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ABSTRACT: Hydrogels embedded with periodic arrays of
nanoparticles display a striking photonic crystal coloration that
may be useful for applications such as camouflage, anticounterfeit-
ing, and chemical sensing. Dynamically generating color patterns
requires control of nanoparticle organization within a polymer
network on-demand, which is challenging. We solve this problem
by creating a DNA hydrogel system that shows a 50 000-fold
decrease in modulus upon heating by ∼10 °C. Magnetic
nanoparticles entrapped within these DNA gels generate a
structural color only when the gel is heated and a magnetic field
is applied. A spatially controlled photonic crystal coloration was
achieved by photopatterning with a near-infrared illumination.
Color was “erased” by illuminating or heating the gel in the
absence of an external magnetic field. The on-demand assembly technology demonstrated here may be beneficial for the
development of a new generation of smart materials with potential applications in erasable lithography, encryption, and sensing.
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■ INTRODUCTION

Photonic crystals (PCs) are periodic arrays of nano- and
microscale materials that can display striking colors due to
Bragg diffraction.1−5 In contrast to dyes and pigments, which
absorb specific wavelengths of light, PCs are resistant to
photobleaching, and their color is dependent on the spatial
periodicity of the material rather than its chemical
composition. As predicted by Bragg’s law of diffraction, the
specific coloration of PCs can be tuned by adjusting the
spacing in the periodic array.6−9

The ability to create responsive PC materials that can tune
coloration in space and time is highly desirable, as such
materials have important applications in sensing,2,6,8 camou-
flage,10,11 and anti-counterfeiting inscriptions.9,12,13 Most
responsive PC materials are generated by embedding or
etching PC structures in a hydrogel matrix that displays a
volume change (i.e., swelling or collapse) in response to
specific types of input.14,15 These changes in the matrix
modulate the lattice constant of the PC and hence tune the
color of the material. One of the greatest challenges in this area
pertains to the creation of periodic assemblies of nanoparticles
within a hydrogel from a disordered array with spatial and
temporal control. Herein, we address this challenge and create
a PC hydrogel that displays an on-demand coloration by using
DNA supramolecular hydrogels that can rapidly and locally

switch between crosslinked and de-crosslinked states using an
optothermal trigger.
To achieve on-demand assembly with high spatial and

temporal resolution, two conditions must be met. (1) A
hydrogel must undergo local, reversible, and transient de-
crosslinking upon specific inputs, and (2) Nanoparticles should
rapidly translocate and organize within the hydrogel during a
transient de-crosslinking. To the best of our knowledge, there
are no reported examples of nanocomposite hydrogels that
meet these conditions. The most commonly adopted approach
to form PC hydrogels requires first organizing the PC material
using an external magnetic, gravitational, or electric field. Once
organized, the hydrogel is crosslinked in a way that the
nanoscale periodicity is locked and preserved after the removal
of external fields.3,10,15,16 This is due to the large energy barrier
to diffusion created by the hydrogel network, which prevents
nanoparticle mobility inside the hydrogel.
Our approach is illustrated in Figure 1 where we used a

DNA supramolecular hydrogel17 constructed from palindromic
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single-stranded DNA (ssDNA) with three self-complementary
domains (red, green, and blue domains in Figure 1a). To
create the PC, we used super-paramagnetic magnetite
nanoparticles (MNPs) coated with poly(ethylene glycol)
(PEG) that assemble into periodic structures under an external
magnetic field (Figure 1b, also see Figure S1 showing TEM
images of different sizes of MNPs). PEGylated MNPs are
sufficiently stable to assemble in aqueous buffers with a higher
ionic strength, which is necessary for DNA hydrogel formation
(Figure S2). Given that crosslinks are exclusively created using
hybridized DNA strands, denaturing the DNA allows for
complete de-crosslinking of the hydrogel and thus lifting of the
energy barrier for particle mobility (Figure 1c). In contrast to
other supramolecular hydrogels, pure DNA-based hydrogels in
this work display faster gelation kinetics with a time resolution
of seconds and a relatively rigid network that can hold the in
situ assembled structure. These two features are advantageous
for on-demand structural coloration and decoloration.
The key design criteria for creating an on-demand PC

material are illustrated using a simplified energy diagram in
Figure 1c, where the y-axis represents the free energy of the
system, and the x-axis represents an order parameter (e.g., the
particle organization). State 1 illustrates an initial condition
where particles are randomly distributed inside the hydrogel
network, while state 2 represents ordered particles that form
the PC. Under the influence of an external magnetic field (B),
state 1 is higher in energy compared to state 2 due to the
potential energy of the magnetic dipole moments of the MNPs.

In order for the particles to organize, they must overcome the
energy barrier required for movement across the DNA
hydrogel network. This barrier is large when the DNA is
fully hybridized (black curve Figure 1c), and hence particles
are locked in place. When the DNA is denatured, the barrier to
reach state 2 is lowered and thus allows for particles
translocation to occur (red curve, Figure 1c). Figure 1d
illustrates the overall cycle of triggered on-demand assembly
(patterning) and disassembly (erasing) of the PC within the
DNA hydrogel. In our case, we trigger the DNA disassembly
using the broad absorption spectrum and high photothermal
conversion efficiency of MNPs. This can locally and transiently
melt the DNA network and dramatically lower the energy
barrier of particle translocation (Figure S3). Simulation of the
photothermal effect of the laser on the hydrogel is illustrated in
Figure S4, which indicates that the heat generated by MNPs is
large enough to dehybridize the surrounding DNA duplex
network. Upon illumination, the MNPs generate heat and
locally melt the gel as they translocate and align with an
external magnetic field, therefore forming a periodic PC
structure. Upon removal of the illumination, a rapid heat
dissipation results in a rehybridization of DNA strands. This
locks the patterned PC in the DNA gel. Notably, these PC
patterns can be rapidly “erased” by an illumination in the
absence of an external magnetic field.

Figure 1. Design and testing of the DNA hydrogel system for on-demand PC patterning and erasing. (a) Design of a purely DNA supramolecular
hydrogel system in which the DNA hydrogel is formed from three different palindromic sequence domains located on a single strand. (b)
Schematic of MNP synthesis and corresponding TEM images. Magnetite nanoparticles (∼120 nm) are coated with a silica shell (∼30 nm) first and
then a layer of PEG. Scale bar: 500 nm for upper set and 125 nm for lower set. (c) Theoretical energy diagram of in situ assembly of the hydrogel.
(d) Mechanism of in situ assembly in which the local and transient dehybridization of a DNA hydrogel would lower the energy barrier for particle
assembly under a magnetic field and then regelate to fix the pattern. This can be erased at a later time by dehybridization in the absence of a
magnetic field. (e) Schematic of sample preparation and imaging. (f) Digital photographs (states i−vi) of the same hydrogel sample at different
conditions showing color changes; the scale bar is 600 μm. (g) Reflectance spectra that correspond to the photographs in (f), displaying the
emerging reflectance peak ∼530 nm after in situ assembly, which corresponds to the Bragg diffraction of the assembled PC.
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■ RESULTS AND DISCUSSION

As a proof of concept, we tested our design using bulk heating
to drive the DNA denaturation. After mixing the MNP
solution with the palindromic ssDNA, we heated the sample to
90 °C in a potassium phosphate buffer (37 mM, pH = 7) to
form a homogeneous solution. The solution was cast on a
preheated glass surface and then sandwiched using a second
glass slide (Figure 1e). A thin film of the mixture was then
allowed to cool to room temperature, thus forming a hydrogel
(Figure 1f). The formed gel displayed a brown color, and its
reflection spectra lacked any clear features (state i in Figure
1f,g).
Neither the physical appearance of the material nor its

reflection spectra changed when a magnetic field (∼200 G)
was applied to the gel (state ii in Figure 1f,g). Likewise no
change was observed when the gel was only heated (90 °C)
(state iii in Figure 1f,g). However, when the gel was heated (90
°C) while simultaneously applying a magnetic field (∼200 G),
a green coloration appeared that was consistent with the
appearance of a reflection band λ = 530 nm, thus confirming
the formation of the PC (state iv in Figure 1f,g). The PC was
maintained even after the sample was cooled to room

temperature (state v in Figure 1f,g). Notably, heating the
sample without applying an external magnetic field disrupted
the structural color and allowed the material to return to its
original non-PC (brown color) state (state vi in Figure 1f,g).
These results support the model described in Figure 1d and
suggest the feasibility of reversible patterning of the PC with a
photothermal input.
To better understand the gelation behavior of the DNA

photonic hydrogel, we next performed rheology measurements
as a function of DNA sequence, gelation time, and temper-
ature. First, three different sequences were designed and used
to create DNA/nanoparticle composite hydrogels. Each
sequence contained three palindromic domains of increasing
length, 12, 16, and 20 oligomers (Figure 2a−c). Figure 2a−c
shows that gelation was reversible within a single cooling
(purple) and heating (red) cycle. At elevated temperatures, all
samples were in a low-viscosity liquid state as G′ was similar to
G′′, and their values were fairly low. As the temperature
dropped, DNA hybridization proceeds; this leads to gelation of
the material as indicated with a drastic increase in G′ and G′′,
and G′ > G′′. The apparent peak in G′ and G′′ is likely due to
the volume change in the hydrogel due to hybridization.18 We

Figure 2. Rheology characterization of DNA supramolecular hydrogel/MNP composites. (a−c) Rheology plots during cooling−heating cycles of
PC hydrogels. The DNA supramolecular hydrogel is designed with three different sequences with palindromic domain lengths of (a) 12, (b) 16,
and (c) 20 bases. (d−f) Rheology results using different scan rates (0.083, 0.028, and 0.015 °C/s) for different PC hydrogels shown in (a−c). (g−
k) The cooling−heating cycles of PC hydrogels formation from 12mer palindromic domain DNA sequence. (l) A frequency scan at room
temperature of PC hydrogel formation with 12mer domain DNA strands to test the integrity of the hydrogel (G′ > G′′).
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also synthesized two additional sizes of MNPs to test the
influence of particle size on the rheology of the hydrogel. We
did not find a significant difference in rheology for DNA
hydrogels embedded with 140, 180, and 200 nm diameter
MNPs (Figure S5).
To investigate the effect of DNA sequence on gelation

kinetics, we performed time-dependent rheology measure-
ments. In principle, longer sequences should display slower
hybridization kinetics and hence longer gelation times.
Surprisingly, rheology measurements showed nearly identical
gelation kinetics for the three sequences (Figure 2d−f). This is
likely because the gelation time of the DNA is rapid and
proceeds at time scales exceeding the time resolution of the
rheometer (∼0.083 °C/s). Thus, this indicates that the
palindromic DNA gelation kinetics are fast, which is advanta-
geous to achieve our goal of an on-demand formation of PC
structure.

In order to test the reversible gelation behavior, we
additionally performed rheology measurements while we ran
multiple thermal cycles on the DNA composite hydrogel
formed by the 12-mer domain (Figure 2g−k). We found that
the gelation behavior does not significantly change even after
five heating−cooling cycles and that the sample showed classic
hydrogel behavior (G′ > G′′) at room temperature following
thermal cycling. These results confirm the possibility of
generating erasable PC patterns by a repeated thermal cycling
of the DNA hydrogels.
Figure 2l shows a plot of the G′ and G′′ as a function of

frequency at room temperature. The data confirm that G′ >
G′′ across the tested frequencies showing classic hydrogel
behavior. We were unable to plot G′ and G′′ above the
transition temperature, as the gel was completely liquid and
displayed the minimum G′ and G′′ reportable values of ∼0.02
Pa, which is the limit of the rheometer resolution. These

Figure 3.Microscopic imaging results of on-demand assembly. (a) Schematic of microscope settings for in situ imaging. The sample was on a glass
slide and observed by a 100× oil objective with an optical path to a CCD camera and 785 nm laser controlled by a galvo-mirror system for spatially
selective excitation. (b) Comparison of nanopattern changes inside the hydrogel before and after laser irradiation was applied. (upper set) Laser
writing of PC nanopatterns. (lower set) Laser erasing of PC nanopatterns. Scale bar: 20 μm. (c) 3D reconstructed images based on z-scans of the
sample at different angles of rotation demonstrating organized or disorganized structures inside the hydrogel. Scale bar: 20 μm. (d) Feret angles
plotted in histogram based on a statistical analysis of aligned or erased structures that correspond to an automated object detection ridge analysis of
sample images. (e) Box plot shows the statistical analysis of Feret angles measured from original, aligned, or erased samples.
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palindromic DNA hydrogels are rheologically distinct from
hybrid gels comprised of acrylamide polymers crosslinked
using DNA. The rheology measurements for the acrylamide-
DNA gels showed a relatively high G′ above the transition
temperature, which is likely due to the entanglement of its long
polymer backbone (Figure S6). Therefore, acrylamide-DNA
gels would still significantly hinder the reorganization of MNPs
above the transition temperature so that on-demand assembly
of PC would fail (Figure S7). Hence, this particular three-
domain palindromic DNA offers properties that are advanta-
geous for the goal of on-demand assembly of PC structures.
To provide further evidence of light- and magnetic-field-

driven assembly of the MNPs into a PC structure within the
DNA hydrogel, we employed high-resolution optical micros-
copy to observe the microscopic assembly of the particles. In
our microscope setup, we observed the MNPs by using
reflection interference contrast microscopy (RICM) at λex =
535 nm while simultaneously exciting the region of interest
using a galvo-controlled ∼5 μm diameter 785 nm laser
irradiation system (Figure 3a). We used a rare-earth magnet to

generate a magnetic field (∼100 G) that drives the assembly of
MNPs in a direction that is parallel to the magnetic field and
the observation plane. Figure 3b shows RICM images
displaying the organization of the MNPs prior to and after
near-IR illumination (785 nm) for 10 s (red circle; duty cycle
50%; power = 36.2 mW; on-time = 500 ms). We note the
formation of linear assemblies of particles that align with the
external magnetic field. To demonstrate the reversibility of the
PC assembly, we next illuminated the same region for another
10 s (red circle; duty cycle 50%; power = 36.2 mW; on-time =
500 ms) in the absence of the magnetic field. The bottom two
images in Figure 3b show the loss of particle organization in
the absence of the external magnetic field. Importantly, the
particle assembly was confined to the near-IR illumination
area, while the remaining regions showed static particles that
remained randomly distributed (Supporting Information,
Videos 1 and 2; also see Videos 3 and 4 for patterning with
a different direction of magnetic field on a single piece of
hydrogel). Similar results were also found in DNA hydrogels
with the 140 and 200 nm diameter MNPs (Figure S8). We also

Figure 4. Laser-patterning demonstrations of in situ assembly of DNA supramolecular hydrogels. (a) Laser-patterning map based on different laser
power and laser irradiation times. Note that 100% laser power is ∼49.7 mW. (b) Digital photograph of the laser-patterned spots based on the
design of (a) (scale bar 300 μm). (c) A laser-patterning design of a three-leaf clover after the patterning and the real image (top inset). The
patterned image can be erased by a bulk heating. Scale bar 400 μm. (d) A flow diagram demonstrates an encrypting application of an on-demand
assembly. A QR code that encrypted the text Emory 1836 was generated first by software. Then, we photopatterned the QR code (2 mm × 2 mm)
with the on-demand assembly technology in this work. After the contrasts of the microscope image were adjusted, the QR code was read by a smart
device to reveal the encrypted information. Note: All hydrogels were imaged at room temperature in the absence of a magnetic field.
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performed z-stack scanning in the RICM channel and
generated three-dimensional (3D) reconstruction images (in
ImageJ) to further identify the linear assemblies of MNPs
inside the gel after an alignment where the MNPs assemblies
are erased (Figure 3c). Quantitative analyses of the alignment
were conducted using the ridge detection plugin19 of ImageJ
(Figure S9), which allowed us to measure an in-plane Feret
angle for the linear assemblies using the microscope image
frame of reference where θ = 0°, which is parallel to the x-axis
and serves as the frame of reference. Figure 3d,e shows radial
histograms and box plots, respectively, that were collected from
three regions of interest after the alignment and erasing of the
linear assemblies as described above. In Figure 3d, the fan area
indicates the angle distribution. The largest area from the Feret
angle of the aligned MNPs was the area that represents 0−30°,
coinciding with the approximate direction of the magnetic field
(as illustrated in Figure 3b). After the erasure, the angle
preference was lost, since other fan areas grow nearly as large
as the one that represents 0−30°. In box plots (Figure 3e), the
data points of the original sample showed a uniform
distribution span from 0 to 180°. However, most of the data
points converge to ∼30° after the alignment, which indicates
an angle of interest that is similar to that of Figure 3d. This
alignment is lost again in the box plot that represents the
erased sample. To summarize, the laser- and magnetic-field-
induced on-demand patterning is effective and swift as
expected.
On-demand and in situ assembly of PC structures in

hydrogels has many potential applications. One of these
applications is for on-demand writing/erasing, which was
described recently.20−22 To demonstrate this potential
application using our approach, we conducted a series of
writing/erasing tests in the DNA hydrogel samples. As
described above, photothermal heating can trigger a local
melting of the DNA, thus minimizing the energy barrier of the
MNP translocation and allowing for on-demand assembly. Our
first goal was to quantify how the irradiation time and power
tune the local assembly and coloration of the PC gel. Hence we
designed an array of irradiation spots with different laser
powers (40%−100%) and irradiation times (1−5 s) and
captured images of the gel before and after an illumination
(Figure 4a). The experiment was conducted under an external
magnetic field that was perpendicular to the observation plane.
We found that the color of the PC gel did not change when the
total input energy was low, when the illumination time was
brief, or if the illumination intensity was weak (e.g., 40% laser
power, 1 s of irradiation time). At greater illumination
intensities and dwell times, we observed that the diameter of
the spots increased as a function of the energy input (Figure
4b). This is likely due to the accumulation of heat allowing for
the melting of greater regions of DNA and the migration of
greater numbers of MNPs from the surrounding hydrogel. We
also observed the formation of spots that seemed to have a
colored ring and dark center. According to our investigation,
the dark center is likely due to the depletion of DNA because
the hydrogel unevenly redistributed after being heated/cooled
(Figure S10). This is supported by control experiments using
fluorophore-labeled ssDNA (Figure S11). We also found that a
laser power of 80% with 3 s of irradiation time produced
optimal results, since the spot size produced sufficient contrast
from the background and the spot size was smaller suggesting
an improvement in the spatial resolution. Aditionally, the spot
size is related to particle concentration. The melting area

changed drastically when we photothermally heated the
hydrogel sample. This is due to the higher particle
concentration for the samples with a greater weight percent,
which produces greater amounts of heat upon illumination
(Figure S12). By applying this protocol using patterns with
preassigned (x,y) coordinates, we first created a three-leaf
clover-like figure with an area of 1−2 mm2, which was spatially
patterned and erased after the bulk was heated and cooled
(Figure 4c, also see the Supporting Information, Video 5). We
also demonstrated the patterning of a quick response (QR)
code (2 mm × 2 mm) that was encrypted with the text
information “Emory 1836” in Figure 4d. The information can
be stored and later read using a smart device (Supporting
Information, Video 6) as we showed in this figure. In our
system, this pattern was comprised of ∼250 spots and required
∼10 min to complete with a single laser illumination system,
thus demonstrating the ability to create patterns on-demand.
Compared to rewritable technology based on photochromic
materials,22,23 our method is free of photobleaching, does not
require a photomask, and generates patterns more rapidly.

■ CONCLUSION

In summary, we demonstrate an on-demand structural color
patterning technology using a DNA supramolecular hydrogel
system with high spatial and temporal resolution. The gel is
crosslinked using all noncovalent Watson−Crick−Franklin
interactions, which are advantageous because these can be
easily programmed. The self-assembly of MNPs created PC
structural color that could be controlled and erased on demand
based on specific thermal, optical, and magnetic inputs.
Rheology measurements of the hydrogel composite show
highly reversible and rapid crosslinking/de-crosslinking
kinetics, which were observed for the three palindromic
DNA sequences tested (12, 16, and 20 mer domains). The
generation of PC coloration required transient de-crosslinking
of the gel with a simultaneous application of an external
magnetic field to assemble the MNP. This coloration was
rapidly erased when the gels were transiently de-crosslinked in
the absence of a magnetic field. Because of the strong visible
and near-IR absorbance of the MNPs, the structural color
could be patterned in a facile manner using a near-IR laser
source with micrometer spatial resolution and subsecond
temporal resolution. It is important to note that many reported
examples of rewritable materials are based on organic
dye,22,24,25 PC,26−28 and metal−organic framework (MOF)29

materials. In contrast to organic dye materials, PCs offer a
more stable coloration that resists photobleaching and
degradation that are well-documented for organic dyes and
pigments. Other PC-rewritable approaches display slow
response times (for writing and erasing), as these systems
require a volumetric swelling/deswelling change in the
polymer matrix. For example, water-triggered reversible PC
coloration required ∼5−10 min response times.26 By
leveraging the rapid and highly localized gelation/degelation
kinetics of palindromic DNA, our strategy offers high spatial
resolution (up to ∼10 μm), direct-write color patterning
without the need for a photomask, and rapid patterning (<1 s)
and erasing (<10 s). Supporting Information Table 1 compares
some of the reported technologies to generate rewritable
materials. Finally, we note that the fundamental strategy
disclosed here might inspire other applications such as
chemical sensing, molecular diagnostics, and information
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storage due to the programmability and sensitivity of DNA-
based hydrogels.
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