
Light-Responsive Colloidal Crystals Engineered with DNA

Jinghan Zhu,
Department of Materials Science and Engineering, Northwestern University, 2220 Campus Drive, 
Evanston, IL 60208, USA; International Institute for Nanotechnology, 2190 Campus Drive, 
Evanston, IL 60208, USA

Haixin Lin,
Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, 
USA; International Institute for Nanotechnology, 2190 Campus Drive, Evanston, IL 60208, USA

Youngeun Kim,
Department of Materials Science and Engineering, Northwestern University, 2220 Campus Drive, 
Evanston, IL 60208, USA; International Institute for Nanotechnology, 2190 Campus Drive, 
Evanston, IL 60208, USA

Muwen Yang,
Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, 
USA; International Institute for Nanotechnology, 2190 Campus Drive, Evanston, IL 60208, USA

Kacper Skakuj,
Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, 
USA; International Institute for Nanotechnology, 2190 Campus Drive, Evanston, IL 60208, USA

Jingshan S. Du,
Department of Materials Science and Engineering, Northwestern University, 2220 Campus Drive, 
Evanston, IL 60208, USA; International Institute for Nanotechnology, 2190 Campus Drive, 
Evanston, IL 60208, USA

Byeongdu Lee,
X-ray Science Division, Argonne National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439, 
USA

George C. Schatz,
Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, 
USA; International Institute for Nanotechnology, 2190 Campus Drive, Evanston, IL 60208, USA

Richard P. Van Duyne†,
Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, 
USA; International Institute for Nanotechnology, 2190 Campus Drive, Evanston, IL 60208, USA

Chad A. Mirkin

chadnano@northwestern.edu.
†dedicated to Professor Richard P. Van Duyne who passed away while this manuscript was being prepared

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.

HHS Public Access
Author manuscript
Adv Mater. Author manuscript; available in PMC 2021 February 01.

Published in final edited form as:
Adv Mater. 2020 February ; 32(8): e1906600. doi:10.1002/adma.201906600.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Department of Materials Science and Engineering, Northwestern University, 2220 Campus Drive, 
Evanston, IL 60208, USA; Department of Chemistry, Northwestern University, 2145 Sheridan 
Road, Evanston, IL 60208, USA; International Institute for Nanotechnology, 2190 Campus Drive, 
Evanston, IL 60208, USA

Graphical Abstract

TOC entry

Light-responsive colloidal crystals are constructed with azobenzene-tethered DNA to undergo 

reversible structural change between assembled and disassembled states under isothermal 

conditions. Such dynamic control in bonding between nanoparticles allows one to combine light-

responsive colloidal crystals with a photopatterning technique to enable printing of crystalline 

DNA-nanoparticle thin films into pre-designed shapes.
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A novel method for synthesizing and photopatterning colloidal crystals via light-responsive 

DNA has been developed. These crystals are comprised of 10-30 nm gold nanoparticles 

interconnected with azobenzene-modified DNA strands. The photoisomerization of the 

azobenzene molecules leads to reversible assembly and disassembly of the bcc and fcc 
crystalline nanoparticle lattices. In addition, UV light is used as a trigger to selectively 

remove nanoparticles on centimeter-scale thin-films of colloidal crystals, allowing one to 

photopattern them into pre-conceived shapes. The design of the azobenzene-modified 

Zhu et al. Page 2

Adv Mater. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



linking DNA is critical and involves complementary strands, with azobenzene moieties 

deliberately staggered between the bases that define the complementary code. This results in 

a tunable wavelength-dependent melting temperature (Tm) window (4.5-15 °C) and one 

suitable for effecting the desired transformations. In addition to the isomeric state of the 

azobenzene groups, the size of the particles can be used to modulate the Tm window over 

which these structures are light-responsive.

Colloidal crystals are the basis for functional materials such as photonic lattices,[1–3] 

electronic device components,[4–5] advanced catalysts,[6–8] and magnetic storage devices.
[9–11] Therefore, a variety of particle assembly techniques (e.g., interface/template-assisted, 

field-induced, diffusion-controlled, and ligand-directed strategies)[12–15] have been 

developed to engineer their formation. Colloidal crystal engineering with DNA,[16–19] which 

relies on DNA-grafted nanoparticles as “programmable atom equivalents” (PAEs) to 

generate crystalline nanoparticle superlattices (i.e. soft colloidal crystals), offers advantages 

over other assembly techniques, because the size, shape, and composition of the core 

nanoparticle “atom” can be tuned independent of the length, sequence, and density of the 

DNA “bonds”. Moreover, stimuli-responsive DNA “bonds” render PAEs sensitive to 

external cues such as pH,[20] enzymes,[21] dielectric media,[22] and small molecules;[23–24] 

this can yield crystals that reconfigure their structures based upon the introduction of a 

trigger. As a stimulus, light is widely used in chemical and biological systems to effect 

structural changes and regulate important processes. Indeed, light provides high spatial and 

temporal resolution, remote control, and tunability in terms of wavelength.[25–48] We 

hypothesized that by using a crystal engineering approach with DNA, we can build off of 

early reports involving amorphous structures, which show particle-tethered azobenzene-

DNA can be used in conjunction with light to control duplex stability,[49–51] to design and 

synthesize light-responsive colloidal crystals.

To integrate colloidal crystals into device structures, a variety of different lithography 

techniques have been developed, including nano-imprinting,[52] direct-write 3D printing,[53] 

and e-beam lithography (EBL).[54] Although quite useful for many purposes, nanoimprinting 

often causes structural deformation to the structures, direct write 3D printing is limited with 

respect to the size and composition of the crystal building blocks and the types of 

symmetries that can be accessed, and EBL is time-consuming, labor-intensive, and difficult 

to implement over large scales. On the other hand, photopatterning is easily scalable and 

could be used, in principle, to customize light-responsive colloidal materials into 

predesigned shapes without introducing chemical contaminants into the system. The ability 

to photo-direct the generation and disassembly of colloidal crystals on surfaces might 

provide a general way to pattern and integrate colloidal structures with surfaces and device 

components over large areas. In addition, by combining such capabilities with particle-based 

lattices engineered from DNA, one could effect changes within nanoscale building blocks 

with almost unlimited access to crystal symmetry and related parameters.

Herein, we report the proof-of-concept synthesis of light-responsive DNA-interconnected 

colloidal crystals (Figure 1A) and describe two separate light-directed processes – (i) light-

directed assembly and disassembly of crystalline nanoparticle superlattices, respectively 

(Figure 1B), and (ii) light-directed patterning of colloidal crystals (Figure 1C). Light-
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responsive PAEs were synthesized by using azobenzene-modified DNA (azoDNA) as 

bonding elements such that the configurational change of azobenzene molecules (between 

trans- and cis-states) effects DNA hybridization or dehybridization, causing the bonding 

between, or dissociation of, PAEs, respectively. The azoDNA linkers explored herein were 

designed to exhibit large wavelength-dependent Tm windows, substantially greater than 

designs previously explored for effecting simple aggregation/dissociation of amorphous 

DNA-nanoparticle assemblies.[51] Unlike previous systems in which particle-tethered 

azoDNA included tracts of 10-base complementary strands to effect aggregation of 

nanoparticles,[51] the designs reported herein, involve strands with short “sticky ends”, 

typically between 6 to 8 nucleotide bases and with 7-10 azobenzene moieties incorporated 

within the duplex that results from the hybridization of the sticky ends. This design enables 

the reorganization of PAEs even after they have bonded to one another to form a crystalline 

lattice[55] and provides a wavelength-dependent Tm window suitable for cleanly controlling 

crystallization or subsequent disassembly.

In a proof-of-concept experiment, PAEs were synthesized by densely coating gold 

nanoparticles with a monolayer of “anchor” DNA strands that contain 3’ thiol moieties, and 

then hybridizing complementary “linker” DNA strands to the “anchor” strands, exposing 

short, single-stranded “sticky ends” at the outer-surface of PAEs for particle binding (see 

schematic in Figure S1). Upon annealing, two PAEs of the same size but with 

complementary “sticky ends” form a bcc crystal, while those with self-complementary 

“sticky ends” form an fcc crystal.[55] Short “sticky ends” favor particle reorganization and 

higher crystal quality,[55] but with these systems, the sequences must be long enough to 

include an adequate number of azobenzene molecules to induce light-responsive particle 

assembly and dissociation. We tested the design and synthesis of light-responsive PAEs with 

both complementary and self-complementary sticky ends by incorporating azobenzene 

moieties in a staggered arrangement (see sequences in Tables S1–S2). For example, 15 nm 

gold nanoparticle cores were assembled with complementary azoDNA linkers, which had a 

total of 7 staggered azobenzene groups located at sticky ends that were 8 bases in length (4 

and 3 azobenzene moieties on particle type A and B, respectively). After annealing with a 

slow cooling method, these azoDNA-containing PAEs formed pellets (Figure 2A). Both 

scanning electron microscopy (SEM) and small angle X-ray scattering (SAXS) of the 

assembled structures confirms that the nanoparticles are arranged into faceted bcc crystals in 

the form of the expected rhombic dodecahedron[56] (Figures 2B, 2C, S7A, and S8). Similar 

results are obtained regardless of gold particle core size (10 – 30 nm in diameter), as long as 

the same linkers are used. In the case of linkers with self-complementary sticky ends 

(comprising of a total of 10 azobenzene moieties within 6 pairs of nucleotide bases), the 

anticipated fcc structures form, as evidenced by SAXS and SEM (Figures S7–S10). 

Collectively, these experiments and data show that incorporating staggered azobenzene 

residues in short sticky ends does not hinder the PAE crystallization process.

To determine the light-dependent characteristics of these structures, samples containing 

PAEs with either complementary or self-complementary sequences, respectively, were 

studied as a function of UV-irradiation (Figure S2). UV irradiation (300 - 400 nm) effects a 

trans-to-cis isomerization,[49–50] which destabilizes the duplexes that form from PAE 

hybridization. Therefore, crystals formed from PAEs (15 nm core and azoDNA linkers) with 
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complementary sticky ends, including seven azobenzene moieties, exhibit a remarkable 

eleven-degree difference in Tm in the dark (53.5 °C), as compared to under UV light (42.5 

°C). It is important to note that the number of azobenzene molecules within the sticky ends 

as well as the size of the core nanoparticle dictate the breadth of the Tm window (Figures 

S11–S13). For example, 4 azobenzene moieties in the sticky ends on 15 nm particle cores 

result in a Tm window of 4.5 °C (Figures S11B, S12B and S12C), while if the number of 

azobenzene groups is kept constant (7) and core size is systematically increased from 10 to 

30 nm, the Tm window decreases from 15 °C to 9.5 °C. This difference in Tm window is 

likely due to the facts that smaller PAEs form fewer DNA bonds and a comparable amount 

of isomerization results in a greater degree of crystal destabilization.[57] Similarly, a particle-

size dependent decrease in the wavelength-dependent Tm window was also observed for the 

fcc crystals formed from PAEs with self-complementary sticky ends (Figure S14). Finally, 

no melting temperature differences were observed with crystals formed from unmodified 

DNA sticky ends, confirming that the azobenzene moieties, and not the Watson-Crick base 

pairs, are responsible for the UV light-dependent Tms (Figures S11A, S12A and S12C).

The ability to tune the melting temperatures for PAE crystals enables one to predictably 

control the assembly and disassembly and even reversibly toggle between the two states. It is 

important to note that indeed, azoDNA bonds should exhibit light-induced hybridization and 

dehybridization at any temperature within the Tm window between 42.5 °C and 53.5 °C for 

bcc crystals, Figure 2D). To test this hypothesis, we set the temperature at 53 °C, a 

temperature slightly lower than the Tm for the crystals measured in the dark (i.e. azobenzene 

molecules are predominately in the trans-form), to maximize the thermal energy for 

crystallization. Under visible light (405 nm), the PAEs assemble into bcc crystals, as 

evidenced by SAXS (Figures 2E (i) and S7). Upon switching to UV irradiation (365 nm), 

the PAEs that defined the crystals dissociated under these isothermal conditions into a 

colloidal dispersion, due to the light-induced dehybridization of azoDNA (Figure 2E (ii)). 

Once the UV was replaced by visible light (405 nm), the PAEs again formed bcc crystals 

with the same lattice constant as that of the original lattice, confirmed by the re-appearance 

of SAXS peaks at the same locations (Figure 2E (iii)). This reversible change was repeated 

for two full cycles without any washing steps, while keeping the same set of samples at 53 

°C (Figures 2E and S16). Note that the reassembly of colloidal crystals was observed in the 

dark, albeit at a slower rate (i.e., over a couple of hours) than under visible light. This 

indicates that the assembly/disassembly process is a consequence of the photoisomerization 

of azobenzene molecules and that visible light irradiation accelerates the cis-to-trans 
isomerization. It is important to note that this light-directed assembly and disassembly of 

PAE crystals does not require external denaturing conditions for dissociating the lattices, 

such as excess Urea or temperatures above 70 °C, which were used in a previous study that 

relied on light-induced ligation of DNA bonds in DNA-nanoparticle superlattices.[32]

While PAE crystals in-solution are suitable for studying reversible changes, PAEs grown on 

a substrate layer-by-layer are appropriate for photopatterning (Figure 1C). Centimeter scale, 

light-responsive PAE thin films (5 layers) were synthesized via a stepwise growth 

method[58] (Figures 3A and S17). SEM images as well as grazing-incidence small angle X-

ray scattering (GISAXS) measurements confirmed that PAEs with azoDNA-sticky ends 

form ordered bcc lattices on a substrate (Figures 3B, 3C, 3D and S18). Surface-grown PAE 
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crystals also responded to a change in wavelength; PAEs remained intact in a crystalline thin 

film under visible light, while exposure to UV dissociated all PAEs within 30 minutes 

(Figure S19A).

Based on the previous results, we hypothesized that soft colloidal crystal thin films could be 

photopatterned into designed shapes. To evaluate possibilities, three different optical 

lithography approaches were studied. First, a custom-built photomask was applied, in which 

centimeter scale patterns were hand-crafted and used to mask the desired region above the 

crystalline PAE thin film (Figures 4A, 4B and S3). These custom-built photomasks are low 

resolution, due to the gap between the photomask and thin film, which allows light to scatter 

within the gap and effect crystal dissolution. However, a gap is necessary when using a 

photomask to pattern colloidal crystals because the soft DNA-mediated colloidal crystal thin 

films are easily damaged by external forces such as direct contact with a photomask. In 

order to achieve higher resolution, a direct UV laser writing technique was utilized to make 

micron-size features from crystalline PAE thin films (Figures S4 and S20). Although 

effective, laser writing is difficult to scale up because the UV laser spot size is small (15 to 

30 microns), and therefore photopatterning large areas becomes time-consuming. In order to 

achieve high resolution over large scales, a TERA-fab E series with a digital micromirror 

device (DMD) was used in cantilever-free, scanning probe lithography mode to print micron 

sized features over centimeter scale areas (Figures 4C, 4D, 4E (middle), S5, S21 and S22). 

SEM images of the patterned regions confirmed that the majority of light-responsive PAEs 

were removed, while non-irradiated areas exhibited intact crystals (Figures 4E (left and 

right)). To our knowledge, this is the first report to show that photopatterning techniques can 

be used to customize colloidal crystals on surfaces, and as such, these findings mark a 

significant step towards using colloidal crystals to prepare functional materials that could be 

integrated with existing microelectronic and optical circuitry. Future studies will explore the 

potential for incorporating anisotropic nanoparticles of different compositions to build novel 

stimuli-responsive optical devices or enzymes for constructing thin-film biological sensors.

Experimental Section

Light-Responsive Assembly and Disassembly of 3D Colloidal Crystals:

Light-responsive PAEs that contain complementary azoDNA-containing linkers were 

initially synthesized and then assembled into bcc crystals via a slow-cool method from 60 

°C to 25 °C at a rate of 0.1 °C/10 min in 0.2 M NaCl buffer solution. Light-triggered 

disassembly and re-assembly of 3D PAE crystals were performed at a temperature within the 

light-dependent Tm window of PAEs. UV light (centered at 365 nm, 5 mW cm−2, 30 min) 

and visible light (centered at 405 nm, 10 mW cm−2, 30 min) were utilized to effect the 

reversible structural changes under an isothermal condition. SAXS measurements were 

performed within 2 min of removing the crystals from the heating environment, where the 

cooling process within 2 min induces negligible changes to the crystal structures.[18, 55] 

DNA design, sequences, and PAE assembly protocols are described in the Supporting 

Information.
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Photopatterning of Colloidal Crystal Thin Films:

Light-responsive PAEs were layered on gold-coated Si wafer via a stepwise method and then 

annealed into ordered superlattice thin films. Photomask patterning was performed with a 

custom-made apparatus where PAE crystal thin films were covered by a photomask under 

UV light (centered at 365 nm, 0.5 mW cm−2, 30 min). Photopatterning with a digital 

micromirror device was performed on TERA fab E-series printer with UV light (centered at 

365 nm, 1.1 mW cm−2, 15 min). Preparation procedures including functionalization of the 

substrate, layer-by-layer growth of PAEs, and photopatterning protocols are described in the 

Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic shows how azobenzene residues are incorporated in the DNA sticky end, 

such that the trans (left) and cis (right) states of the azobenzene molecules can be toggled via 

visible or UV light, respectively. Under visible light (trans-form), the DNA sticky ends 

remain hybridized, but under UV light, the cis-form azobenzene molecules induce 

dehybridization of the DNA sticky ends. (B) Under isothermal conditions, light is applied to 

trigger a reversible change in PAE crystals between assembled and disassembled states. (C) 

UV-light-directed disassembly of surface-grown, crystalline PAE thin films can be used to 

selectively remove nanoparticles.
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Figure 2. 
Light-responsive PAEs functionalized with azoDNA linkers successfully assembled into 

ordered crystals in aqueous solution. (A) Aggregated PAEs were annealed via a slow-cool 

method, and (B, C) SEM images confirm the formation of ordered PAE crystals. (D) Melting 

curves of light-responsive PAEs show two different melting temperatures, one in the dark 

and the other under UV light. (E) SAXS data confirm the formation of bcc crystals and also 

a dynamic and reversible wavelength-dependent change between assembled (visible light) 

and disassembled states (UV light). UV light (365 nm, 5 mW cm−2, 30 min irradiation) and 

visible light (405 nm, 10 mW cm−2, 30 min irradiation) were utilized to effect the reversible 

structural changes at 53 °C. SAXS measurements were performed within 2 min of removing 
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the crystals from the heating environment. The cooling process prior to the SAXS 

measurement induces negligible changes to the crystal structure.
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Figure 3. 
(A) Centimeter-scale, light-responsive PAE thin films on a substrate synthesized via a layer-

by-layer process. (B, C) SEM images and (D) GISAXS measurement confirm the formation 

of ordered PAE thin films.
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Figure 4. 
(A) A custom-made photomask can be used to pattern crystalline PAE thin films into desired 

shapes. (B) Photograph showing photomask-patterned samples of three different shapes 

(rectangle, triangle, and the letter “N”). (C) A digital micromirror device (DMD) is used 

with a cantilever-free scanning probe lithography instrument to photopattern crystalline PAE 

thin films. (D) Optical microscope image confirms successful photopatterning of a 

predesigned image. (E) Optical microscope image (middle), with a zoomed-in SEM image 

confirming that PAEs remain intact and ordered on the area that was not exposed to UV light 

(left) and another zoomed-in SEM image showing sparsely distributed nanoparticles on the 
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UV-exposed region and demonstrating that the majority of light-responsive PAEs are 

successfully removed from the substrate (right).
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