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S tudies on DNA molecules have long been focused on its bio-
logical functions, since the discovery of the molecular structure 
of DNA by Watson and Crick  [1] in 1953. DNA is known to 

be composed of adenine (A), guanine (G), cytosine (C) and thymine 
(T), and the Watson-Crick interaction of A–T and C–G base-pairing 
leads to the formation of the double-helix structure when sequences 
are complementary; this base-pairing process is also referred to as 
hybridization. Single-stranded DNA (ssDNA) is considered flexible, 
whereas double-stranded DNA (dsDNA) has a persistence length of 
about 50 nm. In the early 1980s [2], scientists started reconsidering the 
chemical composition of DNA, examining details such as chain struc-
ture, adjustable persistence length at the nanoscale, base-pair formation 
and programmable sequence. DNA quickly gained fresh recognition 
beyond strict biological roles and was rapidly introduced into the field 
of nanoscience as a new type of building block  [3-8]. For example, 
DNA was used to fabricate nanostructures [9-14] from two-dimensional 
DNA nanostructures to three-dimensional curved nanostructures, 
as complex as spheres, ellipsoids, and flasks utilizing DNA origami 
techniques. DNA was also designed for the construction of molecular 
devices or machines that can generate nanoscale movement  [15-17]. 
Besides static nanostructures, DNA could be applied to self-assembled 
structures  [18,19] or integrated within other functional systems  [20], 
utilizing properties of DNA such as specific recognition, chain-exchange 
reactions, specific enzyme reactions and secondary structure transforma-
tion to enable precise control of motion at the molecular level [19,21] 
or change properties at the macro scale  [22]. Such responsive and 
switchable properties allow molecular machine-like devices to be built. 
Several aspects of this field have been reviewed by Seeman [23], Liu and 
Liu [4], Simmel and co-workers [7,24], Bath and Turberfield [25] and 
Willner and co-workers [5,6] in the past several years. The present review 
focuses on DNA-based devices and smart materials that can respond to 
external stimuli, resulting in conformational changes to DNA structures 
at the nanoscale and detectable changes in properties such as volume, 
wettability at the macroscopic scale or transduction of force to move 
objects. This responsiveness is recoverable on removal of the external 
stimulus. DNA-based devices are introduced relating to smart surfaces 
and nanopores/nanochannels, while DNA-based smart materials are 

related to newly developed pure and hybrid DNA hydrogels. Figure 1 
shows a typical example of a DNA device or motor. In 2003, Liu and 
Balasubramanian  [19] proposed a pH-driven molecular motor system 
that is strong and swift. It comprises a 21mer ssDNA sequence X con-
taining four stretches of three cytosines and a 17mer single-stranded 
DNA sequence Y, which is partially complementary to X. At pH 5, via 
the formation of C·CH+ base-pairs, sequence X folds into a compact 
4-stranded i-motif structure with the 3’ and 5’ ends close to each other, 
representing the closed state of the motor. Changing the pH to 8 results 
in X unfolding and forming an extended DNA duplex structure XY, 
corresponding to the open state of the motor. These two states, compact 
and extended, can be reversibly switched by changing the pH. Each 
stroke of the motor results in an output of a 5-nm linear movement 
that finishes in less than 1 s. Moreover, the estimated opening/closing 
force outputs exceed 10 pN. The i-motif structure has thus seen wide 
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Figure 1. Schematic figure of the working cycle of i-motif DNA motors. At acidic pH, 
strand X folds into the closed i-motif structure. When the pH is raised to 8.0, strand X 
unfolds and is captured by hybridization to Y to form an extended duplex structure. 
Adapted from Ref. 19 (© 2003 Wiley-VCH).
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use for constructing responsive DNA devices and materials. We hope 
this summary will benefit the application of smart devices and materi-
als, allowing the development of new strategies for constructing new 
types of responsive systems and providing more precise and controllable 
DNA-based building blocks.

Smart surfaces based on DNA

A smart surface is a surface that can change its properties or enable certain 
functions in reaction to external stimuli. Its responsiveness normally 
results from the functional molecules modified onto the surface. Well-
established methods of modifying DNA at the 3’ and 5’ ends have been 
widely used to make DNA-based functional surfaces like gene chips for 
sensing purpose [26,27]. However, ‘smart’ surfaces based on DNA have 
long been a challenge, due to the difficulties of achieving reversibility. In 
the case of adjusting surface properties, a densely packing (monolayer) 
of DNA and functional groups and synchronization of the movement 
of all components are necessary, requiring DNA structures sufficiently 
robust to undergo a predesigned performance. As we described previ-
ously, the DNA i-motif is a clean, quick, reliable and efficient molecular 
motor, exhibiting clear advantages over other examples [28] and provid-
ing many possibilities to facilitate smart surfaces based on DNA.

The proof-of-concept model to illustrate this DNA motor can still 
work at the solid–liquid interface has been developed by Liu et al. [21]. 
They introduced a 5’-thiol modification to the motor sequences, allowing 
a densely packed monolayer of DNA structures to be achieved on gold 
substrate via thiol-gold bonds. A fluorophore of rhodamine green was 
modified on the 3’ end of a DNA motor as both cargo and reporting 
molecule. Typically, the metal surfaces can quench the fluorescence of a 
fluorophore, and the signal can be measured by fluorescence resonance 
energy transfer, so the distance between the fluorophore and surface is 
detectable and indicates the state of DNA strands. They investigated 
the assembly conditions and surface modifications and, using carefully 
designed control experiments, demonstrated that with the open status of 
the motor at high pH, the fluorophore could be raised far from the gold 
surface with the formation of a duplex structure, and a bright fluorescent 
signal was observed under confocal microscopy. In contrast, at low pH, 
the immobilized DNA strands transformed to the i-motif structure, 
bringing the fluorophore close to the gold surface. The fluorophore was 

thus quenched, and no obvious fluorescence could be observed. The 
change in distance with the motion of this DNA motor has also been 
verified by the monolayer height measured by atomic force microscopy 
in situ. Adjustment of pH values resulted in an effective and reversible 
transition between duplex and C-quadruplex, as confirmed by the obser-
vation of rapid switching of fluorescent signals. This demonstrated that 
the DNA motor based on i-motif structures is strong and suitably robust 
to operate at the interface and drive the motion of a small molecule, 
opening the door to the future development of smart surfaces.

Based on a similar strategy, Wang et al. [22] developed a three-state 
smart surface that can change wettability with changes in pH. As illus-
trated in Figure 2, the motor DNA was assembled onto a gold surface 
through 5’-thiol modifications in a folded i-motif conformation at pH 5 
(state I), with the DNA phosphate-diester backbone, which was charged 
and hydrophilic, resulting in a hydrophilic surface. Under these condi-
tions, a hydrophobic molecule (BODIPY 493/503 fluorophore) modified 
at the 3’ ends of the DNA was hidden beneath the DNA monolayer. 
However, after changing pH to 8 (state II), DNA motors formed an elon-
gated duplex structure, thus stretching out and exposing the hydrophobic 
BODIPY to solution, in the end changing surface wettability from hy-
drophilic to hydrophobic. The regulation of wettability was characterized 
by contact angle measurements. In that work, the authors also studied 
the influence of DNA chain effects and found a single-stranded state II 
was not very stable, mainly because the ssDNA was flexible and the hy-
drophobic BODIPY may become buried in the monolayer, exposing the 
hydrophilic DNA skeleton to solution. They also proved that by adding 
complementary strands of DNA motors to the system to form duplexes 
(state III), as the dsDNA was more rigid than ssDNA and the density 
of DNA strands increased, this not only made the DNA strands more 
packed, but also avoided spreading or rearrangement, eventually leading 
to a more stable and robust monolayer. Their studies also showed that 
this DNA modification technique has good adaptability and could be 
combined onto rough substrates, with the effect of motion from DNA 
motors potentially amplifying hydrophilicity or hydrophobicity to su-
perhydrophilicity or superhydrophobicity, respectively. The study verifies 
the working ability of the DNA motor and shows its potential for doing 
much heavier work. In 2009, Meng et al. [29] further demonstrated that 
this molecular motor could be modified with quantum dots at 3’ ends 
through covalent bonds, and as the i-motif DNA stretched or shrunk 
with pH changes, the quantum dots were pushed up and down, respec-
tively, resulting in a controllable photoelectric conversion.

Besides moving functional molecules up and down, conformational 
changes in a DNA machine could be used in fabricating surfaces with con-
trollable release properties. In 2004, Mao et al. [30] proposed a reversibly 
switchable DNA nanocompartment on surfaces. In 2007, Mao et al. [20] 
verified this proposition by conducting a series of experiments. They first 
started with a DNA monolayer possessing a folded four-stranded i-motif 
structure, which served as a nanocontainer and trapped small molecules 
(e.g. ferricyanide anions [Fe(CN)6]3) inside. As the i-motif structure 
unfolded with adjustment of the pH environment from 4.5 to 8.0, the 
container was switched from open to closed, thus releasing molecules 
(Figure 3(a)). This pH-triggered responsiveness greatly improves the effi-
ciency of open–close process and their capacity, and provides more choice 
for fabricating controllable drug delivery systems.

Finally, the forces generated by DNA motors were measured using 
microcantilevers. In 2005, Shu et al. [31] demonstrated that numerous 
nanomachines in a monolayer achieved cooperative movement and 
changed the surface tension significantly, even drove a micro-cantilever 
bend. Cantilevers were coated with a thin layer of gold on one-side and 
then monolayer i-motif DNA motors in duplex form were assembled 
onto the surface (Figure 3(b)). Decreasing pH to 5 could lead to the 
transition of DNA motors from duplex form to i-motif form, and cause 
more than 100 nm of bending of the motor cantilever compared to 
control systems that did not achieve changes in the secondary structure. 
The magnitude of this surface stress difference has been estimated at 
about 32 ± 3 mN m–1, which corresponds to a single motor force of 
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Figure 2. Reversibly wettability-switchable surface driven by DNA nanomotors. At 
low pH, the DNA adopts an i-motif conformation (state I). Raising the pH destabilizes 
the i-motif to produce a stretched single-stranded state (state II) or duplex structure 
(state III, when a complementary strand is present). Lowering the pH induces 
a reverse conversion process from state II or III to state I. Adapted from Ref. 22 
(© 2007 Wiley-VCH).

© 2011 Tokyo Institute of Technology



DNA-based switchable devices and materials REVIEW ARTICLE

NPG ASIA MATERIALS | VOL 3 | DECEMBER 2011 | www.natureasia.com/asia-materials 111

approximately 11  pN  m–1. The surface stress originated mainly from 
electrostatic repulsion, as repulsion of the i-motif structure is higher than 
that of the duplex form. The transition from duplex to four-stranded 
i-motif thus led to larger compressive stress and induced bending of the 
cantilever. Moreover, this bending process was highly reversible on pH 
change. That work was the first example to illustrate that the coopera-
tive effects of DNA nanomotors could generate a dramatic force large 
enough to move macro objects  [3]. The findings directly demonstrate 
the working ability of DNA molecular machines and opens the possibil-
ity of building smart mechanical devices at the nanoscale.

It is worth mentioning that operating a nanoscale molecular machine 
needs an accurate and precise system of input. The reported examples 
are mostly operated by adding chemicals or fuel DNA molecules that 
are easily realized in bulk systems, but not under nanoscale. In 2005, 
Leidl  et  al.  [32] reported autonomous switching of DNA motor and 
surface optical signals for several times using an improved pH oscillator 
system. In 2007, Liu et al. [33] reported a light-driven method, enabling 
non-contact driving of the i-motif DNA motor for the first time. In 2010, 
Yang et al. [34] achieved autonomous control of the DNA motor using 
electrical signals. That method is very reliable, fast and programmable, 
offering an ideal complement to pH-driven DNA molecular motors. This 
technical advance will also benefit the application of DNA molecular 
motors in constructing complicated surface-based nanodevices.

DNA responsive nanopore/nanochannel

Nanopores and nanochannels have attracted much attention for a long 
time because of their importance in biological activities. To understand 
the transportation mechanism and behavior of ions, biomolecules in 
the pore/channel and polymer and inorganic nanopores/nanochannels 
have been created. To confer on these nanopores/nanochannels stimuli-
responsive properties to mimic their natural models, polymers [35,36], 
peptides  [37] and DNA  [38–40] have been modified onto the inner 
surface of nanopores/nanochannels. Among these studies, DNA has 
been demonstrated as an outstanding molecule to create an intel-
ligent nanopore/nanochannel because of the clear transformation of 
secondary structure.

In 2004, by attaching hairpin DNA to the inner surface of nanochan-
nels, Kohli et al. [41] made a smart nanochannel that could selectively 

recognize and transport the DNA strand that is complementary to 
the hairpin strand. In 2008, Xia et al.  [39] covalently attached i-motif 
DNA into an asymmetric poly(ethylene terephthalate) nanochannel 
and achieved a pH-gating nanopore/nanochannel; in other words, the 
nanopore/nanochannel is able to regulate ionic transport properties by 
tuning pH. The nanopore/nanochannel has a pH-responsive conductiv-
ity change and the authors proposed that the mechanism was related 
to the charge densities of different DNA conformations. One year later, 
Hou et  al.  [40] further studied the response mechanisms of DNA-
modified nanopore/nanochannel with a potassium ion responding to a 
DNA sequence that is guanine (G) rich, and can fold into a four-stranded 
G-quadruplex in the presence of potassium ions. In the presence of 
lithium, they demonstrated that the G-rich sequences adopted a loosely 
packed single-stranded structure inside the channel (Figure 4). This con-
formation is believed to be very flexible in a random-coiled state and has 
no obvious influence on the transportation of ions through the channel, 
and observation of the current/ion concentration confirmed a monoto-
nous linear relation. This behavior was the same as that in a bare channel 
without DNA modification and further verified that randomly coiled 
ssDNA will not influence the transportation of ions. In the presence of 
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Figure 3. Illustration of (a) the bending process of the cantilever with an i-motif 
DNA motor and (b) the working principle for a switched DNA container. (a) At pH 4.5, 
the i-motif domain folds into a four-stranded structure and packs into a membrane 
impermeable to small molecules on the gold surfaces. At pH 8.0, the i-motif struc-
tures are transformed into single strands, making the packing density of the DNA 
self-assembled monolayer relatively loose and allowing small molecules to diffuse 
through freely. Adapted from Ref. 20 (© 2007 Mao et al.). (b) At pH 5.0, the DNA 
attached to the cantilever forms a self-folded i-motif and induces repulsive in-plane 
surface forces (compressive surface stress) which cause the cantilever to bend 
downward. Adapted from Ref. 31 (© 2005 ACS).

Figure 4. Schematic figure of (a) a potassium (shown as pink) sensitive nanopore/
nanochannel, (b,c) current–concentration Li+ (b) and K+ (c) properties of the single 
nanopore/nanochannel before and after DNA molecules (shown as blue) attached to 
the inner wall in Tris-HCl (5 mM, pH 7.2, at 23 °C). G-quadruplex DNA was immobilized 
onto a synthetic nanopore/nanochannel, which undergoes a potassium-responsive 
conformational change and then induces the change in effective pore size. Adapted 
from Ref. 39 (© 2009 ACS).
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potassium, the G-rich DNA strands will adopt a four-stranded confor-
mation, with highly packed chain and a high density of negative charges 
near the channel wall, which is not permeable to ions, and subsequently 
decreased the effective size at the narrowest point of the channel, thus 
decreasing the current. Of these two factors, ion concentration has a 
positive effect (more ions pass) and the presence of G-quadruplex exerts 
a negative effect (the compact structure blocks ion transfer through the 
nanopore/nanochannel). Taken together, this results in interesting behav-
iors for this nanopore/nanochannel (Figure 4(b,c)):  current first starts to 
drop with an increase in the concentration of potassium ions from 0 to 
500 μM, which could be attributed to the increasing proportion of newly 
formed G-quadruplex; and with concentrations above 500 μM, currents 
return to a monotonous linear relation with potassium ion concentra-
tion. Hou  et  al.  [40] proposed that this was because all DNA strands 
were folded into the G-quadruplex under this condition. This result and 
proposed mechanism shows good agreement with a previous nanocon-
tainer study. They also showed that when fully matched complementary 
sequences were added to hybridize with the DNA modified onto the 
channel wall to form a stable duplex, although lithium or potassium ions 
were present, the channel only behaved like a bare channel of smaller 
size. This verified that the high density of the DNA chain can obscure the 
transport of ions in the nanopore/nanochannel. A better understanding 
of the effects of DNA structures in smart nanopore/nanochannels will 
allow the design and fabrication of intelligent nanopore/nanochannels 
with precise and controllable mechanisms.

Other DNA-responsive nanodevices

The development of DNA-based responsive devices has been quick and 
diverse. There are many interesting examples that cannot be simply attrib-
uted to the above-mentioned smart surfaces or responsive nanopore/
nanochannels, but which are also very important and might inspire 
future direction in this field. For example, Wang et al. [42] prepared an 
artificial DNA nanospring formed from circular DNA connected by a 
DNA i-motif structure. At low pH, this nanospring was in a compressed 
state, while changing pH to 8 hybridized the i-motif structure with a full 
complementary sequence forming dsDNA, inducing stretching of the 
nanospring. Recently, the same group also used i-motif DNA coupled 
to mesoporous silica nanoparticles to demonstrate a novel proton-fueled 
molecular gate-like delivery system for the controllable release of small 
molecules [43]. In 2008, the ‘smart’ design was also introduced into the 
DNA origami technique, with Andersen et al.  [44] reporting a DNA 
dolphin that was flexible and could swing its tail by adjusting both 
force and scanning direction of the atomic force microscopy tip. Soon 
thereafter, the same group prepared a three-dimensional DNA box with a 
DNA ‘smart’ locker, which can be open and closed using a special DNA 

‘key’ [11] (Figure 5). To detect the opening process, they functionalized 
the box with Cy3 (donor) and Cy5 (acceptor) fluorophores and a lock-key 
system. The opening of the box was directly monitored in fluorescence 
kinetic experiments, during which DNA ‘keys’ were added to the closed-
box. In 2010, Chen et al. [45] showed that the pH-driven DNA molecular 
motor can even drive two synthetic dendrons to associate and dissociate. 
These results illustrate not only the elegance of DNA nanotechnology, but 
also provide more imagination space for future applications. Mention is 
also needed of the fact that the ability to move molecules, such as fluores-
cent dyes, using DNA motors has been widely used in building sensors, 
which have been widely reported and recently reviewed [46–51].

Pure DNA hydrogel

DNA molecules have now been well acknowledged as building blocks 
for fabricating smart devices and precisely addressable structures at the 
nanometer scale, far from the common understanding of ‘bulk’ materi-
als. In 2006, by sacrificing some accuracy such as precise structures and 
conformations, Um et al. [52] prepared ‘bulk’ structures with a simple 
strategy. They designed several DNA short chains, which can assemble 
into multi-branched DNA structures. These structures possess self-
complimentary sticky ends, and can further assemble via subsequent 
enzyme ligation between each other to form a network, termed a ‘DNA 
hydrogel’. These gels could be loaded with insulin, which was released 
over time on degradation of the DNA. By employing less complex DNA 
structures consisting of fewer DNA chains and scaling up production, 
the cost of this hydrogel on average could be decreased to an acceptable 
level. Later, the same group also successfully incorporated a functional 
plasmid into the hydrogel and invented a cell-free protein-producing 
hydrogel system [53].

In 2009, Cheng et al.  [54] reported a pH-responsive pure DNA 
hydrogel whose formation could avoid utilizing enzymes, which is a 
potential immune response factor. In their work, three ssDNAs assem-
bled into a Y-shaped ternary complex with interlocking domains at each 
terminus that can form intramolecular i-motif structures (Figure 6(a)). 
At neutral pH, no interactions existed within the assembled Y-shaped 

Figure 5. Illustration of the controlled opening process of the DNA box. The DNA 
box with a DNA ‘smart’ locker can be opened and closed by an externally supplied 
DNA ‘key’. Emissions from the Cy3 and Cy5 fluorophores are marked with green 
and red stars, respectively. Loss of emission from Cy5 is denoted by a red circle and 
the independent lock-key systems are indicated in blue and orange. Adapted from 
Ref. 11 (© 2009 NPG).
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dual responsiveness. (a) A Y-shaped DNA nanostructure is formed from three single-
stranded DNAs with two functional domains: an interlocking i-motif domain contain-
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structures can be formed and leads to an extended three-dimensional network in the 
DNA hydrogel. Adapted from Ref. 54 (© 2009 Wiley-VCH). (b) The Y-scaffold and Linker 
are designed to crosslink by hybridization of the ‘sticky ends’ (emphasized by green 
circles). By tailoring these ‘sticky ends’ and inserting restriction sites in the Linker 
sequences, the DNA hydrogels show thermal and enzymatic responsive properties. 
Adapted from Ref. 55 (© 2010 Wiley-VCH).
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DNA structure because of electrostatic repulsion. By decreasing the 
pH to 5, the i-motif domain became half-protonated and then formed 
intermolecular i-motif complexes between adjacent Y-shaped structures, 
resulting in a hydrogel. The transition from solution state to gel state 
could occur within 1 minute. The formed gel is much stronger than 
previously reported samples, potentially attributable to the smaller 
spatial hindrance of the proton than the ligation reagent: protons were 
smaller than enzymes and could disperse more easily within the partially 
crosslinked network. This not only increased the assembly efficiency, but 
also led to a higher crosslinking density. It is also worth noting that 
13 nm gold nanoparticles, as a model molecule, could be trapped and 
released from the hydrogel matrix following pH changes, demonstrating 
potential as a smart drug carrier.

Xing et al. [55] recently reported a new strategy to prepare pure DNA 
hydrogels. They designed two kinds of building blocks, in the form of 
Y-shaped and Linker DNA assemblies with complementary sticky ends 
(Figure 6(b)). Simply mixing the two building blocks at a proper con-
centration would induce the assembly of a Y-scaffold and Linker alter-
nately by hybridization of the sticky ends. Accumulating this assembly 
process will lead to an expanded network, a DNA hydrogel. Changing 
the length and composition of sticky ends will confer different thermal 
stabilities on the system. In that report, they also designed a restric-
tion enzyme sequence domain in the Linker domain, bringing specific 
enzymatic responsiveness to the hydrogel besides the adjustable thermal 
responsiveness. This research further widened the application conditions 
of DNA hydrogels.

Hybrid DNA hydrogel

Just a small portion of DNA is needed to achieve hydrogel responsive-
ness, in which the DNA normally acts as a responsive component and is 
present as a crosslinker [56–70]. In 1996, Nagahara and Matsuda [56] 
reported a DNA-polymer hybrid hydrogel. They grafted ssDNA chains 
onto polyacrylamide as side chains via chemical bonds, then mixed 
two kinds of this DNA side chain polymer possessing complementary 
ssDNA. Based on the formation of the duplex, a polymer/DNA hybrid 
hydrogel was able to be obtained. In 2004, Lin et al. [57] demonstrated 
that a hybrid hydrogel prepared with this strategy could transit from gel 
state to solid state on addition of a removal strand. Liedl et al. [59] subse-
quently employed this type of reversible DNA-polymer hybrid hydrogel 
to realize a controllable trap and release of quantum dots. We can also 
imagine that such a hybrid hydrogel could respond to thermal signals 
through deformation of the duplex. Theoretically, this strategy could 
allow hybrid hydrogel to be formed on all established DNA interlocking 
structures as well as duplexes. Wei et al. [61] prepared a DNA/polyacryl-
amide hydrogel in which the DNA crosslinking unit was a thrombin-
binding aptamer (Figure 7). The strategy also brings to the hydrogel a 
versatile responding mechanism. For example, Yang et al. [62] reported 
an aptamer-based sensing device  in which the presence of adenosine 
triggered dissolution of a hydrogel. Their subsequent work used the 
same strategy to design a visual detection method for sensing cocaine. 
The versatility of this approach might be adaptable to the visual detec-
tion of a wide variety of molecules that could benefit biosensing and 
medical applications [63,66].

As mentioned previously, ssDNA is very flexible and dsDNA pos-
sesses a much bigger persistence length of about 50  nm, so ssDNA 
and dsDNA can induce significant changes in persistence length 
based on conformational changes. As a result, a large volume change 
can be achieved on stimulation, and can be recovered with removal of 
the stimulus. In 2005, Murakami and Maeda demonstrated that, by 
chemically coupling ssDNA into a crosslinked polyacrylamide hydrogel, 
the addition of particular oligonucleotide sequences could trigger 
the shrinkage or expansion of the hybrid hydrogel, specifically in the 
form of sequence-dependent volume transitions  [68,69]. Tierney and 
Stokke [70] also reported an interferometric readout platform capable 
of determining changes in the optical length of a DNA hybrid hydrogel. 

An optical-fiber apparatus was incorporated with partially ssDNA-
linked polyacrylamide gel, which could be swollen by introducing a 
target sequence to competitively hybridize with DNA grafted into the 
polyacrylamide chain. This apparatus was capable of resolving changes 
in swelling height with 2-nm resolution, depending on the optical path 
length through the gel. This sensing device was label-free and sensitive to 
both DNA sequence and concentration, which could provide a versatile 
sensing platform for a variety of biomolecular targets.

This field could be further expanded by varying the components. For 
example, Cheng et al. [71] wrapped ssDNA onto a single-wall carbon 
nanotube via charge transfer from the bases of DNA to the carbon 
nanotubes. Working as a crosslinker unit, ssDNA further linked with 
extensive long assembled DNA chains to form three-dimensional struc-
tures, creating a pH-responding, strength-tunable hybrid hydrogel. In 
2010, Xu et al. [72] prepared a DNA-graphene hybrid hydrogel using 
similar interactions as in the case of wrapping carbon nanotubes with 
DNA. The hybrid hydrogel is capable of self-healing with heat, since 
the free dsDNA opens the double helix structure and forms ssDNA on 
heating, which in situ binds to graphene sheets and repairs the damage.

Conclusion and perspective

The ability to undergo environment-stimulated conformational transi-
tions has made DNA a popular stimulus-responsive element for creating 
smart devices and materials, and the response mechanism has also 
expanded from well-known chain exchange reactions and enzyme restric-
tion reactions to pH changes, small molecules and even light and electrical 
signals. We believe that the excellent adaptability of DNA, with inspira-
tion from all the reported strategies and further developments in material 
science and nanotechnology, will enable even more exciting smart systems 
in the future and will greatly benefit the invention of portable medical 
devices. Owing to its biocompatibility, DNA-based smart materials, par-
ticularly pure DNA hydrogels, will play increasingly important roles in 
implantable materials and controllable drug/gene delivery systems. In the 
meantime, many challenges remain in this emerging field, such as how 
the reliability of DNA smart devices and materials can be improved, and 
how DNA smart devices can be made to more efficiently convert energy 
into work. New tools and strategies are also needed to measure the output 
force of DNA machine directly at the single molecule level. These studies 
will benefit not only chemistry and materials science, but also lead to 
advances in physics, biology and medical research.
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Figure 7. Schematic diagram of a DNA–polymer hybrid hydrogel, a DNA functional 
unit working as a crosslinker, which can be referred to as a double-stranded DNA 
[56], a thrombin aptamer [61] or adenosine aptamer [62]. This DNA–polymer strategy 
could provide the hydrogel with a versatile responding mechanism.
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