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DNA is the building block for most living organisms; hence, controlling the supramolecular self-
assembly of DNA structures is important not only for a better understanding of its biological properties,
but also for shedding light on the design of functional materials for biological engineering and materials
science applications. However, it is still challenging to control DNA molecular self-assembly structures
in a predesigned manner across multiple length scales. Here, we demonstrate that the orientational order
of DNA molecules can be precisely controlled by using the photopatterning technique. This technique
imprints various spatially varying patterns into a layer of liquid-crystalline polymer, which will be further
used to control the DNA structures. It is demonstrated that DNA orientations can be patterned with a two-
dimensional lattice of topological defects and arbitrary patterns through length scales from micrometers
to millimeters. The resulting programmable and predesigned DNA self-assembly structures will open up
opportunities in advanced materials and devices for optical and biological applications.

DOI: 10.1103/PhysRevApplied.13.014026

I. INTRODUCTION

Nature has the fascinating capability to precisely con-
trol molecular building blocks, such as DNA, to assemble
complex structures on multiple length scales [1]. After
the double-helix structure of DNA was discovered by
Watson and Crick in 1953 [2], scientists have tried to
understand the DNA self-assembly properties of human
beings and apply nature’s approaches to design and con-
trol hierarchical assembly structures [3–7]. As a conse-
quence, macroscopic organization and its coupled func-
tionality show potential applications ranging from biosens-
ing devices [8] to tissue engineering [9] and inorganic
solid-state and opto-electronic devices [10–12]. Despite
the advantages that well-ordered DNA assembly structures
can offer, the challenge is to develop robust approaches
to control the spatial organization of these assemblies
across multiple length scales [3–7]. Several methods are
proposed to create large-scale, well-ordered, and oriented
DNA structures by using evaporation [13,14], magnetic
fields [15], mechanical shearing [16], molecular combing
[17–20], and topographic control [21–23]. However, these
approaches control only the local domains instead of larger
structures. Control of DNA molecular self-assembled
structures with predetermined architecture and functional-
ity through multiple length scales is highly desirable and
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is one of the major goals of biological engineering and
materials science.

The ordering structures of DNA molecules can be based
on its liquid-crystal phase with spontaneous orientational
order. If the concentration of an aqueous DNA solu-
tion reaches about 50 mg/mL, DNA molecules will self-
assemble into a nematic phase [24]. If the concentration
is high enough, up to 200 mg/mL, the DNA solution will
display a columnar phase [25]. The nematic ordering of
DNA structures can be controlled by using the surface-
patterning technique. Here, we propose to control DNA
molecular self-assembled structures by using the photo-
patterning technique [26]. In this approach, a plasmonic
metamask is used to control the local state of light polar-
ization, rather than via standard photomasks that control
only the intensity of transmitted light, and thus, multiple
exposures are eliminated [26,27]. The light beam trans-
mitted through the plasmonic metamask acquires a spatial
distribution of polarization that is imprinted onto a layer of
liquid-crystalline polymer [28,29].

When an aqueous DNA solution of nematic phase con-
tacts with the ordered and oriented polymer thin film, the
DNA assembly structures can be aligned to follow the
predesigned liquid-crystalline polymer orientations. This
technique allows one to create any pattern of assembled
ordered DNA structures, with the typical scale ranging
from micrometers to millimeters. Here, we demonstrate
that complex patterns of DNA molecular self-assembled
structures with two-dimensional (2D) lattice of topological

2331-7019/20/13(1)/014026(8) 014026-1 © 2020 American Physical Society

https://orcid.org/0000-0001-9655-8129
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.13.014026&domain=pdf&date_stamp=2020-01-15
http://dx.doi.org/10.1103/PhysRevApplied.13.014026


DHAKAL, JIANG, GUO, and PENG PHYS. REV. APPLIED 13, 014026 (2020)

defects are created. Patterns of DNA hierarchical struc-
tures with arbitrary geometries across multiple length
scales are also achieved. The resulting programmable
and predesigned DNA self-assembly structures will open
up opportunities for designing biomaterials [30,31] and
developing advanced functional nanomaterials [32–34] for
electro-optical and biosensing applications.

II. EXPERIMENTAL RESULTS

A. Materials and photo-patterning

We follow the recently proposed approach for surface
photoalignment that is based on plasmonic photomasks
used to irradiate bounding plates with light of a controlled
polarization pattern, as described in detail in Refs. [26,35].
The photosensitive material used here is an azo dye,
SD1 [Fig. 1(b)], from DIC, Inc. It is mixed with N,N -
dimethylformamide (from Sigma, Inc.) at a concentration

(a)

(b)

(c)

(f)

(d) (e)

FIG. 1. Photopatterning materials and setup. (a) Molecu-
lar structure of liquid-crystalline monomer reactive mesogen
RM257. (b) Molecular structure of photosensitive azo-dye SD1.
Polarizing optical microscope images of DNA solution in
isotropic phase at 95 °C (c), isotropic-nematic phase transition
at 90 °C (d), and nematic phase at 25 °C (e). (f) Schematic of
photopatterning setup. The light is emitted from the illumination
lamp and patterns of linearly polarized light distribution are cre-
ated after the plasmonic photomask, which are projected on the
sample coated with azo-dye SD1 through two objective lens. The
predesigned patterns will be imprinted onto the SD1 layer. P and
A represent polarizer and analyzer, respectively.

of 0.2 wt % and spin-coated onto the cleaned glass sub-
strates at 3000 rpm for 30 s. After baking at 120 °C for
15 min, the SD1-coated substrates are exposed in the pho-
topatterning setup shown in Fig. 1(f) for 5 min [36–38].
In the photopatterning setup, we use an X-Cite 120 metal
halide lamp as a source of nonpolarized light to illuminate
the plasmonic metamasks; the lamp output is the strongest
in the spectral range between 350 and 450 nm. The plas-
monic photomask is made of a quartz substrate coated with
aluminum films of 150 nm thick [26]. The aluminum film
is perforated by means of electron beam lithography and
reactive ion etching with rectangular nanoapertures, each
of 220 nm in length and 100 nm wide. An unpolarized light
beam goes through the photomask and becomes linearly
polarized, and the polarization is perpendicular to the long
side of the nanoaperture. By designing the orientations of
the nanoapertures in space, the light polarization can also
be manipulated to vary from point to point [39]. Patterns
with spatially varying linear polarizations are projected
and imprinted on the azo-dye SD1 layer [26,35].

Due to the soluble property of the azo dye in the aque-
ous environment, a passivation layer of liquid-crystalline
polymer covers the SD1 layer to preserve this pattern [28].
Liquid-crystalline monomer of reactive mesogen RM257
(from Wilshire, Inc.), Fig. 1(a), and photoinitiator Irgacure
651 (from Ciba) are mixed with toluene at concentra-
tions of 7 and 0.07 wt %, respectively. This monomer
solution is spin-coated onto the patterned SD1 layer at
3000 rpm for 30 s. The monomer is photopolymerized by
an unpolarized UV light (UVL-26 Handheld UV lamp,
Analytikjena LLC), with an intensity of 1.4 mW/cm2,
wavelength 365 nm, for 30 min. The polymer pattern repli-
cates the alignment pattern of azo dye beneath it through
the interaction of RM257 molecules with the orientation-
ally ordered chemical groups on the azo-dye layer [28].
The predesigned patterns on the SD1 layer will be trans-
mitted to this liquid-crystalline polymer layer, which will
be used to pattern orientational order of the nematic DNA
solution.

Sodium salt of DNA from salmon testes (from Sigma
Inc.) with 2000 base pairs [40] is used in this work. This
DNA is considered to be a semiflexible polymer with a per-
sistence length of 50 nm [41] and a nematic liquid-crystal
phase will form at concentrations from 50 to 200 mg/ml
[24]. DNA in the nematic phase with a concentration
of 100 mg/ml is used, which has an isotropic phase at
95 °C, Fig. 1(c), and an isotropic-nematic phase transition
at 90 °C, Fig. 1(d). All experiments are conducted at 25 °C
in the nematic phase, Fig. 1(e).

B. Planar alignment of DNA structures

Aqueous DNA solution with a concentration of
100 mg/ml is prepared and one drop of this solution
is placed on one patterned substrate with an aligned
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liquid-crystalline polymer layer. The other cleaned glass
substrate will cover this DNA drop. The gap between the
two substrates are set by 5-μm glass spacers. This sam-
ple is promptly sealed by 5 min epoxy glue to avoid water
evaporation. Then the sample is heated up to 95 °C to
remove all flow alignment and other undesirable effects.
After the sample is cooled to room temperature, the sam-
ple is imaged by using a polarizing optical microscope
(POM). We use a 50X-1000X advanced upright polar-
ized light microscope from Amscope with both 10× Plan,
NA = 0.25 objective, and 20× Plan, NA = 0.40 objective,
lenses. Optical microscopic images are captured by using
a 20MP USB3.0 BSI C-mount microscope camera from
Amscope (resolution 5440 × 3648 pixels).

Figure 2 shows that after the nematic DNA solution
contacts the liquid-crystalline polymer layer with a planar
alignment, DNA chains will be aligned unifromly follow-
ing this planar fasion. The alignment of DNA structures
can be directly determined by using POM with a retarda-
tion λ plate [16,23,42]. The λ plate has a slow axis along
45◦ and alignment of DNA parallel to this axis will show
yellowish domains, Figs. 2(a) and 2(b), and perpendicular
to this axis will show blueish domains, Figs. 2(c) and 2(d).

We rotate the DNA sample with planar alignment at
room temperature at steps of 5° and record POM images
at every step. After that, for each image, a 1 × 1 mm2

area is selected as the region of interest (ROI) and aver-
age intensity in the ROI is measured and normalized by

(a) (b)

(c) (d)

(e)

FIG. 2. Planar alignment of DNA
structures by photopatterning. When
aligned DNA is placed at 45◦ between
the crossed polarizers, the texture is
bright (a) and the engaged λ-plate
POM image shows an orange color
(b), which indicates that DNA struc-
tures are aligned at 45◦ uniformly. When
aligned DNA is placed at 135◦ between
the crossed polarizers, the texture is
also bright (c) and engaged the λ-plate
polarizing microscope image shows a
light-blue color (d), which indicates that
DNA molecules are aligned at 135◦ uni-
formly. (e) Transmitted intensity mea-
surement by rotating the planar-aligned
DNA sample from 0◦ to 180◦; I is the
normalized intensity and φ is the rota-
tion angle.
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using ImageJ software. The plot of intensity at each step
versus rotational angle is obtained and fitted by using I ∝
sin2(2φ) [43], where I is the intensity and φ is the rotation
angle, as shown in Fig. 2(e).

C. Photopatterning DNA structures with topological
defects

We first design the pattern with director field n̂ =
(nx, ny , nz) = (cos θ , sin θ , 0), where θ(x, y) = mtan−1

(y/x) + θ0, m is the topological charge; the phase θ0 sets
the type of distortions. Figure 3(a) shows a pattern of direc-
tor field with m = 1/2 and θ0 = π/2. The director field
can be simulated to gain direct visualization of the tex-
tures between cross polarizers. For every pixel, the local
intensity through the crossed polarizers can be calculated

as I ∝ sin2[2θ(x, y)] [43]. The obtained intensity map will
be normalized by dividing the intensity of every pixel
by the maximum intensity of all pixels. Thus, the image
graphic of the simulated texture between crossed polariz-
ers can be plotted in Mathematica. The simulated texture
between crossed polarizers is shown in Fig. 3(b). The
POM image shows the texture of DNA alignment with
two extinctions, Fig. 3(c), which is in agreement with the
simulation. The POM image with the engaged λ plate is
another confirmation that orientation of DNA ordering fol-
lows the predesigned pattern, Fig. 3(d). If the pattern is
designed with m = 1 and θ0 = π/2 [Figs. 3(e) and 3(f)],
the patterned DNA structures adopt bent distortions, with
four extinctions imaged by POM [Fig. 3(g)], and align-
ment along the slow axis of the λ plate shows a blue
color, Fig. 3(h). Pattern of DNA structures with higher

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

FIG. 3. Photopatterning DNA structures with topological defects. (a) Director field of a topological defect with m = 1/2 and θ0 =
π/2. (b) Simulated texture of 1/2 defect in part (a) between crossed polarizers. POM images of orientations of DNA structures by this
1/2 defect without (c) and with (d) the λ plate. (e) Director field of a topological defect with m = 1 and θ0 = π/2 adopting pure bent
distortions. (f) Simulated texture of circular +1 defect in part (e). POM images of arrangements of DNA structures by this circular +1
defect without (g) and with (h) the λ plate. (i) Director field of a defect with m = 3/2. (j) Simulated texture of 3/2 defect in part (i).
POM images of DNA alignment by this +3/2 defect without (k) and with (l) the λ plate. The scale bar is 50 μm.
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topological charge, such as m = 3/2 [Figs. 3(i) and 3(j)],
is also created. The POM image of this pattern shows six
extinctions, Fig. 3(k), as confirmed by inserting the λ plate,
Fig. 3(l).

D. Photopatterning DNA structures with 2D lattice
of topological defects

To demonstrate the capability of this photopatterning
technique, DNA patterns with more complex structures
are created. An array of (+1/2, −1/2) defects is designed
with θ(x, y) = �

i
mitan−1[y/(x − ix0)], where mi = 1/2,

mi+1 = −1/2, and x0 = 50 μm is the distance between
two adjacent half defects. Then, we put these two rows
of defect array with a distance y0 = 100 μm to form
a 2D (+1/2, −1/2) defect array, Figs. 4(a) and 4(b).
DNA chains follow the predesigned pattern and POM tex-
tures are shown in Figs. 4(c) and 4(d). A 2D lattice of
alternating (+1, −1) defects are created with θ(x, y) =
�
i,j

mi,j tan−1[(y − j y0)/(x − ix0)], where mi,j = 1, mi,j +1 =
−1, and x0 = y0 = 100 μm is the distance between the
defects, Figs. 4(e) and 4(f). The POM images in Figs. 4(g)

and 4(h) show the alignment of DNA structures by the pre-
designed pattern in Fig. 4(f). A more complex pattern of
DNA ordering with a 2D lattice of (+3/2, −3/2) defects
are shown in Figs. 4(i)–4(l).

E. Photopatterning DNA structures with scale-up
arbitrary geometries

Scaled-up arbitrary shapes of DNA structures can be
created by programming the patterns. For example, letters
of “U” and “M” with alignment along 135◦ are designed,
Fig. 5(a), and the patterns of DNA structures are imaged
by POM in Figs. 5(b) and 5(c). The domains with “UM”
align DNA chains along 135◦, showing a bright texture,
Fig. 5(b), and the alignment of DNA structures is con-
firmed with insertion of the λ plate, Fig. 5(c). Other
scaled-up arbitrary patterns, such as Mona Lisa and The
Starry Night paintings, are also created, Figs. 5(d)–5(g).
Figure 5(d) shows the mask of the Mona Lisa painting,
with white pixels transmitting light with linear polariza-
tion along 45◦ and black pixels blocking light. The POM
image shows that DNA chains are patterned following the

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

FIG. 4. Photopatterning DNA structures with 2D array of topological defects. (a) Director field of a 2D lattice of defects (+1/2,
−1/2). (b) Simulated texture of director field in part (a) between crossed polarizers. POM images of DNA alignment by the pattern
without (c) and with (d) the λ plate. (e) Director field of a 2D defect array of (+1, −1). (f) Simulated texture of director field in part
(e). POM images of DNA pattern by the (+1, −1) defect array without (g) and with (h) λ plate. (i) Director field of a 2D defect array
of (+3/2, −3/2). (j) Simulated texture of director field in part (i). POM images of DNA alignment by the (+3/2, −3/2) defect array
without (k) and with (l) the λ plate. The scale bar is 50 μm.
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(a)

(d)

(f) (g)

(e)

(b) (c)

FIG. 5. Arbitrary shapes of scaled-up patterns of DNA struc-
tures. (a) Designed alignment at 135◦ with respect to the hor-
izontal direction. POM images of patterns of DNA chains in
the form of letters “U” and “M” without (b) and with (c) the
λ plate. (d) Mask with the pattern of the Mona Lisa painting,
with white pixels transmitting linearly polarized light along 45◦
and black pixels blocking light. (e) POM image of the pattern
with bright pixels indicating DNA chains are aligned at 45◦

, fol-
lowing the design. Mask with the pattern of van Gogh’s The
Starry Night painting (f) and POM image of the pattern, with
bright pixels indicating that DNA chains are aligned along the
45◦ direction (g).

design, with bright domains aligned at 45◦ with respect
to the polarizer, Fig. 5(e). The mask with the pattern of
van Gogh’s The Starry Night painting and a POM image
of the pattern of DNA chains are shown in Figs. 5(f)
and 5(g), respectively. Notably, the patterns in these exper-
iments are scaled up to the range of several millimeters.
For Figs. 5(e) and 5(g), a higher magnification lens is
used to obtain larger scale patterns, which will cause more
image aberration during patterning and the resolution will
be compromised.

III. CONCLUSION

Here, we demonstrate how to use the anisotropies in
liquid-crystal polymers to control the complex macro-
scopic patterns of DNA structures emerging from simple
interacting microscopic constituents. Although the molec-
ular mechanism of how the DNA molecule interacts with
the liquid-crystal polymer requires further exploration,
this work expands the potential utility of liquid-crystal

polymers into the realm of DNA lyotropic systems. It will
shed light on future research directions, such as the study
of the viscoelastic properties of this system by using the
alignment method demonstrated in this work, the explo-
ration of molecular structures in the defect core produced
by this work, and theoretical modeling of DNA molecular
self-assemblies and their interactions with liquid-crystal
polymers, etc.

Additionally, the aligned DNA chains are widely used
as a template for the self-assembly of bacteria [42], gold
nanorods [23,44], thermotropic liquid-crystal molecules
[16], etc. As a type of aqueous lyotropic liquid crystal,
the ordered DNA structures shown here can potentially
be designed to direct the assembly of peptide amphiphiles
[45,46] and other kinds of biomolecules [47,48]. As shown
in Fig. 1, the concentration of DNA we use has an isotropic
phase at a temperature of 95oC. At temperatures higher
than this temperature, the DNA molecules are oriented
randomly, but at lower temperatures, such as room tem-
perature, the molecules recover the designed ordered struc-
tures. If DNA is used as a template material, this property
will help to realize the reconfiguration of suspended bio-
materials by simply changing the temperature. Due to the
simplicity and versatility of our technique in this work,
this programmable and biocompatible soft material, across
multiple length scales, will find applications as templating
tools for various guest functional materials to follow the
orientations of ordered DNA chains.

To summarize, space-varying DNA self-assembled
structures, in a deterministically predesigned manner, can
be created by using the photopatterning technique. Var-
ious configurations of DNA orientations with a 2D lat-
tice of topological defects are achieved by placing DNA
molecules inside a cell coated with photopatterned liquid-
crystalline polymer. Additionally, this method can be fine-
tuned to scale up and arbitrary patterns of DNA chains
in the millimeter-scale range are created. The arbitrary
patterns of DNA structures are not limited to the cur-
rent work and can be programmed to different geometries
due to the versatility of the designed patterns. The result-
ing programmable and predesigned DNA self-assembled
structures across multiple length scales will open up oppor-
tunities for designing dynamic functional bionanomateri-
als and developing electro-optical and biosensing devices.
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