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Abstract
DNA hydrogels are crosslinked polymeric networks in which DNA is used as the 
backbone or the crosslinker. These hydrogels are novel biofunctional materials that 
possess the biological character of DNA and the framed structure of hydrogels. 
Compared with other kinds of hydrogels, DNA hydrogels exhibit not only high 
mechanical strength and controllable morphologies but also good recognition abil-
ity, designable responsiveness, and programmability. The DNA used in this type of 
hydrogel acts as a building block for self-assembly or as a responsive element due 
to its sequence recognition ability and switchable structural transitions, respectively. 
In this review, we describe recent developments in the field of DNA hydrogels and 
discuss the role played by DNA in these hydrogels. Various synthetic strategies for 
and a range of applications of DNA hydrogels are detailed.
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1  Introduction

Hydrogels are a class of soft materials with high water contents and three-
dimensional (3D) crosslinked networks [1]. The chemical characteristics of 
the polymeric chains in hydrogels can be tailored to make them biocompatible 
and responsive to specific stimuli (e.g., heat, light, or certain molecules). Due 
to their unique structural and mechanical properties, hydrogels are probably the 
most widely used artificial materials in biomedical applications [2] such as bio-
sensing [3], drug delivery [4], and tissue engineering [5]. Traditionally, artificial 
hydrogels are constructed by crosslinking hydrophilic synthetic polymers to form 
networks. Though the rapid growth of polymer chemistry has enabled the func-
tionalization of hydrogels to suit specific requirements, it remains challenging to 
customize the structural anisotropy of hydrogels, configure their chains, and pro-
gram their polymerization [5].

Linear DNA strands, which are famous for their ability to store genetic infor-
mation [6], can be used as biopolymers in hydrogels, given that DNA hybridi-
zation—which obeys strict base-pairing rules—is inherently a sequence-specific 
self-assembly process. In 1982, Seeman suggested an unusual idea: that artificial 
DNA nanostructures could be created from branched DNA building blocks [7]. In 
such an approach, synthetic single-stranded DNAs with designed sequences rec-
ognize complementary strands and form predictable structures [8, 9]. New tech-
niques such as DNA origami and spherical DNA have driven the rapid growth of 
this field in recent years [10, 11]. Similarly, programmable hybridization can lead 
to the random crosslinking of DNA strands in three dimensions to form hydro-
gels. Compared with synthetic polymer-based hydrogels, DNA hydrogels have a 
number of advantages, such as specific molecular recognition, multifunctional-
ity, and excellent biocompatibility [12]. Other notable features of DNA hydrogels 
that can be achieved through the artful design of DNA sequences include respon-
siveness to multiple stimuli and tunable mechanical properties [13].

The idea of controlling sol–gel transitions using DNA can be traced back 
to 1987, when DNA duplexes were covalently interconnected using chemi-
cal crosslinkers for the first time [14]. Almost 10  years later, a different strat-
egy involving the crosslinking of synthetic polymers through DNA hybridization 
emerged, which opened the door to hybrid DNA hydrogel synthesis [15]. How-
ever, DNA hydrogels did not attract much attention before the early 2000s, largely 
because nanotechnology was still in its infancy. This situation changed with the 
emergence of pure DNA hydrogels, as first reported by the groups of Luo and Liu 
[16–18]. Their creative work illustrated the infinite variety of DNA interactions 
that were possible (in contrast to the interactions of synthetic polymers), facilitat-
ing the synthesis of smart hydrogels. This research field has grown rapidly over 
the past decade [12]. Both pure and hybrid DNA hydrogels are now cutting-edge 
materials for next-generation biomedical and intelligent applications.

In this review, we focus on recent progress in the field of DNA hydrogels fab-
ricated by base–base recognition mechanisms. DNA hydrogels that are formed 
by physical interwinding are not included in this review, but they are reviewed 
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elsewhere [12]. We consider different design principles and construction strat-
egies, starting with conventional DNA hybridization strategies in which stable 
hydrogels are directly formed through sequence-specific hybridization. We then 
describe enzyme-assisted hybridization strategies and show that nonduplex DNA 
conformations such as i-motifs and G-quadruplexes can also form networks. 
Finally, we discuss emerging approaches in order to highlight the future direc-
tions for research in this field.

2 � Conventional DNA Hybridization Strategies

2.1 � Unbranched DNA Strands for Crosslinking Synthetic Polymers

By modifying single-stranded DNA (ssDNA) on synthetic linear polymer chains, 
it is possible to crosslink polymers to form 3D networks. DNA overhangs on the 
polymer act as side chains that can be used to connect polymers. Most hybrid DNA 
hydrogels are fabricated in this manner.

In 1996, Nagahara and Matsuda were the first to utilize this idea to construct a 
DNA–polyacrylamide hybrid hydrogel [15]. They designed two kinds of acrydite-
modified single-stranded DNAs that were separately incorporated into polyacryla-
mide chains to obtain oligoT-polyacrylamide and oligoA-polyacrylamide. Next, they 
constructed two types of DNA–polyacrylamide hybrid hydrogels: one was formed 
by using polyA ssDNA to crosslink the oligoT-polyacrylamide (type I, Fig. 1a); the 
other was formed through the intermolecular crosslinking of oligoT-polyacrylamide 
and oligoA-polyacrylamide (type II, Fig. 1b).

To further exploit the advantages of DNA, Lin et  al. demonstrated a DNA-
crosslinked polyacrylamide hydrogel in which the DNA crosslinker strand incorpo-
rated a “toehold” region. Using DNA strand-displacement reactions, the crosslinks 
could then be eliminated through the addition of a removal strand, faciliating a 

Fig. 1   DNA hydrogels formed by the hybrization of two types of single-stranded DNAs. a Schematic of 
DNA hydrogel formation through the addition of extra ssDNA to crosslink two different ssDNA-modi-
fied polymer chains. b Schematic of DNA hydrogel formation through the complementary hybridization 
of ssDNA on polymer chains. Reproduced with permission from [15]
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gel-sol transition [19]. Then Lin et  al. created a DNA-crosslinked hydrogel with 
reversible stiffness that utilized a DNA crosslinker which was designed to respond to 
a specific DNA “fuel” strand [20]. Moreover, Simmel and coworkers constructed a 
DNA-switchable gel that could be used for quantum dot delivery (Fig. 2a). The par-
ticles were released by adding DNA “release” strands that induced hydrogel delink-
ing. The delinked gel could then be relinked by adding the crosslinking strand [21].

A series of hydrogels based on the hybridization of different types of single-
stranded DNAs have been constructed and used for sensing and bioassays—for 
instance, in the detection of miRNAs used for clinical diagnostics. Yuan and Chai 
proposed a SERS platform for target miRNA detection. In the mechanism for that 
platform, the target miRNA induces the release of DNA via DNA displacement 
reactions, and the released DNA induces the dissociation of the 3D hydrogel net-
work. This causes a Raman reporter (TB) to leak out, triggering a strong Raman 
signal [22]. Based on a similar principle involving a DNA hybrid hydrogel, Ding 
and coworkers manufactured an electrochemical biosensing platform for miR-21 
detection (Fig. 2b) [23]. Li and colleagues developed a portable glucometer readout 
system for the detection of multiple endogenous miRNAs (Fig. 2c) [24].

Aside from schemes in which the signal is activated by the dissociation of the hydro-
gel, there are also schemes in which hydrogel formation induces signal enhancement 
or modification. Tang and colleagues designed a biosensor based on a DNA–poly-
acrylamide hybrid hydrogel in which Hg2+ activated a Mg2+-specific DNAzyme that 

Fig. 2   Applications of DNA/RNA-responsive hydrogels. a Schematic of a DNA-switchable gel used 
for nanoparticle delivery. b Schematic of an electrochemical DNA hydrogel biosensor employed for the 
detection of miR-21. c Schematic of a DNA hydrogel used as a sensing platform for target miRNA detec-
tion. d Schematic of a DNA hydrogel that changes size upon hairpin monomer incorporation. Repro-
duced with permission from [21, 23, 24, 30]
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produced a single-stranded DNA, which in turn initiated a hybridization chain reaction 
(HCR) between two hairpin-modified polymer chains that induced DNA–polyacryla-
mide hybrid hydrogel formation on an electrode, activating the signal [25]. Using the 
same principle (i.e., the initiation of a HCR between two hairpin-modified polymer 
chains induces the formation of a DNA hybrid hydrogel), Jie and colleagues devel-
oped a versatile DNA-hydrogel-amplified fluorescence platform for the detection of a 
miRNA [26]. In another scheme, the single-stranded DNA used as a crosslinker was 
premodified with a liposome, and this DNA-modified liposome was used to crosslink 
DNA-grafted polyacrylamide copolymers, yielding a DNA hydrogel [27].

Moreover, It is worth noting that until very recently, HCR was only used to form 
hydrogels via the crosslinking of hairpin-DNA-modified polyacrylamides [28]. How-
ever, in 2017, Schulman and colleagues designed a system in which HCR was used to 
successively extend the DNA crosslinker of a DNA-hybrid hydrogel with specific DNA 
molecules, leading to a hundredfold increase in the volume of the hydrogel [29]. Using 
the same hydrogel expansion mechanism, Schulman and Fern subsequently developed 
a new DNA-responsive system. In this system, low concentrations of biomolecular 
input molecules interact with molecular controllers instead of the hydrogel polymer. 
These molecular controllers recognize the inputs and then perform appropriate pro-
cessing and amplification, leading to a strong output signal that triggers large-scale 
responses in the hydrogel (Fig. 2d) [30].

In all of the above schemes, the DNA strands need to interact directly with the DNA 
crosslinker to modify the DNA hydrogel network, as the schemes are based on strand 
displacement reactions. Therefore, to induce large-scale changes in the properties of 
the hydrogel, a high concentration of external DNA must be added to the system. To 
avoid this problem, Collins and coworkers exploited Cas12a, a CRISPR (clustered reg-
ularly interspaced short palindromic repeats)-associated nuclease, to actuate hydrogels 
crosslinked by DNA bridges. This scheme only required a low concentration of exter-
nal DNA to induce changes to the hydrogel network. The mechanism used was as fol-
lows. Firstly, Cas12a binds to gRNA to form a gRNA–Cas12a complex. When the tar-
get double-stranded DNA is added, the single-stranded deoxyribonuclease (ssDNase) 
activity of Cas12a is activated; Cas12a indiscriminately cleaves any single-stranded 
DNA (ssDNA) nearby. Therefore, upon exposure to the gRNA–Cas12a and the target 
dsDNA, the single-stranded DNA used as the crosslinker in the hydrogel is degraded, 
dissociating the hydrogel network [31]. This represents a new type of DNA-responsive 
hydrogel based on sequence recognition of the gRNA and enzymatic cleavage of the 
Cas12a in the gRNA–Cas12a complex rather than strand displacement or structural 
changes to DNA crosslinkers. Because of the high specificity and programmability of 
the CRISPR-Cas12a enzyme system, this type of DNA-responsive hydrogel could be 
exploited as a smart drug-delivery system or diagnostic tool [32].

2.2 � Pure DNA Hydrogels Based on Sticky End Complementary Hybridization

In contrast to the formation of hydrogels based on the direct hybridization of sin-
gle DNA strands, another conventional DNA hybridization strategy involves the use 
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of branched DNA sticky end complementary hybridization. This principle has been 
adopted to prepare pure DNA hydrogels that only consist of whole DNA.

In 2011, Liu and coworkers created a DNA hydrogel through the sticky end 
complementary hybridization of two DNA building blocks (Fig. 3a). Two kinds of 
DNA building blocks are used in this system: Y-scaffold DNA (Y-DNA) and a DNA 
linker (L-DNA). The Y-DNA has three arms, each with a sticky end, and is formed 
through the self-assembly of three types of single-stranded DNA. The L-DNA is a 
linear double-stranded DNA containing two sticky ends at both ends of the DNA. 
The sticky ends of the L-DNA hybridize with the complementary sticky ends of 
the Y-DNA. The hydrogel is obtained by mixing the Y-DNA and the L-DNA in an 
appropriate molar ratio. It should be noted that the sticky ends of this system con-
trast with those of the X-DNA system created by Luo [16], in which the sticky ends 
are palindromic sequences. Instead, in the system designed by Liu and coworkers, 
palindromic sequences are avoided as much as possible to suppress self-linking. 
Therefore, the resulting DNA hydrogel is homogeneous. The thermal response of 
this DNA hydrogel is dependent on the length and the composition of the sticky 
ends [18]. Including restriction sites on the L-DNA allows it to be cleaved by the 
corresponding restriction enzyme, leading to the disruption of the hydrogel net-
work. Thus, this enzyme-triggered DNA hydrogel could be used to envelop and 
then, when triggered, release single cells (Fig. 3b) [33]. A series of DNA hydrogels 

Fig. 3   DNA hydrogel schemes based on sticky end complementary hybridization, and some applications 
of them. a Schematic of DNA hydrogel formation via Y-scaffold and linker self-assembly. b Schematic 
of a DNA hydrogel that dissociates in response to a specific restriction enzyme; this hydrogel could be 
used to envelop and (when triggered) release cells. c Schematic of polypeptide-DNA hydrogel formation 
through the hybridization of the sticky ends in the DNA linker with the ssDNA on the polypeptide. d 
Schematic of a double-network hydrogel. Reproduced with permission from [18, 33, 35, 36]
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based on the same strategy were then reported by Liu’s group. For example, a new 
type of DNA–polypeptide hydrogel was developed [34]. After a series of improve-
ments, they created a supramolecular polypeptide-DNA hydrogel that could be used 
as a bioink in 3D bioprinting (Fig. 3c) [35]. In addition, responsive double-network 
(i.e., dual crosslinked) hydrogels were constructed based on cucurbit[8]uril hydrogel 
networks (Fig. 3d) [36]. A DNA hydrogel with modifiable macroscopic mechanical 
properties was prepared using an i-motif sequence in the linear linker [37], a hydro-
gel based on DNA-modified magnetic nanoparticles was created [38], and a tissue-
like DNA supramolecular hydrogel permitting cell migration was fabricated [39]. A 
polypeptide-DNA supramolecular hydrogel with rheological properties that could be 
modified without changing the network topology and crosslinker was also developed 
[40]. Moreover, the microrheology of a DNA hydrogel formed from Y-shaped DNA 
building blocks was studied in detail using diffusing-wave spectroscopy (DWS) [41].

An X-shaped DNA crosslinker with four arms that have sticky ends was designed 
for the fabrication of multifunctional hydrogels in 2015 (Fig. 4a). To prepare this 
X-shaped DNA linker, two kinds of Y-shaped DNA were prepared through the 
self-assembly of two groups of three types of single-stranded DNA, respectively. 
Upon mixing the two kinds of Y-shaped DNA equally, they assembled to form 
the X-shaped DNA crosslinker. Two of the arms of the X-shaped DNA serve as 
crosslinking sites, while the other two are free sticky ends that can be used for fur-
ther modifications through precise DNA hybridization. Therefore, different func-
tional groups can be attached to the hydrogel network in a specified ratio via reliable 
DNA hybridization [42]. Using this multiarm DNA crosslinker, Ignatius and cow-
orkers reported the preparation of a multifunctional DNA–protein hybrid hydrogel 
from modified human serum albumin. The specific multicomponent loading of this 

Fig. 4   X-shaped DNA used as a multiarm DNA crosslinker for DNA hydrogel formation. a Schematic of 
the use of rationally designed multifunctional DNA linkers to construct a multifunctional polypeptide-
DNA hydrogel. b Schematic of the preparation of a protein-DNA hydrogel that is capable of loading and 
releasing multifunctional cargos. Reproduced with permission from [42, 43]
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hydrogel with bioactive cargos and the spatiotemporally controlled release of those 
cargos from the hydrogel were demonstrated (Fig. 4b) [43].

Moreover, using the Y-DNA and L-DNA model for DNA hydrogel construction, 
Willner and colleagues demonstrated a Y-shaped DNA structure that was modified 
with Ag nanoclusters (Ag-NCs) at a specific loop domain in the Y-scaffold. Addi-
tion of a DNA linker resulted in the crosslinking of the Y-scaffold to form a three-
dimensional hydrogel network containing fluorescent Ag-NCs [44]. Minteer and 
colleagues used a similar approach to entrap glucose oxidase in a DNA hydrogel, 
thus producing an enzymatic biobattery [45]. Later, they constructed DNA redox 
hydrogels by coimmobilizing redox mediators and glucose oxidoreductase enzymes 
in DNA hydrogels [46]. Similar hydrogels could also be used directly for biotherapy 
without the need for any chemical modification. For instance, DNA hydrogels in 
which the linear linker bears unmethylated cytosine-phosphate-guanine (CpG) dinu-
cleotides can be used for tumor vaccinations [47]. This type of hydrogel could also 
be applied as an ophthalmic therapeutic delivery system [48].

There are other DNA hydrogel design strategies based on sticky end comple-
mentary hybridization too. For instance, Takakura and Nishikawa reported a self-
gelling and injectable DNA hydrogel based on polypod-like DNA (polypodna) that 
self-assembled under physiological conditions. This concept was used to create a 
DNA hydrogel bearing unmethylated cytosine-phosphate-guanine (CpG) dinucleo-
tides that could be used to stimulate innate immunity [49]. Afterwards, Nishikawa 
employed this method to construct a series of DNA hydrogels for biotherapy. Among 
them, Nishikawa and coworkers developed a Takumi-based DNA hydrogel (Fig. 5a) 
[50]. In order to further expand the applications of this hydrogel and improve its 
therapeutic effects, the hydrogel was mixed with chitosan to improve its sustained 
release characteristics [51]. Oral delivery of CpG DNA was achieved by coating the 
hydrogel with chitosan [52]. An enhanced immune response was realized by gener-
ating a hydrogel incorporating cholesterol-modified DNA [53]. They also achieved 

Fig. 5   DNA hydrogels formed through the self-assembly of polypod-like DNA (polypodna). a Schematic 
of the formation of Takumi and a Takumi-based DNA hydrogel. b Schematic of the synthesis of AuNS-
DNA and AuNR-DNA hydrogels based on hexapodna self-assembly. Reproduced with permission from 
[50, 54]
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a composite-type immunostimulatory DNA hydrogel by mixing appropriately 
designed hexapod-like DNA (hexapodna)-bearing CpG sequences with oligodeox-
ynucleotide-modified gold nanoparticles (Fig.  5b). When the hydrogel was irradi-
ated with laser light, hexapodna was released, which stimulated immune cells with 
its CpG sequences [54]. Filetici and Francesco reported a re-entrant DNA hydrogel 
based on tetravalent DNA nanostars [55]. They systematically characterized the vis-
cosity and the linear viscoelastic moduli for two different tetravalent DNA nanostar 
hydrogels [56]. In addition, the relationship between the structure of the tetravalent 
DNA nanostar hydrogel and its nonequilibrium dynamics was explored [57]. Kelley 
used a DNA three-way junction (TWJ) nanostructure and DNA-templated quantum 
dots (QDs) to construct a self-assembled quantum dot DNA hydrogel [58]. A gold 
nanoparticle (NP) DNA hydrogel based on a DNA three-way junction nanostruc-
ture was also developed [59]. Ding constructed a DNA hydrogel with two kinds of 
X-shaped DNA polymers: 1 and 2. When the two X-shaped DNA polymers were 
mixed, complementary hybridization of their sticky ends occurred, yielding the 
DNA hydrogel [60].

As well as schemes that use complex DNA-based systems, short linear double-
stranded DNA (dsDNA) equipped with sticky ends has also been used as a build-
ing block to form hydrogels (Fig. 6a) [61]. A thermoresponsive DNA hydrogel was 
used to monitor the diffusion of guest molecules [62]. In a slightly different system, 
short linear double-stranded DNA (dsDNA) equipped with sticky ends was used to 
crosslink the main chains of a hydrogel, which were long linear double-stranded 
DNAs. Therefore, the determinant of hydrogel formation was the crosslinking strand 
(Fig. 6b, c) [63]. Adopting a similar strategy, Nakatani developed a specific DNA-
strand-responsive DNA hydrogel based on a well-designed DNA circuit. The sol–gel 
phase transition of the DNA hydrogel was realized by adding different DNA strands 
(Fig. 6d) [64].

Moreover, in contrast to schemes that require multiple types of single-stranded 
DNA, it is also possible to use just one kind of DNA to construct a DNA hydrogel. 
Such one-strand (OS) hydrogels can be created using a single DNA strand with mul-
tiple domains, where each domain is a self-complementary palindromic sequence. 
The hydrogel is then formed in a single-step process in which individual strands are 
crosslinked together by the complementary domains (Fig. 6e). This DNA hydrogel 
formation method is simple and programmable [65].

3 � DNA Hydrogels Formed Using Enzymes

3.1 � DNA Hydrogels Formed Using Ligase

Adopting conventional DNA hybridization strategies to construct DNA hydrogels 
requires sufficiently long sticky ends to stabilize the crosslinker. Ligase can join 
DNA fragments with complementary sticky ends and can repair nicks in double-
stranded DNA with 3′-hydroxyl and 5′-phosphate ends. Therefore, ligase can be 
used to covalently crosslink such DNA with complementary sticky ends to form 
hydrogels. In 2006, Luo and coworkers reported that a pure DNA hydrogel had been 
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constructed entirely from branched DNA for the first time. To obtain this pure DNA 
hydrogel, the authors designed and synthesized three types of branched DNA mono-
mers: X-DNA, Y-DNA, and T-DNA. Each arm of these branched DNA monomers 
was a complementary sticky end containing palindromic sequences. Thus, due to 
the presence of the self-complementary sticky ends, the branched DNA monomers 
could be assembled via subsequent ligation with T4 DNA ligase into large-scale 
3D-structured DNA hydrogels. The authors found that the X-DNA-based hydrogel 
had better mechanical properties, was more resistant to degradation, and exhibited 
better sustained release characteristics than the Y-DNA-based hydrogel and the 
T-DNA-based hydrogel [16].

Subsequently, Luo’s group invented a cell-free protein-producing hydrogel sys-
tem by incorporating actual plasmid DNA genes into a hydrogel. Similarly to the 
X-DNA hydrogel system mentioned above, this hydrogel was constructed by mixing 
X-DNA and linear plasmids in a predetermined molar ratio and then applying T4 
DNA ligase to form the hydrogel for protein expression [66]. They then scaled up 
this protein-producing hydrogel by combining it with microfluidic devices, which 

Fig. 6   DNA hydrogels formed via short dsDNA or one-stranded ssDNA self-assembly. a Schematic of a 
hydrogel formed by short linear double-stranded DNA self-assembly. b Schematic of a hydrogel formed 
by the hybridization of sticky ends, leading to rigid double-helix DNA chain crosslinking. c Schematic of 
a hydrogel formed by the hybrization of sticky ends, leading to the crosslinking of flexible DNA chains 
bearing ssDNA segments. d An artfully designed DNA circuit system that was used to create a dynami-
cally programmed DNA hydrogel. e Schematic of a hydrogel formed through one-strand DNA self-
assembly. Reproduced with permission from [61, 63–65]
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resulted in a high generation rate [67]. A similar method can be used to create a 
hydrogel for mRNA generation. Um and coworkers created a pseudo-eukaryotic 
nucleus (PEN) which contained a DNA hydrogel that was formed using a target 
gene with X-shaped DNA via ligation performed by T4 DNA ligase (Fig. 7a). When 
taken up by a cell, the hydrogel generated mRNA transcripts for protein translation 
[68]. Moreover, a similar approach was used to create a nanoscale DNA hydrogel 
that was constructed to produce siRNA and interfere with protein expression in a 
cell (Fig. 7b) [69]. In addition to using it to integrate a target gene in order to pro-
duce proteins and RNA, Takakura and Nishikawa used the sole X-DNA hydrogel 
system model to develop a highly immunostimulatory DNA hydrogel by connecting 
X-DNA incorporating six highly potent unmethylated cytosine-phosphate-guanine 
(CpG) dinucleotide motifs using T4 DNA ligase. They found that this CpG DNA 
hydrogel was an ideal system for drug delivery [70]. In 2015, Park assembled gold 
nanoparticles (AuNPs) in a nanoscale DNA hydrogel (Fig.  7c), generating a car-
rier for anticancer drugs such as doxorubicin (Dox). When excited by near-infrared 
(NIR) laser light, the AuNPs in the DNA hydrogel generate heat due to the photo-
thermal effect, leading to the disintegration of the DNA hydrogel network through 
thermal denaturation and the release of the Dox. Thus, a DNA hydrogel permitting 
photo-thermo-chemo combination therapy was realized [71]. A similar strategy was 
also achieved using gold nanorods (AuNRs) [72]. Other applications of this hydro-
gel formation model have also been reported. For instance, nano/microscale DNA 

Fig. 7   DNA hydrogels formed with the assistance of ligase. a Schematic of a gene-containing DNA 
hydrogel in a pseudo-eukaryotic nucleus (PEN) for mRNA transcription. b Schematic of the principle 
of a DNA hydrogel used for RNA interference. c Schematic of the construction of a nanoscale DNA 
hydrogel. d Schematic of the formation of a DNA hydrogel from the plasmid pUC19. Reproduced with 
permission from [16, 69, 71, 77]
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hydrogels were fabricated in lipid strata [73] and in multi-inlet microfluidic channels 
[74]. In addition, a nanostructured DNA hydrogel was used as a template to prepare 
an energy storage device [75] and a supercapacitor electrode [76].

Linear double-stranded DNA obtained from plasmid DNA by enzymatic diges-
tion is also a desirable DNA building block for DNA hydrogels. In this case, hydro-
gel formation is achieved via the formation of covalent bonds between individual 
building blocks during enzymatic ligation. The plasmid pUC19 was cleaved by two 
kinds of endonuclease, yielding two fragments—two types of linear double-stranded 
DNA with sticky ends containing self-complementary palindromic sequences. 
These two fragments were separated and then used to form a DNA hydrogel under 
the direction of the ligase (Fig. 7d) [77].

3.2 � DNA Hydrogels Formed Using Polymerase

Polymerase chain reaction (PCR) products that self-assemble to form DNA hydro-
gels can be realized through the rational design of primer sequences. Luo and col-
leagues performed PCR using psoralen-crosslinked thermostable Y-shaped DNA as 
a primer to generate a DNA hydrogel. Because the Y-shaped DNA branches main-
tained their branched structure during the PCR, they could be used as crosslinking 
points during hydrogel fabrication (Fig. 8a) [78]. In 2017, Romesberg and cowork-
ers developed bottlebrush primers constructed from 2′-azido-A DNA, alkyne-pUC-F 
(forward DNA primer), and alkyne-pUC-R (reverse DNA primer) using a chemical 
click reaction. They then applied DNA polymerase and the bottlebrush primers in a 
PCR to amplify pUC19, which resulted in a DNA hydrogel (Fig. 8b) [79].

Another polymerase can be used to facilitate DNA self-assembly into hydrogels. 
That polymerase is terminal deoxynucleotidyl transferase (TdT), which catalyzes the 
repetitive addition of dNTP to the 3′-OH ends of a primer without the need for a 
template [80]. An X-shaped DNA motif was used as the primer to produce a hydro-
gel. This X-shaped DNA motif can elongate in four directions, and X-shaped DNA 
motifs with poly-A and poly-T tails can be obtained by adding dATP and dTTP, 
respectively. The hydrogel was formed by hybridizing the X-shaped DNA motifs 
with poly-T and poly-A tails (Fig. 8c) [81, 82].

4 � DNA Hydrogels Based on Special DNA Structures

4.1 � DNA Hydrogels Based on an i‑Motif or DNA Triplex

i-motifs are pH-sensitive DNA structures that can be obtained by folding cytosine-
rich strands in an acidic environment [13]. In 2009, Liu and coworkers invented 
a pure DNA hydrogel that was formed by directly inducing crosslinking between 
i-motif structures (Fig.  9a). To construct this hydrogel, Y-shaped DNA was 
first prepared from three types of single-stranded DNAs. Each arm of the result-
ing Y-shaped DNA included interlocking domains that enabled the generation 
of intermolecular i-motif structures. In an alkaline environment, the interlocking 
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domains are configured as random coils due to electrostatic repulsion, leading to 
isolated Y-shaped DNA structures. Upon increasing the pH to 5.0, intermolecular 
i-motif structures form due to interactions of protonated cytosines with unproto-
nated cytosines. There were only the inter-Y-shaped i-motif structures because of 
the rational design. This DNA hydrogel was generated rapidly and exhibited high 
crosslinking density [17]. Liu and coworkers used an i-motif structure to prepare 
a hybrid DNA–single-walled carbon nanotube (SWNT) hydrogel in 2011 (Fig. 9b) 
[83]. Afterwards, Willner reported a pH-dependent dual-response DNA–pNIPAM 
hybrid hydrogel in which an i-motif was the pH-responsive unit (Fig. 9c). To con-
struct this pH-triggered DNA–pNIPAM hybrid hydrogel, an acrylamide monomer 
modified with a cytosine-rich oligonucleotide was polymerized with N-isopropy-
lacrylamide (NIPAM) monomer to obtain a hybrid copolymer with cytosine-rich 
sequences. When the pH was 5.2, the cytosine-rich sequences self-assembled into an 
i-motif structure that crosslinked the hybrid copolymer, leading to the formation of a 
hydrogel. When the pH was increased to 7.5, the i-motif structure and therefore the 
hydrogel disassembled. Due to the temperature sensitivity of pNIPAM, this hydrogel 
was found to respond to changes in both pH and temperature [84]. Because of their 
sensitivity to pH, i-motifs have been widely used in shape-memory hydrogels [85, 
86]. In addition, in 2017, a hydrogel was generated using a linear DNA with half an 
i-motif sequence at both ends [87]. In a similar method, a single-stranded DNA with 

Fig. 8   DNA hydrogels formed with the assistance of polymerase. a Schematic of hydrogel formation 
using PCR with branched thermostable DNA primers. b Schematic of hydrogel formation via PCR 
using bottlebrush primers. c Schematic of hydrogel formation through the self-assembly of two kinds of 
X-shaped DNA motifs with poly-T and poly-A tails by terminal deoxynucleotidyl transferase (TdT). The 
tails were added to the X-shaped DNA motif in a previous step. Reproduced with permission from [78, 
79, 81]
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two self-complementary sequences and half an i-motif sequence was used to pre-
pare a hydrogel [88]. Moreover, using appropriate design templates, RCA products 
containing intermolecular i-motifs were realized and used to form hydrogels under 
acidic conditions (Fig. 9d) [89].

Just like i-motifs, DNA triplexes are sensitive to pH. DNA triplexes are formed 
through Hoogsteen base pair interactions. Under acidic conditions, Hoogsteen base 
interactions mainly appear as CG·C+ domains, whereas, under neutral pH condi-
tions, appear as TA·T parallel domains. In 2015, Willner was the first to use a triplex 
DNA structure as a crosslinker in the construction of a pH-responsive DNA hybrid 
hydrogel (Fig. 10a) [90]. DNA triplexes were then used by Willner’s research group 
to prepare a shape-memory hydrogel (Fig.  10b, c) [91–93]. They have also been 
used to construct pH-activated pure DNA hydrogels (Fig. 10d) [94].

4.2 � DNA Hydrogels Based on G‑Quadruplexes

G-quadruplexes are the result of self-assembly by guanine (G)-rich nucleic acid 
sequences in the presence of ions (K+, Pb2+, or NH4+). Willner was the first to 
construct a DNA–polyacrylamide hybrid hydrogel via self-assembly of G-quad-
ruplexes (Fig.  11a). That system included just one type of acrydite-modified, 

Fig. 9   DNA hydrogel formation based on i-motifs. a Schematic of DNA hydrogel formation based on 
an intramolecular i-motif. b Schematic of the formation of a DNA–SWNT hybrid hydrogel. c Schematic 
of the synthesis of a DNA–pNIPAM hybrid hydrogel that exhibits pH-controlled formation and disso-
ciation. d Schematic of the self-assembly of RCA products with intermolecular i-motifs into a hydrogel. 
Reproduced with permission from [17, 83, 84, 89]
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G-containing oligonucleotide. Copolymerization of the acrydite-modified, G-con-
taining oligonucleotide with acrylamide monomer resulted in G-containing 
copolymer chains. Upon the addition of K+, the G-containing oligonucleotides 
on the polyacrylamide chains self-assembled to form interchain G-quadruplexes 
that crosslinked the copolymer chains, thus inducing the formation of a hydro-
gel. Given that the crosslinking of the hydrogel depended on the presence of 
G-quadruplexes, when 18-crown-6 (a K+ ion chelator) was added to the system, 
the hydrogel dissociated because the 18-crown-6 abstracted K+ ions from the 
G-quadruplexes, causing them to fall apart. Furthermore, G-quadruplexes exhibit 
HRP-mimicking catalytic activity when they bind to hemin. The authors therefore 
found that adding hemin to the G-quadruplex-crosslinked acrylamide hydrogel 
resulted in a system with HRP-mimicking catalytic activity, and that this catalytic 
activity could be regulated through the addition of K+ ions or 18-crown-6 [95]. 
Utilizing the HRP-mimicking catalytic activity of this hydrogel, Willner was able 
to synthesize polyaniline (Fig.  11b), which was deposited on the hybrid hydro-
gel, increasing its conductivity [96]. G-quadruplexes were also used as crosslink-
ers in a DNA hybrid hydrogel with controllable network density (Fig. 11c). The 
strength of the hydrogel was decreased and its volume was therefore increased 
by deconstructing the G-quadruplex-based crosslinking; conversely, the strength 
of the hydrogel was increased and its volume was decreased by enhancing the 
G-quadruplex-based crosslinking (note that G-quadruplexes were not the only 
crosslinkers present in the hydrogel, so destroying the G-quadruplexes did not 

Fig. 10   DNA hydrogel formation using a DNA triplex. a Schematic of a pH-responsive hydrogel based 
on C–G·C + triplex crosslinking. b Synthesis of a DNA hydrogel with T–A·T triplex bridging. c Sche-
matic of a DNA–pNIPAM hybrid hydrogel with T–A·T crosslinking. d Schematic of a pH-activated 
DNA triplex for the preparation of a Y-shaped pure DNA hydrogel. Reproduced with permission from 
[90, 91, 93, 94]
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cause the hydrogel to dissociate). Willner’s research group has performed a series 
of studies based on this concept [28, 97, 98].

In another scheme, multi-repeat G-rich sequences were amplified from circular 
cytosine-rich DNA templates. Rational design of the template sequences permitted 
the generation of RCA products with the potential to form intermolecular G-quadru-
plexes under appropriate conditions, which in turn induced the formation of a hydro-
gel (Fig. 11d). When combined with hemin, this hydrogel presented HRP-like cata-
lytic properties that could be applied in colorimetric bioanalysis [99, 100].

4.3 � DNA Hydrogels Based on Metallo Base Pairs

Metallo base pairs such as C–Ag+–C and T–Hg2+–T can also be used to cross-
link and therefore stabilize duplex DNA cooperatively, implying that they can be 
used to form DNA hydrogels [13]. In 2014, Willner used C–Ag+–C metallo base 
pairs to generate a hydrogel for the first time. Y-shaped DNA building blocks and 
DNA-functionalized acrylamide chains were crosslinked by C–Ag+–C metallo base 
pairs to prepare a pure DNA hydrogel and a DNA–polyacrylamide hybrid hydro-
gel, respectively (Fig.  12a, b). The authors designed a self-complementary DNA 
sequence with two C–C mismatches, meaning that duplexes were unstable at room 

Fig. 11   DNA hydrogels based on G-quadruplexes. a Schematic of DNA hydrogel formation based on 
K+-stabilized G-quadruplex self-assembly. b Schematic of a shape-memory hydrogel with duplex/G-
quadruplex double crosslinking. c Schematic of the construction of a G-quadruplex-based hydrogel with 
controllable network density on a gold-plated glass surface. d Schematic of the self-assembly of RCA 
products to form a hydrogel through G-quadruplex generation. Reproduced with permission from [28, 
95, 97, 99]
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temperature and failed to self-assemble into a hydrogel. However, when Ag+ ions 
were added to the system, C–Ag+–C bridges were formed, stabilizing the duplexes 
and leading to the formation of a hydrogel in which the duplexes acted as crosslink-
ers [101]. A DNA–pNIPAM hybrid hydrogel was also obtained through the addition 
of Ag+ ions [84]. This concept of a hydrogel that is cooperatively crosslinked using 
Ag+ ions was also utilized to create a shape-memory hydrogel [102]. Just as above, 
RCA products with cytosine-rich sequences were produced, and then a DNA hydro-
gel containing silver nanoclusters was realized through DNA self-assembly based 
on C–Ag+–C interactions (Fig. 12c) [103]. Yang reported a different DNA hydro-
gel with silver nanoclusters that was generated through the physical entanglement of 
RCA products [104].

5 � DNA Hydrogels Formed Using Novel Methods

5.1 � Application of Aptamers and DNAzymes as DNA Crosslinkers

As well as the DNA hydrogels generated through traditional DNA interactions 
described above, a number of new concepts for DNA hydrogel formation have been 
reported recently. Interestingly, DNA aptamers and DNAzymes have been widely 
used in these schemes.

Aptamers are single-stranded oligonucleotides that can bind specifically to a 
target, enabling them to selectively recognize a variety of molecules ranging from 
macromolecules to small compounds [105]. Using DNA aptamers as crosslinkers 

Fig. 12   DNA hydrogel formation based on cytosine–Ag+–cytosine bridges. a Schematic of the 
Ag+-induced crosslinking of Y-shaped DNA to form a hydrogel. b Schematic of the Ag+-stimulated for-
mation of a DNA–polyacrylamide hybrid hydrogel. c Schematic of the preparation of a hydrogel through 
the Ag+-induced crosslinking of RCA products. Reproduced with permission from [101, 103]
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in hydrogels allows the creation of hydrogels that respond to a wide variety of tar-
gets. In the absence of the target, the aptamer acts just like a conventional DNA 
crosslinker, but when the target is present, the aptamer preferentially forms a com-
plex with it, altering the structure of the hydrogel. Based on this principle, a series 
of hydrogels that respond to particular target molecules have been prepared for use 
in detection schemes.

In 2008, Tan reported an adenosine-responsive DNA–polyacrylamide hybrid 
hydrogel with a response mechanism based on aptamer–target interactions. This 
system was the first reported example of a DNA–polyacrylamide hybrid hydro-
gel that transitions from gel to solution upon the addition of adenosine (Fig. 13a). 
The method used to prepare the hydrogel was similar to that employed by Lin [19]. 
First, two acrydite-modified oligonucleotides named strand A and strand B were 
separately copolymerized with acrylamide, leading to two types of DNA-grafted 
polyacrylamide chains. These two DNA-grafted polyacrylamide chains were then 
mixed in solution at stoichiometric concentrations. Finally, the adenosine-respon-
sive DNA–polyacrylamide hybrid hydrogel was generated by the addition of the 
linker DNA, which had an aptamer sequence for adenosine at the 3′ end. Thus, 
when adenosine was added to the hydrogel, the aptamer sequence of the DNA 
linker formed a complex with the adenosine, leading to the dissociation of strand 
B from the linker. This triggered the dissociation of the crosslinking network in the 

Fig. 13   Use of aptamers as crosslinkers in DNA hydrogel formation. a Schematic of an adenosine-
responsive DNA hydrogel. b Schematic showing that the degree of hydrogel degradation was positively 
correlated with the concentration of the target. c Schematic of an adenosine-responsive DNA hydrogel 
based on the Y-DNA hydrogel model. Reproduced with permission from [106, 119, 123]
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hydrogel; in other words, the hydrogel collapsed. A detection technique based on 
this concept of adenosine-induced hydrogel dissociation was also developed. First, 
gold nanoparticles used as indicators were mixed with solutions of the two DNA-
grafted polyacrylamide chains before gelation. Upon adding the linker to form a 
hydrogel, gold nanoparticles were trapped in the hydrogel network. When adenosine 
was added, the hydrogel network collapsed and the gold nanoparticles were released 
into the solution, yielding obvious visual signals [106]. Since that report was pub-
lished, aptamer-responsive hydrogels have been widely used for various biomedi-
cal applications, including sensing, diagnostics, and drug loading [107], and DNA 
linkers with aptamers for cocaine [108], ATP [109], AS1411 [107], ochratoxin A 
[110], aflatoxin B1 [111], and thrombin [112] (among others) have been developed 
for use in aptamer-responsive DNA hydrogels. In the context of applying aptamer-
responsive hydrogels to biological detection and analysis, Yang’s research group has 
constructed a series of detection devices and equipment based on this principle [110, 
111, 113–119]. For example, a personal glucose meter that can be used to determine 
the concentrations of targets other than glucose was developed [113]. A volumet-
ric bar-chart chip (V-Chip) device containing a target-responsive hydrogel was also 
devised as a means to detect specific targets [114]. Moreover, making use of the 
thermoreversible nature of DNA hydrogels and the principle of capillary action, a 
target-responsive hydrogel film in a capillary tube was created that permitted the 
quantitative detection of the target. It is worth mentioning that this sensor did not 
rely on hydrogel dissociation to detect the target: only a slight change in the internal 
structure of the hydrogel was required to quantitatively detect the concentration of 
the target in sample solutions. The only equipment required was a capillary tube 
(Fig. 13b) [119].

In contrast to using only one type of aptamer as the linker to construct an 
aptamer-responsive hydrogel, Tan and coworkers developed dual-responsive hydro-
gels that incorporated both ATP and cocaine aptamers, and then creating a logic 
gate system based on thse dual-responsive hydrogels. The authors realized AND 
and OR logic gates by constructing two dual-aptamer linkers with different struc-
tures. For the AND gate, a DNA linker with a cocaine aptamer sequence was mixed 
with two types of DNA-grafted polyacrylamide chains, one of which contained an 
ATP aptamer sequence. These three kinds of single-stranded DNAs assembled into 
a hydrogel consisting of Y-shaped crosslinker units. The hydrogel was only dissoci-
ated when both ATP and cocaine were added because only then were the Y-shaped 
crosslinker units completely disintegrated. For the OR gate, the DNA linker con-
tained both cocaine and ATP aptamer sequences located at opposite ends of the 
DNA strand. This DNA linker was added to DNA-grafted polyacrylamide chains 
to produce a hydrogel in which the DNA linker was the only component that was 
responsive to either ATP or cocaine; upon the addition of either ATP or cocaine 
to the hydrogel, the crosslinked network was destroyed and the hydrogel collapsed 
[120].

Aptamers can also be used as crosslinkers in pure DNA hydrogels. Lei and 
coworkers reported a pure DNA hydrogel that was constructed using a Y-shaped 
DNA and a thrombin aptamer linker through DNA self-assembly. Au nanopar-
ticles (AuNPs) trapped in the hydrogel network were used as a signal indicator. 
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Upon adding thrombin, a complex of L-DNA aptamer with thrombin was gener-
ated, inducing the collapse and dissolution of the DNA hydrogel. This released the 
AuNPs, leading to a change in the color of the upper solution [121]. An aptamer 
for ochratoxin A was used as a DNA linker to construct a pure DNA hydrogel that 
was sensitive to ochratoxin A [122]. An adenine-responsive hydrogel was designed 
for use as a quantitative tool to measure the responsiveness and dissolution kinetics 
of this type of hydrogel (Fig. 13c) [123, 124]. Integrating an ATP aptamer into the 
DNA linker of a hydrogel also allowed the mechanical properties of the hydrogel to 
be tuned [125].

Other hydrogels that incorporate an aptamer do not use the aptamer as a 
crosslinker. For example, Chai and Yuan constructed a DNA hydrogel using a strat-
egy similar to that employed for the second type of hydrogel (type II) created by 
Nagahara and Matsuda [15]. Three acrydite-modified DNA strands named S1, S2, 
and S3 were used, where S1 and S2 were complementary to each other. Two kinds 
of DNA-grafted polyacrylamide chains named P1 and P2 were employed; P1 was 
obtained by copolymerizing S1 with S3 and acrylamide monomer while P2 was 
obtained by copolymerizing S2 with S3 and acrylamide monomer. The DNA frag-
ment on S1 in P1 was hybridized with a heparanase aptamer (HPA), which blocked 
hybridization with DNA fragments on S2 in P2. As a result, no hydrogel formation 
was possible until the addition of HPA. When HPA was added, the aptamer of HPA 
dissociated from P1, forming a HPA–aptamer complex. This meant that the DNA 
fragment on S1 could hybridize with the DNA fragment on S2, leading to crosslink-
ing between P1 and P2 and the formation of a hydrogel. Based on this strategy, the 
authors developed a sensor for use in a heparinase (HPA) bioassay [126]. In addi-
tion, Du created a DNA hydrogel through the one-pot self-assembly of X-shaped 
DNA, a DNA linker, and an aptamer, but in this case the aptamer was only used as a 
functional unit for target protein capture, not to change the hydrogel network in the 
presence of the target [127]. Tan developed a DNA nanohydrogel that was efficiently 
taken up by cells due to the recognition of an aptamer in the nanohydrogel by the 
target cells. Although the nanohydrogel was eventually destroyed, this was induced 
not by the aptamer but by the disruption of disulfide linkages in the DNA strands 
[128].

DNAzymes can also be used as DNA crosslinkers. A DNAzyme is a single-
stranded DNA that has a special sequence and secondary structure and presents a 
level of catalytic activity similar to that of normal enzymes [129, 130]. One DNA-
zyme is metal ion dependent; in the presence of certain metal ions, its ability to 
cleave nucleic acid molecules is activated, and the activated DNAzyme then irre-
versibly cleaves substrate nucleic acid molecules at the cleavage site [131]. This 
type of DNAzyme could be used in a DNA crosslinker to construct DNA hydrogels 
that are responsive to particular target metal ions.

In 2011, Yang provided the first report of a Cu2+-responsive DNAzyme-
crosslinked DNA–polyacrylamide hybrid hydrogel. To obtain this hydrogel, two 
kinds of single-stranded DNAs, DNAzyme, and substrate were incorporated into 
linear polyacrylamide, which yielded two kinds of DNA-grafted polyacrylamide 
chains, DNAzyme-grafted polyacrylamide chains, and substrate-grafted polyacryla-
mide chains. When the two kinds of DNA-grafted polyacrylamide chains were 
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mixed, the DNAzyme and the substrate on the polyacrylamide chains combined to 
form a DNAzyme–substrate complex, thus crosslinking the polyacrylamide chains 
and forming a hydrogel. The DNAzyme–substrate complex contained a domain that 
specifically recognized Cu2+. When Cu2+ was added, the DNAzyme–substrate com-
plex dissociated. Because the substrate was irreversibly cleaved by the DNAzyme, 
the hydrogel eventually dissolved. AuNPs were also introduced into the hydrogel as 
a colorimetric indicator in order to develop a Cu2+ sensor (Fig. 14a) [132]. Based on 
this strategy, various metal-ion-dependent DNAzymes have been used in the DNA 
crosslinkers of metal-ion-responsive hydrogels, including those that are sensitive 
to Pb2+ (Fig. 14b) [133, 134], UO2+ (Fig. 14c) [135], Mg2+ (Fig. 14d) [136], Zn2+ 
(Fig. 14d) [136], among others.

5.2 � Control of DNA Hydrogel Formation Using Light

Light-responsive DNA has also been used to form gel networks. It is well known 
that the hybridization of DNA strands can be controlled by light. The most com-
mon strategy that utilizes this phenomenon involves the integration of azoben-
zene into single-stranded DNA. In 2011, Tan and colleagues integrated azoben-
zene into single-stranded DNA and used the resulting DNA as a crosslinker to 

Fig. 14   DNAzymes used as crosslinkers in DNA hydrogel formation. a Schematic of a hydrogel which 
uses a DNAzyme crosslinker that is responsive to copper ion. b Schematic of a hydrogel which uses a 
DNAzyme crosslinker that is responsive to lead ion and is employed for visual detection. c Schematic of 
a hydrogel which uses a DNAzyme crosslinker that is responsive to uranyl ion and is employed in sen-
sors. d Schematic of a detection platform based on the use of metal-ion-dependent DNAzyme/substrate 
sequences as crosslinkers. Reproduced with permission from [132, 133, 135, 136]
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form a photoresponsive DNA hybrid hydrogel. This hydrogel exhibited reversible 
hydrogel to solution phase transitions that were controllable using light (Fig. 15a) 
due to the trans/cis photoisomerization of azobenzene, as the hybridization of 
the DNA linker with its complementary strand was dependent on the isomer 
of azobenzene present. Irradiation with 450-nm light led to trans-azobenzene, 
meaning that the linker DNA could hybridize with its complementary strand teth-
ered to the polyacrylamide polymer chains, thus inducing hydrogel formation. 

Fig. 15   Schematic of light-controllable DNA hydrogel formation. a Azo-incorporated DNA is used as 
a crosslinker to form the hydrogel, which enables the crosslinking process to be reversibly controlled by 
visible and UV light. b Schematic of photothermally induced DNA hydrogel formation. In this concept, 
thermal energy causes the Y-DNA to dissociate from the C-DNA and then link with L-DNA to create the 
DNA hydrogel. Reproduced with permission from [137, 138]
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Irradiation with 350-nm light resulted in cis-azobenzene, which did not permit 
hybridization and caused the hydrogel to dissociate [137].

Light-controllable DNA hydrogels can also be achieved indirectly, using a pho-
tothermal approach. In 2018, Tanida and coworkers realized light-controllable 
DNA hydrogel formation based on a Y-scaffold and linker system. In this scheme, a 
ssDNA denoted Cap-DNA (C-DNA) was used that had quenchers at both ends and 
was complementary to the sticky ends of Y-DNA, meaning that the C-DNA pre-
vented L-DNA from linking to the Y-DNA. Upon excitation with light, the quench-
ers became heat sources and the thermal energy they emitted caused the Y-DNA to 
dissociate from the C-DNA and link with the L-DNA, resulting in the creation of a 
DNA hydrogel (Fig. 15b). Furthermore, the shape of the hydrogel could be tailored 
by adjusting the irradiation pattern [138].

5.3 � DNA Hydrogel Formation Based on Clamped HCR

Another novel mechanism that can be used to form gel networks is clamped HCR 
(C-HCR). Hybridization chain reaction (HCR), a type of toehold-mediated strand 
displacement (TMSD) reaction, was first developed and named by Dirks and Pierce 
in 2004 [139], and it has since attracted great interest due to its enzyme-free nature, 
isothermal conditions, simple protocols, and admirable amplification efficiency. In a 
typical linear HCR, a short ssDNA initiates the cross-opening of two DNA hairpins, 
yielding nicked double-helix DNA polymers [140]. Although there was a report 
of the use of HCR to form gel networks in 2015 [28], it was not used to prepare 
pure DNA hydrogels until clamped HCR was designed by Liu and coworkers [141]. 
Using clamped HCR, those authors prepared a 3D DNA hydrogel with favorable 
spatial and temporal control.

The process used to construct the DNA hydrogel using clamped HCR was as fol-
lows (Fig. 16a). Two kinds of hairpin strands were used, one of which (H1) was spe-
cifically designed for use in a clamped HCR system as it had palindromic sequences 

Fig. 16   Schematic of hydrogel formation based on clamped HCR. a Schematic of the utilization of 
clamped HCR for DNA hydrogel formation. b Schematic of an ATP-responsive DNA hydrogel cloaked 
on a cell surface; the aptamer-triggered hydrogel was obtained using clamped HCR. Reproduced with 
permission from [141, 142]
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at its 5′ end. The other hairpin strand was denoted H2. After annealing, an H1 dimer 
was formed due to hybridization of the palindromic sequences of H1. This H1 dimer 
and H2 coexisted in a metastable state until a small amount of initiator was added 
to the system. The introduction of the initiator triggered immediate HCR, which 
yielded HCR products. The H1 dimer had two branches, so it could form a three-
arm junction (with one initiator and one H2 strand) or a four-arm junction (with 
two H2 strands) in divergent chain reactions during the C-HCR. The products of the 
clamped HCR were then crosslinked to form a DNA hydrogel [141].

Using a similar strategy, a method permitting the in  situ formation of a DNA 
hydrogel on the surfaces of circulating tumor cells (CTCs) was developed (Fig. 16b). 
The authors first designed a specific aptamer initiator that specifically recognized 
epithelial cell adhesion molecule (EpCAM) on the CTC surface, as this specific 
aptamer initiator could then be anchored to the CTC surface. When the H1 dimer 
and H2 encountered the initiator on the CTC surface, a DNA hydrogel was formed 
via clamped HCR. An ATP aptamer was also incorporated into H2, causing the dis-
sociation of the hydrogel in the presence of ATP and thus a phase transition from 
hydrogel to solution. The authors described the overall process as an aptamer-trigger 
clamped hybridization chain reaction (atcHCR) [142].

6 � Conclusion and Outlook

In summary, DNA self-assembly has been found to be an effective approach to 
hydrogel creation. In this review, we divided DNA hydrogels into four categories 
according to the gelation mechanism: DNA hydrogels formed by conventional DNA 
hybridization, DNA hydrogels formed with the assistance of enzymes, DNA hydro-
gels based on the use of special DNA structures, and DNA hydrogels formed using 
novel methods. Various synthetic strategies and applications of DNA hydrogels have 
been detailed.

It is worth noting that among these hydrogels, stimuli-responsive and biologically 
compatible DNA hybrid hydrogels have received extensive attention [143]. A wide 
range of tailored DNAs can potentially be used as crosslinkers to achieve stimuli 
responsiveness, e.g., a DNA “toehold” can be used to achieve sensitivity to nucleic 
acid molecules [19], aptamers can be applied to enhance the response to the target 
[106], DNAzymes can be used to improve the response to metal ions [132], and 
azobenzene-modified DNA can be employed to achieve light sensitivity [137]. Since 
these hydrogels have specific stimuli-responsive behaviors, they have been widely 
used as biosensors in the field of bioanalysis [144, 145]. In addition, pure DNA 
hydrogels have excellent biocompatibilities and biodegradabilities, which makes 
them superior carriers for drug delivery [146].

Due to the high cost of DNA, the large-scale use of DNA hybrid hydrogels and 
pure DNA hydrogels has been limited [147]. Although the amount of DNA used 
in DNA hybrid hydrogels is relatively small, it is usually necessary to chemically 
modify the DNA used [148–151], and the price of chemically modified DNA is very 
expensive [146, 147, 152–154]. Therefore, it is particularly important to develop 
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efficient and inexpensive DNA synthesis and modification methods to overcome this 
obstacle [155–158].

Moreover, nano/micro-DNA hydrogels may be an important research direction 
in the future, especially in the field of intracellular drug delivery, since nano/micro-
DNA hydrogels have the advantages that they passively target tumor cells and they 
rapidly respond to stimuli [4].

Finally, the clamped HCR strategy that is sometimes used to construct DNA 
hydrogels permits high spatial and temporal control. It is worth mentioning that 
hydrogels are formed under physiological conditions using this method, and only 
a small amount of the initiator DNA is required. Hydrogels obtained through the 
rational design of DNA sequences could have specific biological functions [141, 
142].
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