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A mechanical metamaterial made from a

DNA hydrogel
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Metamaterials are artificial substances that are structurally
engineered to have properties not typically found in nature.
To date, almost all metamaterials have been made from inor-
ganic materials such as silicon and copper'?, which have
unusual electromagnetic or acoustic properties’> that allow
them to be used, for example, as invisible cloaks®®, super-
lenses'®"2 or super absorbers for sound’. Here, we show that
metamaterials with unusual mechanical properties can be pre-
pared using DNA as a building block. We used a polymerase
enzyme to elongate DNA chains and weave them non-
covalently into a hydrogel. The resulting material, which we
term a meta-hydrogel, has liquid-like properties when taken
out of water and solid-like properties when in water. Moreover,
upon the addition of water, and after complete deformation,
the hydrogel can be made to return to its original shape. The
meta-hydrogel has a hierarchical internal structure and, as an
example of its potential applications, we use it to create an
electric circuit that uses water as a switch.

We have previously developed bulk-scale, DNA-based
materials'*~2° that can be used in practical applications such as mul-
tiplexed diagnosis!”'*2!, vaccine and drug delivery?>-2* and cell-free
protein production®. In particular, we created a hydrogel that was
made entirely of DNA and crosslinked by enzymes (T4 ligase)'®.
In the present work we take a different approach. Instead of cross-
linking DNA chains covalently into a chemical hydrogel (via a
ligase), we have elongated DNA chains and woven them non-
covalently into a physical hydrogel (via a polymerase). To fabricate
our DNA meta-hydrogel, we chose a special polymerase, ®29, a
bacteria phage polymerase that is capable of DNA chain elongation
and displacement, thus amplifying and weaving DNA?. $29 uses a
single-stranded DNA (ssDNA) as a template to elongate the primer,
while at the same time displacing the newly synthesized strands into
ssDNA products. Based on 29, we designed a unique combination
of two sequential processes: (i) a rolling circle amplification (RCA,
or R) followed by (ii) a multi-primed chain amplification (MCA, or
M). After running the RCA for x hours followed by the MCA
for y hours, a chain reaction was established, resulting in a DNA
hydrogel (Fig. 1, Supplementary Fig. S1, Table S1 and Discussion
SI). To simplify the notation, we abbreviate our procedures as R,M,.

The enzymatic processes were monitored by observing the
optical density (ODg,). For example, when the R-process was set
at 4h, the OD increased with the duration of the M-process
(Supplementary Fig. S2). When the M-process reached 16h
(R,M,), a totally opaque gel was obtained (Fig. 2a). As expected,
this hydrogel showed fluorescence after staining with a DNA-
specific dye (GelGreen, Fig. 2b), indicating that the entire hydrogel

was composed of DNA. Rheology data further confirmed that the
R,M,, was a true gel, as the shear-storage modulus (G') was con-
stantly higher than the shear-loss modulus (G”) over the entire fre-
quency range (Fig. 2c). On the other hand, when the R-process
continued alone for 20 h (R,,M,), a viscous solution was produced
(Supplementary Fig. S2), and there were no detectable signals in the
rheometer, proving that the R,,M, was just a liquid. We further
tested the gel formation by varying the combinations of x and y
and found that a minimum of x=2h and y= 16 h was required
to create a DNA hydrogel (Supplementary Table S2). As expected®,
the hydrogel in solution melted at 85 °C due to denaturing of the
DNA strands (Supplementary Fig. S3).

Unexpectedly, we discovered unusual metaproperties in our
DNA hydrogel—it had either liquid-like or solid-like properties
depending on the physical environment. When the gel was taken
out of water it became a Tliquid’ that flowed freely in a tube
(Fig. 3a), and when placed in differently shaped containers con-
formed to the shape of the containers (Fig. 3b). However, when
put back into water, it metamorphosed into a solid gel. We empha-
size that although the hydrogel behaved like a liquid, it was still a gel.
Surprisingly, it always returned rapidly to its original shape in water,
regardless of how many different shapes it had adopted while in the
liquid-like state. To further investigate this unusual property, we first
formed R,M, ; meta-hydrogel in moulds with defined geometries in
the shape of the letters D, N and A (Fig. 3c). After removing water,
each hydrogel behaved like a liquid by conforming to the shape of
the vial (Fig. 3d). However, when the water was reintroduced, the
hydrogels returned to their original shapes (D, N and A) within
15s (Fig. 3e-f). The entire event was captured by video
(Supplementary Movie S1). These liquid-solid transition and
returning-to-original-shape processes can be repeated as many
times as required. Furthermore, the hydrogel can be remoulded
into new shapes upon heating the gel above its denaturing tempera-
ture (Supplementary Fig. S4). These results therefore clearly demon-
strate the fabrication of a novel organic-based metamaterial.

Unlike conventional hydrogels, which have amorphous internal
structures’®2%?, our R,M,; meta-hydrogel has a hierarchical
internal structure, as revealed by field-emission scanning electron
microscopy (FESEM). At the microscale, the densely packed DNA
microstructures are in the shape of a bird nest (Fig. 4a,b). These
nest structures are of uniform size and woven together by DNA.
Within each microstructure, the internal porous nanostructures
were observed by cutting the DNA nest in half using a focused
ion beam (Fig. 4c). To the best of our knowledge, this hierarchical
structural organization has not previously been seen in hydrogels,
and may contribute to its metaproperties.
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Figure 1 | Schematic diagram of the stepwise approach for DNA hydrogel synthesis. The RCA and MCA processes were carried out as follows. (i) In the R
process, a circular ssDNA template was first produced (Supplementary Fig. ST and Table S1), then a complementary primer for RCA (Primer 1) was added to
produce elongated ssDNA products (termed ssDNA 1: tandem repeats of the sequences complementary to the original circular ssDNA template). (i) In the
M process, after RCA, we added two additional primers (Primer 2 and Primer 3) for subsequent chain amplification. Primer 2 was elongated to generate
ssDNA 2 (complementary to ssDNA-1). Primer 3 was used to create ssDNA 3 (complementary to ssDNA 2; thus ssDNA 3 and ssDNA 1 had exactly the
same sequences). Primer 2 was also therefore able to produce more ssDNA 2 using newly synthesized ssDNA 3 as templates, leading to chain amplification.
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Figure 2 | Characterization of the R,M,, DNA hydrogel. a, Photograph of the R,M,¢ hydrogel. Scale bar, 10 mm. b, Hydrogels stained with GelGreen,
a DNA-specific dye. ¢, Storage-loss (G') and shear-loss (G”") moduli of R,M,4 hydrogel from a rheometer measurement.
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Figure 3 | Liquid- and solid-like properties of the R,M,¢ hydrogel. a, When out of water, the hydrogel flows freely in the tube. b, When poured into
differently shaped containers consecutively and repeatedly (from circular, to square, to triangular, to X-shaped, to star-shaped, then back to circular), the
hydrogel conforms to the shape of the container, just like a liquid. The gel was stained with GelGreen. ¢, D-, N- and A-shaped hydrogel was successfully
formed and its solid-like property tested by removing and replacing water. d-f, Series of photographs showing the process of DNA hydrogel returning to its
original shape after reintroducing water at 25 °C: the gels begin to metamorphose within the first 3 s (t=0-3s). The gel continues to transform back to its
original shape, gradually and smoothly (t =3-9 s). The final D shape is restored within 15s (t=15s).

We further selectively tuned the hierarchical microstructures by
separately changing the reaction times of R and M. More specifi-
cally, by increasing the M reaction time from 1h to 16 h while
keeping R constant at 4h (that is, R,M;, R,M;, R,M, and
R,M,,), we produced more developed DNA bird nests
(Supplementary Fig. S5a-d). The diameter of the bird nest increased
from ~0.3 pm in R,M; to ~1.6 wm in R,M,.. On the other hand,
by lengthening the R process from 0 h to 8 h while keeping M con-
stant at 16 h (that is, RyM,4, R, M, ¢, R,M,¢, R,M, and RgM,¢), we
obtained more densely populated bird nests of almost identical size
(Fig. 4d-h, the number of bird nests were from 10+2/100 um? in
R,M,, to 3545/100 um” in RgM, ). We emphasize that these
differently tuned hierarchical internal structures (in terms of size
and density of the DNA bird nests) were accomplished by designing
and controlling the enzymatic reactions of R M,.

Through the morphology studies we discovered that the two
enzymatic reactions R and M determine the internal hierarchical
structures, which in turn leads to the observed metaproperties.
Indeed, the metaproperties are only found when x=2-8h and
y>16 h (Supplementary Table S2). Although the complete mech-
anism for the metaproperties is still subject to investigation, we
propose the following theory. From an enzymatic perspective and
based on the well-known characteristics of ®29 and the design of
our unique primers, the R process first generates a large number
of long tandem ssDNA, which in turn serve as templates for the
M process, the products of which are both long ssDNA and
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dsDNA. As revealed in the morphology studies, these DNA
strands are woven together into bird nests as well as linear
bundles by enzymatic processes. From a physics aspect, we attribute
the liquid- and solid-like properties to the ultralow elastic modulus
of our DNA hydrogel. When a hydrogel is exposed to air, the gel is
deformed by surface tension and gravity, which is energetically
penalized by the strain energy due to elastic deformation. Such
deformation due to surface tension and gravity is negligible for
most solids as the strain energy penalty is too high because of the
large modulus E (ranging from kPa to GPa)'?%%. However,
because our DNA hydrogel is extremely soft (E= 10 Pa; Fig. 2c,
Supplementary Fig. S6), both the surface energy and the
gravitational energy completely outweigh the strain energy. As a
result, the gel shape is primarily determined by surface tension
and gravity when exposed to air and it behaves like a liquid.
When the gel is immersed in water, on the other hand, the
surface tension is practically zero, and buoyancy forces cancel the
gravity. Thus, the hydrogel behaves like a solid and retains its
original shape. The whole process is illustrated in Supplementary
Fig. S7, and more theoretical calculations are deduced in
Supplementary Discussion SII.

A variety of applications can be envisioned using either or both
liquid-like and solid-like properties of our meta-gels. As an example,
we designed a DNA-meta-hydrogel-based electric circuit that uses
water as a switch (Fig. 5). When the surrounding water was
removed, the DNA meta-hydrogel (doped with 10 nm gold
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Figure 4 | Morphology of the DNA hydrogel. a, SEM images of R,M,, DNA hydrogel. b,c, SEM images of an individual DNA bird nest, which was isolated
(b) then cut with a focused ion beam (c). d-h, SEM images for different RCA times: RyM,¢ (d), RiM,¢ (e), R,M;¢ (f), R,M,, (&) and RgM, (h).

nanoparticles to provide electric conductivity) became ‘liquid-like’
and thus conformed to the shape of the channel linking the two
electrodes together. As a result, the circuit was turned on (Fig. 5,
‘ON’). By simply adding water to the meta-hydrogel, it once again
became ‘solid-like’ and returned to its original, shorter shape,
thereby causing the gel to rapidly move away from the electrode
and completely shut off the current (Fig. 5, ‘OFF). This simple
demonstration shows one application that takes advantage of the

metaproperties of our meta-hydrogel, but it can also be applied to
biomedical applications such as controlled drug release for multiple
drugs (Supplementary Fig. S8). More applications in other fields are
also being explored.

In conclusion, we have designed and programmed two enzyme
processes to achieve a novel DNA meta-hydrogel. These specifically
designed enzymatic processes generate a striking internal mor-
phology with hierarchical structure and confer our DNA hydrogel
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Figure 5 | Electric circuit switch formed using the liquid- and solid-like
properties of DNA meta-hydrogel. WWhen the DNA meta-hydrogel
(containing 10 nm gold nanoparticles) has liquid-like properties, the circuit
can be covered by the gel (green circles, ‘'ON’). By simply adding water, the
gel metamorphoses to its original shape, which is shorter, resulting in the gel
rapidly moving away (within seconds) from the electrode and completely
shutting off the current (grey triangles, ‘OFF’). Scale bars (insets), 5 mm.

with metaproperties. The DNA meta-hydrogel notably expands the
metamaterial repertoire and has potential for real-world appli-
cations, including drug release, cell therapy, electric switches and
flexible circuits.
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