Published by the Royal Society of Chemistry
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nucleases, and this vulnerability also extends to DNA hydrogels.
In certain applications, such as controlled drug release or the
construction of biodegradable tissue engineering scaffolds, this
degradability can be advantageous. However, in contexts
requiring long term structural integrity, such as in prolonged
cell culture systems, it becomes a signicant drawback. More
importantly, studies have shown that fragments resulting from
DNA degradation may potentially trigger immune responses,
further raising concerns about medical applicability. Fourth,
the response kinetics of current stimulus responsive DNA
hydrogels, including those activated by light, enzymes, or
magnetic elds, remain relatively slow. The delayed structural
reorganization hinders their utility in real time regulation and
precision medicine applications. We have provided a compara-
tive table summarizing the respective advantages and disad-
vantages of natural hydrogels, synthetic polymer hydrogels, and
DNA hydrogels, which more visually highlights the strengths of
DNA hydrogels as well as their limitations in clinical applica-
tions (Table 2).

To address these challenges, future development of DNA
hydrogels requires the assistance of many relevant directions.
First, ongoing optimization of DNA synthesis and modication
strategies is needed to reduce production costs. The currently
mature phosphoramidite solid-phase synthesis system yields
relatively small quantities per run, sufficient for experimental
studies but inadequate for large-scale animal experiments or
clinical research with higher material demands. Therefore,
breakthroughs can be sought in instrument design or synthetic
route optimization, such as developing high-throughput or
large-scale production equipment, and rening DNA synthesis
processes to lower costs and improve efficiency. Second,
simpler and more efficient hydrogel assembly techniques
should be developed, including enzyme-free self-assembly and
improved RCA processes. Third, integrating articial intelli-
gence (AI) into the design of DNA hydrogels can aid in sequence
design and performance prediction. Currently, many AI models
are already used to predict non-DNA hydrogel properties107 such
as assembly structure and modulus,108 which benet the
prediction of drug loading and release, the design of hydrogel
shape and functions for wound healing, and other medical
assistance schemes. However, such AI models have not been
currently utilized in DNA hydrogels. With the aid of such arti-
cial intelligence, it can be anticipated that large-scale data
analysis, predictive study, and algorithm optimization can be
conducted efficiently in the future. For example, in drug delivery
systems, it would be possible to design and program optimal
DNA chain lengths or cross-linking structures based on the
properties of drugs. It will also provide a facile tool to optimize
the pore size of the cross-linked network to achieve optimal
drug loading efficiency. Alternatively, integrated applications
such as predicting drug release proles based on DNA degra-
dation rates and developing smart sensors leveraging the
molecular recognition capabilities of DNA may signicantly
enhance the development efficiency of DNA hydrogels. More-
over, multifunctional integrated DNA hydrogel systems would
be developed rapidly. For instance, incorporating bioactive
factors, functional nanomaterials, and stimuli-responsive
© 2026 The Author(s). Published by the Royal Society of Chemistry
components into the cross-linked network enables synergistic
control over mechanical, electrical, and biological guidance
properties, along with degradation behavior. Finally, greater
emphasis must be placed on clinical translation. Interdisci-
plinary collaborations should be strengthened to conduct
systematic in vitro and in vivo evaluations of biosafety and effi-
cacy, advancing DNA hydrogels as viable biomaterials in prac-
tical applications. These innovations could offer novel solutions
for real-world applications in precision medicine and regener-
ative therapies.

In summary, as an emerging biomaterial, DNA hydrogels-
though facing multiple challenges-exhibit considerable poten-
tial for development. With continuous progress and increasing
interdisciplinary integration across elds such as materials
science, chemistry, biology, and medicine, it is expected that
through multidisciplinary collaboration and technological
convergence, current limitations can be overcome, enabling
a successful transition from laboratory research to clinical
practice.
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62 J. Gačanin, C. V. Synatschke and T. Weil, Biomedical
applications of DNA-based hydrogels, Adv. Funct. Mater.,
2020, 30, 1906253.
Chem. Sci., 2026, 17, 3875–3893 | 3891

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08190d


Chemical Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
4/

20
26

 7
:2

2:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
63 I. Zare, R. Taheri-Ledari, F. Esmailzadeh, M. M. Salehi,
A. Mohammadi, A. Maleki and E. Mostafavi, DNA
hydrogels and nanogels for diagnostics, therapeutics, and
theragnostics of various cancers, Nanoscale, 2023, 15,
10882–10903.

64 A. Chakraborty, S. P. Ravi, Y. Shamiya, C. Cui and A. Paul,
Harnessing the physicochemical properties of DNA as
a multifunctional biomaterial for biomedical and other
applications, Chem. Soc. Rev., 2021, 50, 7779–7819.

65 M. W. Tibbitt, J. E. Dahlman and R. Langer, Emerging
frontiers in drug delivery, J. Am. Chem. Soc., 2016, 138,
704–717.

66 L. Zhou, X. Jiao, S. Liu, M. Hao, S. Cheng, P. Zhang and
Y. Wen, Functional DNA-based hydrogel intelligent
materials for biomedical applications, J. Mater. Chem. B,
2020, 8, 1991–2009.

67 T. Kim, S. Park, M. Lee, S. Baek, J. B. Lee and N. Park, DNA
hydrogel microspheres and their potential applications for
protein delivery and live cell monitoring, Biomicrouidics,
2016, 10, 034112.

68 F. Li, J. Tang, J. Geng, D. Luo and D. Yang, Polymeric DNA
hydrogel: Design, synthesis and applications, Prog. Polym.
Sci., 2019, 98, 101163.

69 Y. Hu, S. Gao, H. Lu and J. Y. Ying, Acid-resistant and
physiological pH-responsive DNA hydrogel composed of
A-motif and i-motif toward oral insulin delivery, J. Am.
Chem. Soc., 2022, 144, 5461–5470.

70 X. Fu, T. Chen, Y. Song, C. Feng, H. Chen, Q. Zhang,
G. Chen and X. Zhu, mRNA Delivery by a pH-Responsive
DNA Nano-Hydrogel, Small, 2021, 17, 2101224.

71 C. Li, Y. Li, B. Zhou, T. Li, X. Wei, K. Chen, W. Chen, Z. Shi,
X. Dai and J. Zhang, Enantiomer-dependent and
modication-free DNA matrix as an adjuvant for subunit
vaccines against SARS-CoV-2 or pneumococcal infections,
Nat. Biomed. Eng., 2025, 1–25.

72 Y. Shao, Z.-Y. Sun, Y. Wang, B.-D. Zhang, D. Liu and
Y.-M. Li, Designable immune therapeutical vaccine
system based on DNA supramolecular hydrogels, ACS
Appl. Mater. Interfaces, 2018, 10, 9310–9314.

73 D. Wang, J. Liu, J. Duan, H. Yi, J. Liu, H. Song, Z. Zhang,
J. Shi and K. Zhang, Enrichment and sensing tumor cells
by embedded immunomodulatory DNA hydrogel to
inhibit postoperative tumor recurrence, Nat. Commun.,
2023, 14, 4511.

74 Y. Fan, M. Zhan, J. Liang, X. Yang, B. Zhang, X. Shi and
Y. Hu, Programming Injectable DNA Hydrogels Yields
Tumor Microenvironment-Activatable and Immune-
Instructive Depots for Augmented Chemo-
Immunotherapy, Adv. Sci., 2023, 10, 2302119.

75 I. Mellman, G. Coukos and G. Dranoff, Cancer
immunotherapy comes of age, Nature, 2011, 480, 480–489.

76 Q. Liu, J. Li, H. Zheng, S. Yang, Y. Hua, N. Huang, J. Kleeff,
Q. Liao and W. Wu, Adoptive cellular immunotherapy for
solid neoplasms beyond CAR-T, Mol. Cancer, 2023, 22, 28.

77 A. Ribas and J. D. Wolchok, Cancer immunotherapy using
checkpoint blockade, Science, 2018, 359, 1350–1355.
3892 | Chem. Sci., 2026, 17, 3875–3893
78 Q. Chen, Y. Liu, Q. Chen, M. Li, L. Xu, B. Lin, Y. Tan and
Z. Liu, DNA nanostructures: Advancing cancer
immunotherapy, Small, 2024, 20, 2405231.

79 J. Sun, M. Pan, F. Liu, W. Yu, W.Wang, F. Mo, S. Yu, Y. Zhou
and X. Liu, Immunostimulatory DNA nanogel enables
effective lymphatic drainage and high vaccine efficacy,
ACS Mater. Lett., 2020, 2, 1606–1614.

80 T. Yata, Y. Takahashi, M. Tan, H. Nakatsuji, S. Ohtsuki,
T. Murakami, H. Imahori, Y. Umeki, T. Shiomi and
Y. Takakura, DNA nanotechnology-based composite-type
gold nanoparticle-immunostimulatory DNA hydrogel for
tumor photothermal immunotherapy, Biomaterials, 2017,
146, 136–145.

81 C. Frantz, K. M. Stewart and V. M. Weaver, The extracellular
matrix at a glance, J. Cell Sci., 2010, 123, 4195–4200.

82 H. K. Kleinman, D. Philp and M. P. Hoffman, Role of the
extracellular matrix in morphogenesis, Curr. Opin.
Biotechnol., 2003, 14, 526–532.

83 S. R. Caliari and J. A. Burdick, A practical guide to hydrogels
for cell culture, Nat. Methods, 2016, 13, 405–414.

84 J. Lou and D. J. Mooney, Chemical strategies to engineer
hydrogels for cell culture, Nat. Rev. Chem., 2022, 6, 726–744.

85 M. J. Webber, E. A. Appel, E. W. Meijer and R. Langer,
Supramolecular biomaterials, Nat. Mater., 2016, 15, 13–26.

86 J. L. Mann, A. C. Yu, G. Agmon and E. A. Appel,
Supramolecular polymeric biomaterials, Biomater. Sci.,
2018, 6, 10–37.

87 G. Li, F. Gao, D. Yang, L. Lin, W. Yu, J. Tang, R. Yang, M. Jin,
Y. Gu and P. Wang, ECM-mimicking composite hydrogel
for accelerated vascularized bone regeneration, Bioact.
Mater., 2024, 42, 241–256.

88 M. Zhu, H. Zhang, Q. Zhou, S. Sheng, Q. Gao, Z. Geng,
X. Chen, Y. Lai, Y. Jing, K. Xu, L. Bai, G. Wang, J. Wang,
Y. Jiang and J. Su, Dynamic GelMA/DNA Dual-Network
Hydrogels Promote Woven Bone Organoid Formation and
Enhance Bone Regeneration, Adv. Mater., 2025, 37,
2501254.

89 K. Nam, B. I. Im, T. Kim, Y. M. Kim and Y. H. Roh,
Anisotropically Functionalized Aptamer-DNA
Nanostructures for Enhanced Cell Proliferation and
Target-Specic Adhesion in 3D Cell Cultures,
Biomacromolecules, 2021, 22, 3138–3147.

90 J. Tang, J. Wang, J. Ou, Z. Cui, C. Yao and D. Yang, A DNA/
Poly-(L-lysine) Hydrogel with Long Shelf-Time for 3D Cell
Culture, Small Methods, 2024, 8, 2301236.

91 B. Yang, B. Zhou, C. Li, X. Li, Z. Shi, Y. Li, C. Zhu, X. Li,
Y. Hua, Y. Pan, J. He, T. Cao, Y. Sun, W. Liu, M. Ge,
Y. R. Yang, Y. Dong and D. Liu, A Biostable l-DNA
Hydrogel with Improved Stability for Biomedical
Applications, Angew. Chem., Int. Ed., 2022, 61, e202202520.

92 J. Wu, B. R. Liyarita, H. Zhu, M. Liu, X. Hu and F. Shao, Self-
Assembly of Dendritic DNA into a Hydrogel: Application in
Three-Dimensional Cell Culture, ACS Appl. Mater.
Interfaces, 2021, 13, 49705–49712.

93 Y. Mu, X. Wang, X. Du, P.-P. He and W. Guo, DNA Cryogels
with Anisotropic Mechanical and Responsive Properties for
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08190d


Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
4/

20
26

 7
:2

2:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Specic Cell Capture and Release, J. Am. Chem. Soc., 2024,
146, 5998–6005.

94 Y. Miao, X. Liu, J. Luo, Q. Yang, Y. Chen and Y. Wang,
Double-Network DNA Macroporous Hydrogel Enables
Aptamer-Directed Cell Recruitment to Accelerate Bone
Healing, Adv. Sci., 2024, 11, 2303637.

95 C. Yao, H. Tang, W. Wu, J. Tang, W. Guo, D. Luo and
D. Yang, Double Rolling Circle Amplication Generates
Physically Cross-Linked DNA Network for Stem Cell
Fishing, J. Am. Chem. Soc., 2020, 142, 3422–3429.

96 P. Song, D. Ye, X. Zuo, J. Li, J. Wang, H. Liu, M. T. Hwang,
J. Chao, S. Su, L. Wang, J. Shi, L. Wang, W. Huang, R. Lal
and C. Fan, DNA Hydrogel with Aptamer-Toehold-Based
Recognition, Cloaking, and Decloaking of Circulating
Tumor Cells for Live Cell Analysis, Nano Lett., 2017, 17,
5193–5198.

97 R. Zhang, Z. Lv, L. Chang, J. Wang, J. Tang, Z. Wang, S. Li,
J. Guo, C. Yao and D. Yang, A Responsive DNA Hydrogel
Containing Poly-Aptamers as Dual-Target Inhibitors for
Localized Cancer Immunotherapy, Adv. Funct. Mater.,
2024, 34, 2401563.

98 Z. Zhu, Y. Yang, Y. Jiang, T. Gu, L. Siow, Y. Gao, Y. Zheng,
K. Xing, S. Zhou and C. Zhang, DNA Hydrogels in Tissue
Engineering: From Molecular Design to Next-Generation
Biomedical Applications, Adv. Healthcare Mater., 2025, 14,
2500192.

99 R. Wu, W. Li, P. Yang, N. Shen, A. Yang, X. Liu, Y. Ju, L. Lei
and B. Fang, DNA hydrogels and their derivatives in
biomedical engineering applications, J. Nanobiotechnol.,
2024, 22, 518.

100 T. Yuan, Y. Shao, X. Zhou, Q. Liu, Z. Zhu, B. Zhou, Y. Dong,
N. Stephanopoulos, S. Gui and H. Yan, Highly permeable
DNA supramolecular hydrogel promotes neurogenesis
and functional recovery aer completely transected spinal
cord injury, Adv. Mater., 2021, 33, 2102428.
© 2026 The Author(s). Published by the Royal Society of Chemistry
101 C. Shen, J. Wang, G. Li, S. Hao, Y. Wu, P. Song, Y. Han,
M. Li, G. Wang and K. Xu, Boosting cartilage repair with
silk broin-DNA hydrogel-based cartilage organoid
precursor, Bioact. Mater., 2024, 35, 429–444.

102 R. Ye, Z. Zhu, T. Gu, D. Cao, K. Jiang, Q. Dai, K. Xing,
Y. Jiang, S. Zhou and P. Cai, Neutrophil extracellular
traps-inspired DNA hydrogel for wound hemostatic
adjuvant, Nat. Commun., 2024, 15, 5557.

103 X. Yan, B. Yang, Y. Chen, Y. Song, J. Ye, Y. Pan, B. Zhou,
Y. Wang, F. Mao and Y. Dong, Anti-friction MSCs delivery
system improves the therapy for severe osteoarthritis,
Adv. Mater., 2021, 33, 2104758.

104 M. Xiong, X. Yang, Z. Shi, J. Xiang, H. Gao, S. Ji, Y. Li, W. Pi,
H. Chen and H. Zhang, Programmable articial skins
accomplish antiscar healing with multiple appendage
regeneration, Adv. Mater., 2024, 36, 2407322.

105 L. Zhou, W. Pi, S. Cheng, Z. Gu, K. Zhang, T. Min, W. Zhang,
H. Du, P. Zhang and Y. Wen, Multifunctional DNA
hydrogels with hydrocolloid-cotton structure for
regeneration of diabetic infectious wounds, Adv. Funct.
Mater., 2021, 31, 2106167.

106 Y. Jin, Y. Li, S. Song, Y. Ding, Y. Dong, Y. Lu, D. Liu and
C. Zhang, DNA supramolecular hydrogel as
a biocompatible articial vitreous substitute, Adv. Mater.
Interfaces, 2022, 9, 2101321.

107 P. Bannigan, Z. Bao, R. J. Hickman, M. Aldeghi, F. Häse,
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