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SUMMARY

Structural color attracts considerable scientific interests and industrial explora-
tions in various fields for the eco-friendly, fade-resistant, and dynamic advan-
tages. After the long-period evolution, nature has achieved the optimized color
structures at various length scales, which has inspired people to learn and repli-
cate them to improve the artificial structure color. In this review, we focus on
the design of artificial structural colors based on colloidal particle assembly and
summarize the functional bioinspired structure colors. We demonstrate the
design principles of biomimetic structural colors via the precise structure engi-
neering and typical bottom-up methods. Some main applications are outlined in
the following chapter. Finally, we propose the existing challenges and promising
prospects. This review is expected to introduce the recent design strategies
about the artificial structure colors and provide the insights for its future devel-
opment.

INTRODUCTION

Color is an indispensable part of our human society. It not only decorates the beautiful world but also plays

an important role in display (Daqiqeh Rezaei et al., 2020), information (Hong et al., 2020), and medical ap-

plications (Lee et al., 2018). The generation of color is perceived from the light interactions with specific

matters, such as absorption, reflection, refraction, scattering, diffraction, and so on (Kristensen et al.,

2016). According to the different sources, colors can be divided into pigmentary colors and structural

colors. Pigmentary colors are realized by the color molecules (all dyes and most pigments), which can

absorb light within a definite range of wavelengths but reflect and/or refract the non-absorbed light to

manifest color (Kulyk et al., 2020). In contrast, structural colors result from the physical micro- or nanostruc-

tures at the scale of visible wavelengths (Ren et al., 2019). Compared with the pigmentary colors, structural

colors can resist to the photobleaching and avoid the use of toxic dyes. Thus, they can be eco-friendly and

fade-resistant, which make them promising candidates for the future color applications (Hou et al., 2018).

Structural colors are commonly found in nature. Through long-time evolution and natural selection, they have

been a glorious feature of natural creatures (Watanabe et al., 2004; Zi et al., 2003). Plants can exhibit an incred-

ible variety of structural colors, which are skillfully exploited not only to interact with their environment (i.e.,

attract pollinators) (Whitney et al., 2009), but also to harvest energy from sunlight (Tadepalli et al., 2017). For

animals, the structural colors contribute a lot to the information communications including camouflage, repro-

duction, and signal transmission (Shang et al., 2019). Taking the chameleons as an example, the skin can exhibit

complex and rapid color changes with the surrounding environment to protect them from harm (Wang et al.,

2019a). Another fascinating property of natural structure color is that the vivid colors are prepared with the

very commonmaterials. The excellent optical properties are achieved by the extraordinarily precise engineer-

ing to optimize the structure at various length scales (Li et al., 2020; Zhao et al., 2012). These outstanding fea-

tures have attractedmuch research effort inmaterial science, chemistry, engineering and physics, and inspired

scientists to study the biomimetic structures (Liu and Jiang, 2011). Accordingly, various artificial structural-color

materials are fabricated by duplicating or mimicking the components existing in natural creatures (Goerlitzer

et al., 2018; Kolle et al., 2013). These artificial structural colors can be non-iridescent (Xiao et al., 2017), brilliant,

and responsive to various external stimuli including the temperature, solvent, light, electricity, magnetic field,

and forces (Fenzl et al., 2014), which make thempromising in many applications, such as colorful displays, anti-

counterfeiting, information storage, mechanical sensing, and healthcare monitoring (Isapour and Lattuada,
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Figure 1. The basic color structures of different scales

(A) Scatters composed of the small particles with disordered arrangement.

(B) Thin-film structures by depositing materials on a substrate.

(C) Diffraction gratings with periodic patterns on the substrate surface.

(D) Total internal reflection structures composed of the microscale concave interface.

(E) One-, two- and three-dimensional (1D, 2D and 3D) photonic crystals with a structural periodicity in one, two, or three

directions, respectively.
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2018). With the in-depth understanding of the color mechanisms, researchers have already obtained the opti-

mization of some artificial structural colors aiming at the specific functions (Wu et al., 2020). Thus, more

advanced structural-color materials and products are expected to be prepared and applied in the future.

In this review, we put an emphasis on the bioinspired structural colors by colloidal particle assembly, as fol-

lows: First, we give a brief overview of the basic color structures of different scales and demonstrate the

coloration mechanisms. Next, we summarize the functional structure-color designs with different proper-

ties. Aiming at functions, the techniques to manufacture the artificial structural color are described. Some

typical applications are listed in the following. Finally, we propose the challenges and opportunities asso-

ciated with the artificial structure colors.
BASIC COLOR STRUCTURES OF DIFFERENT SCALES

The generation of structural color is resulted from light interactions with the specific micro- or nanostruc-

tures (Ji et al., 2017). Over the natural evolution of millions years, biological systems have developed multi-

scale well-controlled structures (Zhang et al., 2016). For the similar sizes with visible wavelengths between

400 and 700 nm, these microstructures can display vivid colors by the interactions with light (Sun et al.,

2013), which provide the design criteria for artificial structural colors (Kinoshita et al., 2008). According to

the different scales, we have summarized the basic chromogenic structures.
Scatters

Light scattering depicts the light interactions with elementary particles of matter (scatterers) (Skipetrov and

Sokolov, 2014). The size for small scatters can be below thewavelength and in the scale of a few nanometers.

Commonly, the blue color in the sky is generated by the scattering effect. Dividedby the different coloration

mechanisms, scattering can be simply classified into the coherent scattering and the incoherent scattering.

For the coherent scattering, scatterers are arranged in relative order (Sköld et al., 1972). There exists a phase

relationship between the scattered lights. Thus, the scattered lights can interact with each other and the

colors by coherent scattering can display iridescent property. In contrast, the disordered dispersion of scat-

terers leads to the incoherent scattering. As shown in Figure 1A, it has a diffuse reflection, with the spectrum

unrelated to the observation or the illumination angles. According to the scatterer morphology, it is called

Mie scattering when the scatterers are spherical particles. When the size of small scatters is well below the

wavelength, it is the Rayleigh scattering. Rayleigh scattering is a typical incoherent scattering. The
2 iScience 24, 102121, February 19, 2021
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molecules within the atmosphere by Rayleigh scattering cause the blue color of the sky. The white appear-

ance in clouds and the red color in sunset are also caused by the Rayleigh scattering (Young, 1981).
Films

Interference in nature involves the single-layer film interference and multilayer film interference (Panchar-

atnam, 1956). Typically, the glaring color of soap bubble is caused by the thin-film interference. The general

geometry of light interacting with a thin film is schematically illustrated in Figure 1B. The key factors gener-

ating the interference are the layered media composed of the film and surrounding media with different

refractive indexes. For a given angle andwavelength of incident light, the interference will happen between

the light waves reflected from the upper and lower interfaces of the film. Multi-film interference results from

the periodic stack of a pair of thin layers, which can manipulate the multiple reflections at the interfaces and

therefore further enhance interference effects. Colors produced by the multi-film interference are brighter,

more colorful and saturated. They widely exit in many organisms, such as insects, birds, fish, mollusks, and

fruits (Vukusic and Sambles, 2003). The interference color highly depends on the refracting angles, which

means the observed color will change at different viewing conditions. Hence, this structural color often pre-

sents the typical iridescent features.
Gratings

Diffraction gratings are periodic structures that can split and diffract light into several beams traveling in

different directions, which can induce the structural color (Loewen and Popov, 2018). The color is regulated

by the spacingbetween the neighboring structures, aswell as thedirection of observation (Yang et al., 2020).

Usually, the diffractiongrating is fabricated by surface-patterning of subwavelength periodical stripes with a

typical spacing d (Figure 1C). When a beam of light irradiates the grating surface at an incident angle of qi,

and is diffracted at an angle of qr, the wavelength of the corresponding diffracted light can be calculated as,
M l = d (sinqi - sinqr) (Equatio
n 1)

herem is the diffraction order (an integer). Both qi and qr are the directions from the normal of the reflective

plane. The diffraction grating is an important tool in scientific research and technology. Structural colora-

tion by the diffraction grating is common in nature (e.g flower, butterfly, and shells) (Kinoshita and Yoshioka,

2005). Some of them have been applied in daily life (e.g the compact disc, anti-fake labels, and beautiful

decorations) (Botten et al., 1981).
Photonic crystals

In the late 1980s, the modern field of photonic crystals (PCs) was born. PCs are a kind of periodic dielectric

structures with the ability to manipulate photons (Joannopoulos et al., 1997). Biological systems contain

many different examples of PCs with refractive index periodicities including the 1D geometry of multilayer

systems, 2D, and 3D arrangements (Figure 1E). The photonic bandgap (PBG) is formed by creating the pe-

riodic structure units with alternating refractive indices, which can block the propagation of electromag-

netic radiation (Foresi et al., 1997). By modulating the period of the PCs, the propagation of light with

certain wavelengths can be forbidden.When the periodicities of the PCs are on the order of the wavelength

of visible light, the specific light is reflected, which can result in the vivid structure colors. The PC-based

structural colors can be made from many materials (López, 2003). Importantly, the assembly of colloidal

PCs with mono-dispersed colloidal microspheres into face-centered cubic (FCC) structures has been a

popular way to crate the structural color for the economic and large-area processing (Moon and Yang,

2010). Colloidal spheres are able to be obtained from inorganic silica and organic polymer materials. By

adjusting the diameter of colloidal spheres and assembly conditions, the PC-based structural colors are

easy to be prepared and regulated (Aguirre et al., 2010; Ge et al., 2007).
Total internal reflection structures

The total internal reflection (TIR) usually happens in spherical structures on the range of a few microns to

hundred microns (Figure 1D), such as the raindrop, multiphase droplets, and concave interfaces, which

can induce the refraction splitting the white light into the colorful light with specific wavelength (Zhu

et al., 1986). The colors of the rainbow are the typical example resulted from the TIR (Nussenzveig,

1969). Recently, Goodling et al. demonstrated a new coloration mechanism based on the TIR and interfer-

ence mechanism that light traveling along different trajectories of TIR at a concave optical interface was
iScience 24, 102121, February 19, 2021 3
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able to interfere to generate the brilliant structure color (Goodling et al., 2019). The color could be manip-

ulated by controlling the interface morphology including the size and contact angle. Due to the TIR in the

concave microcavity of the butterfly Papilio blumei, the phenomena of color mixing and polarization con-

version are found (Kolle et al., 2010). The fabrication of TIR-based structures is simple and efficient, which

can add more vitality to structural colors.

In addition to the mentioned chromogenic structures, the colors in natural creatures can also be created by

the hierarchical structures (Chen et al., 2020). For the optimally designed and tightly regulated structures,

natural systems demonstrate an exquisite control over the light-matter interactions at various length scales,

which enables them enhance or modify their functions with the limited materials (Shin et al., 2003). Some

special color features such as the color mixing and polarization are derived. Taking themale green peacock

(Pavomuticus) as an example (Zi et al., 2003), various colors of blue, green, yellow, and brown can be found

in the eye pattern of barbules. The coloration in peacock feathers takes the advantage of the partial PBG of

the 2D photonic crystal structure in the cortex. Varying the period number leads to the production of addi-

tional colors and color mixing. Since natural structural color has been optimized through the millions years

evolution, it is efficient to prepare the artificial structure color by learning from the natural coloration stra-

tegies and the natural engineering principles.

NATURE-INSPIRED STRUCTURE-COLOR DESIGN

Natural structural coloration exists in a variety of organisms, including plants, insects, birds, mollusks, sea

mice, and fish (Kinoshita, 2008). By regulating the structure morphology, creatures can display the beautiful

colors and achieve some specific functions such as camouflage, reproduction, and signal transmission.

Along with the growing understanding of the morphology and mechanism of natural structural-color ma-

terials, the bioinspired artificial counterparts have been manufactured with improved performance and

function consequently (Yang et al., 2017). To our surprise, the various structural colors in nature creatures

are made from the limited and ordinary materials such as cellulose, chitin, and keratin (Meyers et al., 2008).

The diversity in coloration are basically caused by the well-designed structures (Fudouzi, 2011), which re-

quires highly sophisticated engineering processing at various length scales (Vogel et al., 2015b). In this

case, nature can be the teacher of mankind and instruct the artificial structure-color design.

Iridescent and non-iridescent color design

The phenomenon of iridescence, named the change of color with viewing angles, is a typical property of

the natural structural color (Hsiung et al., 2017). Beautiful opals in nature are made from the ordered depo-

sition of spherical silica nanoparticles (NPs) after years of siliceous sedimentation and compression under

hydrostatic and gravitational forces (Sanders, 1964). The opal give strong iridescent structural colors by the

multiple scattering of light off the periodic planes (Figure 2A), whose wavelength can be defined by the

Bragg’s law (Richel et al., 2000) as follows
M l = 2 d (n2eff – sin2q)1/2 (Equatio
n 2)

where m refers to the diffraction order, l is the wavelength of the refracted peak, d is the crystalline inter-

planar spacing, neff is the effective index of refraction, and q is the angle between the incident light and a

normal line to the opal surface. From the above formula, it is clear that the reflected color is highly depen-

dent of the incident angles.

A great variety of colloidal spheres obtained from the organic and inorganic materials have been exploited

to produce the biomimetic opal structures by colloidal crystallization methods (Boles et al., 2016). The ver-

tical or convective deposition is a commonly used strategy (Figure 2B). This technique relies on the capillary

forces to organize the colloidal particles during the liquid evaporation, which can induce the assembly of

multilayer colloidal PCs. Inverse opal film could be fabricated by the template replication or the coassem-

bly of different materials (Kim et al., 2012). To satisfy the demand for inverse opal film, the size of these filled

materials including the ultrafine NPs, precursors of metal oxide, prepolymer solution of hydrogels, and so

forth should bemuch smaller than the channels of the free voids (Zhou and Zhao, 2005). The color of inverse

opal film can be purposively tuned by controlling the refractive index contrast on the interparticle medium

(Hatton et al., 2010). The coassembly of templating colloidal particles together with a sol–gel matrix pre-

cursor material is helpful to release stresses that accumulate during drying and solidification, which enables

the formation of highly ordered, large-area, and crack-free films. The crack-free films can present the high-
4 iScience 24, 102121, February 19, 2021



Figure 2. The iridescent structural color design

(A) Schematic illustration of the iridescent reflections from the opal structures.

(B) Schematic diagrams of the particle assembly by vertical deposition (I); the assembled opal structure (II); and inverse opal structure after removing the

template.

(C) SEM image and the optical photographs of the titania inverse opal films made from nanocrystalline synthesized with different ratios. With the increase of

the ratios from 0.5 to 1.6, the high-quality crack-free films can be prepared. Reprinted with permission from Phillips et al. (2018). Copyright 2018, JohnWiley &

Sons, Inc.

(D–F) Schematic illustration (D) and photograph (E) of the iridescent color distribution in spherical coordinates. Collimated white LED light illuminates the

sample through a 3 mm hole in a translucent hemisphere (a half ping-pong ball). The reflected colors are projected onto the inside surface of the translucent

hemisphere, which acts as a screen to map the colors; the measured reflection spectra of the sample, showing the angle-resolved feature (F). Reprinted with

permission from Goodling et al. (2020). Copyright 2020, American Chemical Society.
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quality structure color (Figure 2C). Besides the periodic structures, the individual TIR structure can also

display the vivid iridescent color. Goodling et al. fabricated the polymer films composed of microscale

dome features that create structural color by interference from TIR. At different viewing and illumination

angles, the TIR and interference paths would change, which induced the beautiful iridescent colors (Figures

2D–2F) (Goodling et al., 2020). Similar structures were prepared by partially embedding the polymer micro-

spheres on the sticky side of a transparent tape (Fan et al., 2019). The interferometric effect together with

TIR effect that occurred respectively on the embedded and unembedded sections of the microsphere sur-

face resulted in the contrast iridescent colors. Compared with the plant structure colors, the structure

colors in animals can present a richer change. Many organisms have developed the unique light manipu-

lation abilities that rely on the sophisticated arrangements of multiscale hierarchical structure (Bae et al.,

2014). Taking the butterfly Pierella luna as an example, diffraction elements have been found in the wing

scales (England et al., 2014). The color appearances of Morpho butterflies have also led to advances in

several specific applications such as textile, reflectors, cosmetics, and sensing. The wing scales of Morpho

butterflies are able to exhibit a unique broad blue color, which is the subwavelength scale positional dis-

order among themultilayered ridges that suppresses the diffraction grating appearance and angle-depen-

dency color (Watanabe et al., 2004).

Although iridescent (or angle-dependent) colors are popular for art and aesthetics, they are not suitable for the

development of structural color in displays and sensors, in which stable colors with broad viewing angles are

required. Amorphous photonic crystals (APCs) that possess only short-range order show interesting optical re-

sponses owing to their unique structural features (Figure 3A) (Shi et al., 2013). The self-assembly of amorphous

colloidal arrays has reproduced the non-iridescent structural colors with unique light scattering and transport,

which are found in the feathers of some birds or skins of mammals. The caruncles of some birds display non-

iridescent blue or green colors, which are arisen from the APCs structures. In the plum-throated Cotinga, the

back feather barbs contain the three-dimensional APCs consisting of nearly random-close-packed spherical

air cavities, which give rise to a vivid non-iridescent turquoise-blue color (Figures 3B and 3C) (Dufresne et al.,
iScience 24, 102121, February 19, 2021 5



Figure 3. The bioinspired non-iridescent structural color design

(A) Schematic illustration of the the amorphous photonic crystals with short-range order.

(B and C) Optical image of Male Eastern Bluebird (Sialia, Turdidae) and SEM image of the channel-type b-keratin and air nanostructure from back contour

feather barbs of S. sialis. Reprinted with permission from Dufresne et al. (2009). Copyright 2009, Royal Society of Chemistry.

(D) Illustration of the formation of amorphous colloidal arrays due to a strong downward infiltration flow.

(E) SEM image of a colloidal array prepared on an AAO membrane.

(F) Photographs of inkjet printing SCBE letters at different rotation angles, presenting the angle-independent features. Reprinted with permission from Bai

et al. (2018). Copyright 2018, John Wiley & Sons, Inc.

(G) SEM image of the porous surface of the bottlebrush block copolymers microspheres.

(H) An aqueous dispersion of green microspheres inside a flat glass capillary, showing the consistent green color upon rotation of the capillary.

(I) Dried green microspheres on a glass slide, showing the visible green color without any additional refractive index matching. Reprinted with permission

from Zhao et al. (2020). Copyright 2020, John Wiley & Sons, Inc.
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2009). Inspired by the amorphous solids, there has been considerable interest in constructing the APCs struc-

tures with only short-range order to achieve the non-iridescent colors. Duan et al. developed a method for the

rapid fabrication of non-iridescent structural colors by non-equilibrium assembly of amorphous colloidal arrays

on permeable substrates driven by liquid infiltration (Figure 3D) (Bai et al., 2018). The rapid infiltration of the

liquid effectively suppressed the colloidal crystallization and offered vivid non-iridescent colors (Figures 3E

and 3F). By introducing a controlled swelling of reverse bottlebrush block copolymer (BBCP) micelles via soft

confinementwithina toluene in-watermicrodroplet, Songet al.made the internal aqueousdropletswithdimen-

sions comparable to thewavelengths of visible light. Upon subsequent toluene evaporation, the tightly packed

nanodroplets could self-assemble to template the formation of a highly porousmicroparticle (Zhao et al., 2020).

The short-range order of the poreswithin the bottlebrushblock copolymers scaffolds (Figure 3G) led to the cre-

ationof structural coloration, analogous to inversephotonicglasses.As shown inFigure3H–3I and3Aconsistent

green appearance was observed.

White and black color design

In contrast to brilliant structural color attributed to the selective absorption or reflection of light at specific

wavelengths, some species in nature present a broadband reflection and absorption (whiteness and
6 iScience 24, 102121, February 19, 2021



Figure 4. The bioinspired white and black color design

(A and B) Photograph of Cyphochilus insulanus beetle and the cross-sectional SEM image of the Cyphochilus scale.

(C) Fabrication route for the bioinspired white films.

(D and E) A photograph of the powder obtained by milling the white PMMA film and SEM image of the powder.

(F) A photograph of the PMMA films (right) exhibiting a bright white appearance. Reprinted with permission from Syurik et al. (2018). Copyright 2018, John

Wiley & Sons, Inc.

(G and H) Image of a P.aristolochiae butterfly and the microscopic image of the black region.

(I) Schematic view of the three main fabrication steps including the spin coating of a blend solution of poly(methyl methacrylate) (PMMA) and polystyrene

(PS), followed by a selective development of the PS, and finally the transfer of the pattern into a-Si:H by dry etching (RIE). Reprinted with permission from

McCoy et al. (2018). Copyright 2018, Springer Nature.
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blackness for example) (Morehouse et al., 2007). Random light scattering from disordered structures is

responsible for the whiteness of biological species of butterflies and beetles. Many beetles (e.g., Cypho-

chilus and Lepidiota stigma) exhibit exceptional bright whiteness, which stems from the randomly arranged

and interconnected thin chitin layers. A recent study demonstrated that three impacts were crucial for

achievingmaximal whiteness with minimal thickness and low refractive index, including the correct network

density, the optimal fill fraction, as well as the structural anisotropy (Wilts et al., 2018).

Quids spiders and beetles design the multilayers with varied thickness and spacing to achieve the wave-

length-independent broadband reflection. Cyphochilus beetles occur widely across Southeast Asia (Fig-

ure 4A). The entire exo-skeleton of the beetle is patterned with single wing scales covering the else velvet

black exocuticle. These scales strongly scatter the incident light, and the reflectance is basically constant

across the visible wavelength range. The scanning electron microscope (SEM) image of the white scales

reveals that the scale interior comprises a network of interconnected, chitinous fibers surrounded by air

(Figure 4B). Inspired by the natural architectures, Vignolini et al. developed a fast and scalable method

to produce the highly scattering porous polymer films via phase separation (Figures 4C–4F) (Syurik

et al., 2018). The morphology of the porous films could be modified by varying the polymer molecular

weight, and the scattering properties were tuned. They also milled the PMMA porous films into a powder

whose particle sizes were below 20 mm. Although the milling process would introduce some change to the

film morphology, the powder still kept a rich microstructure (Figure 4E).

Natural examples of structure broadband absorption have been described in the wing scales of butterflies,

the body scales of a snake, and the birds of paradise feathers (McCoy et al., 2018). The blackness of butterfly

wings was attributed to both the strong absorption of pigmentation and the regulation bymicro- and nano-

architectures (Figures 4G and 4H). The structurally absorbing materials can generate a super black appear-

ance by increasing the total light absorption or the timing of light scattering. This appearance can be

observed from the feathers of several species of birds of paradise. In addition, inspired by the structural
iScience 24, 102121, February 19, 2021 7
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inhomogeneity in the scales of the black butterfly Pachliopta aristolochiae, thin photovoltaic absorbers of

disordered nanoholes made of hydrogenated amorphous silicon were fabricated by using the method that

relied on phase separation of binary polymer mixtures (Figure 4I) (Siddique et al., 2017). The nanopatterned

absorbers achieved a relative integrated absorption increase of 90% at a normal incident angle of light,

demonstrating the potential for light-harvesting purposes in thin-film solar cells.

Dynamic color design

Natural structure colors can exhibit the dynamic features. This surprising color allows some organisms to adapt

to the needs for living, social interaction, reproduction, and so on (Mason, 2002). One of themost conspicuous

species, in terms of the dynamic structure colors, is the chameleon, owning the remarkable ability to exhibit

complex and rapid color changes during social interactions such as male contests or courtship (Teyssier

et al., 2015). Thedynamic color with fast change is resulted from the lattice tuningof guanine nanocrystalswithin

a superficial thick layer of dermal iridophores (Figures 5A–5D). There are two superposed thick layers of irido-

phore cells in the skin of panther chameleons composed of guanine crystals of different sizes, shapes and or-

ganizations. It hasbeen found that theupper layer, which ismadeof guanine nanocrystals arranged in a triangle

lattice, is responsible for the rapid color change. Because the periodic arrangement of guanine and cytoplasm

can form the PCs for their different refractive indexes (nguanine = 1.83 and ncytoplasm = 1.33). The color can shift at

different states through changing the spacing in the Chameleons lattice. Similarly, Goda et al. has shown that

the rapid color change in the chameleon sand tilefish Hoplolatilus chlupatyi originates from the change in the

spacing between the intracellular reflecting platelets (iridophores) (Goda, 2017).

Inspired by the chameleon, Zhu et al. fabricated a self-healing photonic elastomer with angle-independent

structural colors through the combination of a supramolecular elastomer with isotropic nanostructures (Tan

et al., 2019). The photonic elastomers could exhibit angle-independent colors, even when Young’s

modulus and elongation at the break of the as-formed photonic elastomers reached 0.24 MPa and

150%, respectively. This superior elasticity of photonic elastomers enabled their chameleon-skin-like me-

chanochromic capability with the color gradually changed to green upon stretching and reflection peak

gradually shifted from 660 to 550 nm for the lattice change (Figures 5E–5G). Furthermore, during many

cycles of stretching and relaxing, the extensional-strain induced color shift was fully reversible and repro-

ducible (Figure 5H), exhibiting its good stability and durability of the photonic elastomers. Yang et al. also

prepared a smart window film consisting of a thin layer of quasi-amorphous array of silica NPs embedded in

bulk elastomeric polydimethylsiloxane (PDMS) (Ge et al., 2015), which could be reversibly switched from

reversibly a highly transparent state (90% transmittance in the visible region) to opaqueness (30% transmit-

tance) (Figures 5I and 5J). The changes in the optical properties were attributed to the microstructure

change, including the roughness from wrinkles and nanovoids between PDMS and silica NPs. When

stretched, the void around the silica particles formed and the refractive index contrast appeared, inducing

an increase of diffused light scattering and absorption. This smart window was promising in many applica-

tions such as displays, camouflages, and security, as well as heat/solar gain control.

Vivid color design

Structure colors have great potentials to replace the toxic conjugated organic dyes and heavy metal pig-

ments due to their anti-fading, smart (e.g., tunable colors with response to stimuli) and eco-friendly advan-

tages. Tomeet the demand for high-quality structural color products, the gamut, saturation, and brightness

of the structure colors need to be improved. Enlightened by the nature’s photonic design in avian feathers

with vivid colors via the self-assembly of melanosomes, Xiao et al. synthesized and assembled polydop-

amine-based syntheticmelaninNPs into the structure-color films (Figures 6A–6C) (Xiao et al., 2015). The syn-

thetic melanin NPs possessed a high refractive index and broad absorption spanning across the UV visible

range, similar to natural melanin. Utilizing a thin-film interference model, the unique optical properties of

synthetic melanin NPs were demonstrated, which revealed the color purity and UV-protection advantages

over other polymeric NP in constructing structure colors (Figure 6D). Song et al. introduced the graphene

nanosheets containing a fraction of graphene quantum dots (GQDs) into the amorphous photonic struc-

tures (Zhanget al., 2018) andobtained the highly saturated aswell as brilliant non-iridescent structural colors

(Figure 6E). The uniform optical absorption of graphene nanosheets contributed to the high saturation of

structural color; the wide range tunable photoluminescence (PL) of GQDs manipulated by the pseudo

PBG of the APCs realized the wavelengthmatching and PL enhancement, which improved the peak compo-

nent intensity (Figures 6F and 6G).When the graphene nanosheets composed ofGQDswere doped into the

structure-color film, vivid colors on the same white polyvinyl chloride substrate showed (Figure 6H).
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Figure 5. The bioinspired dynamic color design

(A–D) Optical photographs (A and C) and TEM images (B and D) of the guanine nanocrystals lattice in the chameleon skin in the relaxed and excited state.

Reprinted with permission from Teyssier et al. (2015). Copyright 2015, Springer Nature.

(E and F) Photographs and reflectance spectra of the red color film under various strains (from 0% to 120%).

(G) The peak position of the reflectance spectra (lmax) and the calculated Poisson’s ratio as a function of strain for the red-colored photonic elastomer. Inset

shows the strain in x and z direction during a stretching process.

(H) Reversible variation of lmax during cycles of extension. Reprinted with permission from Tan et al. (2019). Copyright 2019, John Wiley & Sons, Inc.

(I and J) Schematic illuminates the void formation around the silica particles when stretched and the Photographs of the variation of the composite film at

various strains. Reprinted with permission from Ge et al. (2015). Copyright 2015, John Wiley & Sons, Inc.
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Fabricating the large-scale PCs with narrow stopbands is highly challenging due to the difficulty in

achieving PCs with combined properties of homogeneously well-ordered latex assembly, large-area crack

elimination, decreased void fraction, and sufficient thickness (Huang et al., 2012). By using low-adhesive

superhydrophobic substrates for the continuous receding of three-phase contact lines of latex suspensions

during the evaporation process (Figure 6I), Song et al. fabricated the centimeter scale, well-ordered, and

crack-free opals with narrow stopbands (12 nm) (Figure 6J), which induced the vivid PCs structural color

(Figure 6K). Moreover, they also constructed the composite architecture combining the 2D PC with a

Fabry–Perot cavity and obtained the controllable structure colors with both high saturation and brightness

(Figure 6L). The color was derived from the synergistic effect of interference, diffraction, and Rayleigh scat-

tering controlled by the composite structure (Li et al., 2018).
iScience 24, 102121, February 19, 2021 9



Figure 6. Vivid color design

(A and B) Optical photographs of the avian with blue feathers and the melanin nanoparticle ink based on the polydopamine.

(C) Optical images of colored films and SEM images of the frame part in the green film.

(D) Reflectance spectra of polystyrene (PS) nanoparticle film and the synthetic melanin nanoparticles (SMNPs) film. Reprinted with permission from Xiao et al.

(2015). Copyright 2015, American Chemical Society.

(E and F) Schematic illustration of the fabrication process by spray-coating and reflectance spectra of the different structural color films without dopant and

by graphene nanosheet doping with or without GQDs.

(G and H) SEM image of the as-obtained structural color film and photographs of the undoped films (I) and graphene nanosheet doped structural color films

without GQDs (II) and with GQDs (III). Reprinted with permission from Zhang et al. (2018). Copyright 2018, John Wiley & Sons, Inc.

(I) Schematic illustration of colloidal PCs assembled on superhydrophobic substrate with low adhesion.

(J) The reflectance spectra of the assembled high-quality film showing the respective FWHMs of the stopbands of 12, 15, 12, and 12 nm, respectively.

(K) SEM image of perfectly ordered latex arrangement and close-packed assembly structures. Inset is a photograph of a part of the film. Reprinted with

permission from Huang et al. (2012). Copyright 2012, American Chemical Society.

(L) Realistic model of the 2DPC-FP composite structure as well as the SEM image of the assembled mono-layer structure and the optical photograph of the

golden word ‘‘sunshine’’. Reprinted with permission from Li et al. (2018). Copyright 2018, John Wiley & Sons, Inc.
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CONTROLLABLE FABRICATION OF ARTIFICIAL STRUCTURAL COLORS

Natural structure colors provide us with many wonderful inspirations to design and prepare the artificial

structure colors. The colors by the self-assembled colloidal photonic crystals (CPCs) take the advantages

of low cost, flexibility, and easy processability, which has shown great potential for new photonic materials

and diverse practical applications, such as decorations, displays, storage, optical communication, and even

quantum information systems (Li et al., 2019a, 2019b). The artificial CPCs can reflect brilliant colors due to
10 iScience 24, 102121, February 19, 2021



Figure 7. The large-area preparation of CPCs via roll-to-roll methods

(A) Schematic illustration of the roll-to-roll printing. Reprinted with permission from Højlund-Nielsen et al. (2016).

Copyright 2016, John Wiley & Sons, Inc.

(B) Schematic illustration of the large-scale polymer opals (POs) film with bending-induced oscillatory shear (BIOS)

technique.

(C) Mechanism of BIOS inside the PET-PO-PET (PET: polyethylene glycol terephthalate) sandwich, dashed white lines

show the bending-induced deformation in different layers.

(D) PO film after the BIOS (left) with improved sphere packing (right), arrow indicates shear direction. Inset SEM image

shows the hcp packing at the surface. Reprinted with permission from Zhao et al. (2016). Copyright 2016, Springer Nature.
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the PBG, and they are able to be prepared into designable patterns over a large area (Kim et al., 2009).

Based on the function demands, we introduce the typical methods to manufacture the CPCs structure

colors.

Roll-to-roll for the large-area manufacturing

As economic colormaterials, CPCs are promising in practical applications. To realize it, the large-area prep-

aration of CPCs is necessary. So far, manymethods for fabricating the CPCs have been developed. In partic-

ular, the self-assembly of colloidal particles driven by solution evaporation is widely used (Yu et al., 2012).

This method is a bottom-up strategy that can arrange themono-dispersed particles into close-packed crys-

tals. However, this method usually suffers from the challenge of ubiquitous ‘‘coffee ring’’ phenomenon (Hu

and Larson, 2006), which results in the limited pattern resolution and low color saturation. By using the hy-

drophobic substrate of low surface energy, Marangoni flow, irregular particles, ‘‘colloid skin’’ and so on

(Zhang et al., 2019b), this obstacle has been gradually overcome. Nevertheless, the large-area and contin-

uous manufacturing of the CPCs film is still rare. The roll-to-roll techniques have been demonstrated as a

suitable method for patterning the large-area coverage, as shown in Figure 7A, which can be used to repli-

cate the high-resolution pattern combined with nanoimprint (Højlund-Nielsen et al., 2016). With the roll-to-

roll process, Baumberg et al. developed a bending-induced oscillatory shear (BIOS) technique to achieve

the large-area and flexible assembly of stacked polymer NPs (Figure 7B) (Zhao et al., 2016). They prepared
iScience 24, 102121, February 19, 2021 11
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the core-shell spheres by emulsion polymerization and placed the spheres through the standard extrusion-

rolling-lamination procedure. To carry out the BIOS process, they constituted a ‘‘sandwich’’ beam

composed of the PET-PO-PET laminate (Figure 7C). By bending this laminate around a cylinder, strong

shear was created inside the polymer opals purely parallel to the surface. The direction of shear oriented

the close-packed lines of spheres in each hexagonal close-packed (hcp) plane and controlled the in-plane

ordering. After BIOS, the spheres were packed with the most close-packed direction parallel to the x-direc-

tion, inducing the brilliant structure colors (Figure 7D). This way opened the door to manufacture the PCs

colors continuously and formed a generic tool for ordering the NPs.

Microfluidics for the controlled preparation of spherical CPCs

Spherical colloidal photonic crystals (SCPCs), due to the spherical symmetry, can conquer the angle-

dependent colorations and present the constant PBGs viewing from different angles, broadening their ap-

plications in many fields (Zhao et al., 2013). Recently, via the microfluidics, a series of SCPCs materials have

been developed including the uniform, Janus, multicomponent, core-shell, inverse opal SCPCs and so on

(Wang et al., 2020; Zhao et al., 2014). Microfluidics is a significant strategy for realizing the miniaturization,

integration, and intelligentization of chemical and biological sensors (Yeo et al., 2016). It is efficient to

prepare the SCPCs by using the droplet templates (Zhang et al., 2019a). As shown in Figure 8A, a capillary

microfluidic device is required to generate the microdroplets containing the colloidal particles. Each mi-

crodroplet serves as a soft and spherical template to confine the colloidal particles. As the liquid evapo-

rates from the microdroplet, the particles can assemble into close-packed crystals with the spherical

morphology (Zhang et al., 2019a). This evaporation-induced colloidal assembly can be regarded as a con-

centration process, in which the volume fraction of building blocks gradually increases from a low value to a

maximum (74%). During the assembly, capillary forces provide a compressive force that leads to the or-

dered arrangement of the colloidal NPs. Similar to the planer colloidal crystals, the surfaces of the SCPCs

also form the (111) plane with the FCC symmetry (Figures 8B and 8C) (Zhao et al., 2006). The size of the

SCPCs can be controlled by the initial droplet template size and the NP volume fraction in the initial

droplet. Gu et al. have been done a lot of work on preparing the SCPCs. They fabricated various SCPCs

by controlling the monodisperse droplets and components, such as the uniform opal and inverse opal

SCPCs (Figures 8D–8F) (Zhao et al., 2009). Similar to the inverse opal film, inverse opal SCPCs could be

fabricated by template replication or coassembly. Coassembly is implemented by the evaporation of drop-

lets that contain a mixture of the templated polystyrene NPs and a matrix of ultrafine silica NPs. Theoret-

ically, to guarantee that the polystyrene NPs are packed closely to a bead in an fcc arrangement and the

ultrafine silica NPs infiltrate all the interstitial sites between the polystyrene NPs, the volume ratio of poly-

styrene and silica NPs should be about 3.85. However, during the solvent evaporation, the polystyrene NPs

escape from the droplet templates more easily than the silica NPs. After solidification, the silica NPs cannot

infiltrate all the interstitial sites between the polystyrene NPs. Thus, the ideal practical volume ratio for

achieving a successful coassembly is about 9. After removing the polystyrene templates, inverse SCPCs

can be formed.

Printing for the complex patterning

Patterned CPCs contribute to a novel approach for high-performance structural-color devices with unique

structures and specific functions. Various strategies to fabricate the patterned CPCs, including etched-sub-

strate induced assembly, printing, selective immobilization and selective modification, are developed (Vo-

gel et al., 2015a). Among them, printing is an additive patterning method, which is able to distribute a

broad variety of functional materials onto a desired position directly and efficiently (Gao et al., 2017).

Patterning CPCs by printing can be summarized as the drying process of a tiny droplet on a target substrate

(Kuang et al., 2014b; Min et al., 2019), where the particle assembly and crystallization will happen. The dry-

ing dynamics determines the assembly morphology (Guo et al., 2018) and thus controls the color quality of

CPCs patterns.

Kim et al. developed an inkjet printing method that could fabricate the monolayered PCs patterns with

extremely weak structural colors (Figures 9A and 9B) (Nam et al., 2016). The mono-layered CPCs patterns

were controlled by the ink components (water and formamide), particle concentration and substrate wetta-

bility. These factors affected the Marangoni flow in the ink solution and determined the deposited

morphology. Through the controlled sliding of the three-phase contact line on a hydrophobic substrate,

Song et al. prepared the domed CPCs patterns (Figures 9C and 9D). This domed pattern with angle-inde-

pendent property is useful for wide viewing angle displays (Kuang et al., 2014a). By patterning hydrophilic
12 iScience 24, 102121, February 19, 2021



Figure 8. The preparation of SCPCs via microfluidics assembly

(A) Schematic illustration of the fabrication of spherical colloidal photonic crystals (SCPCs) by using the droplet-based

microfluidic method. Reprinted with permission from Zhang et al. (2019a). Copyright 2019, American Chemical Society.

(B and C) Low-magnification image of the SCPCs showing the smooth bead surface and the high-magnification image of

the SCPCs showing the hexagonal alignment of nanoparticles. Reprinted with permission from Zhao et al. (2006).

Copyright 2006, John Wiley & Sons, Inc.

(D and E) SEM image of a small inverse opal SCPCs with porous surface and the magnificent SEM image of the inverse

SCPCs showing the ordered pore structure inside.

(F) 3D optical image of the seven kinds of inverse opal SCPCs in water. Reprinted with permission from Zhao et al. (2009).

Copyright 2009, John Wiley & Sons, Inc.
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pinning points on hydrophobic surfaces, they also constructed the controllable 3D micro-CPCs patterns

(Wu et al., 2015). By printing MeOH/water on an inverse opal lattice, a patterning silk inverse opal strategy

was developed for the generation of multispectral patterns (Li et al., 2019a, 2019b). Via the precise depo-

sition, digitally designed photonic lattice and complex structural-color image were easily achieved (Figures

9E and 9F). By combining the evaporative colloidal assembly with the direct-writing technique, the particle

organization with global shape was controlled and the freestanding colloidal structures in centimeter scale

were achieved (Figure 9G), enabling the freestanding construction of macroscale CPCs (Figures 9H and 9I)

(Tan et al., 2018).

PROMISING APPLICATIONS OF ARTIFICIAL STRUCTURAL COLORS

After years of research, artificial structural colors have made breakthroughs in various fields for their con-

spicuous advantages. Bright structural colors have great potential for next-generation display devices.
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Figure 9. The patterned CPCs by printing

(A) Schematic illustration of the preparation of monolayer photonic crystals by inkjet printing.

(B) SEM image of mono-layered photonic crystal array. Inset is the side-view SEM image. Reprinted with permission from Nam et al. (2016). Copyright 2016,

Springer Nature.

(C) Schematic illustration of the assembly process of colloidal particles on hydrophobic substrate during solution evaporation.

(D) Optical image of the printed array of domed photonic crystals. Inset is the side-view SEM image. Reprinted with permission from Kuang et al. (2014a).

Copyright 2013, John Wiley & Sons, Inc.

(E) Schematic illustration of patterning silk inverse opal by printing the soluble ink.

(F) The optical photograph and SEM image of the printed pattern, showing the portrait morphology and internal structure. Reprinted with permission from Li

et al. (2019a, 2019b). Copyright 2019, John Wiley & Sons, Inc.

(G) Schematic illustration of the direct-printing process of the freestanding colloidal crystal structures.

(H) SEM image of a freestanding structure comprising of particles of radius a = 500 nm. Insets: close views of top and middle sections.

(I) Optical images of vertical columns built from colloidal particles with different diameters. Reprinted with permission from Tan et al. (2018). Copyright 2018,

John Wiley & Sons, Inc.
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Based on an engineered metasurface as a tunable back-reflector, full-color, high-brightness organic light-

ing emitting diode has been designed with the ultrahigh density of 10,000 pixels per inch (Joo et al., 2020).

Due to the fade-resistant nature of structural colors, the structure-color pattern can be used in unique and

covert product tagging or decorations. The dynamic features responding to temperature, chemicals, and

humidity also make them appropriate visual sensors. In this section, the typical applications of structural-

colored materials are introduced, along with a discussion of their functions and advantages.

Image display

As apromising alternative topigment or dye ink, the synthetic colloidal particles canbedirectly used as envi-

ronmentally friendly paints to make color and decorations (Zhao et al., 2019). By controlling the chemical

synthesis process, the colloidal particles with adjustable diameters can be obtained from various materials,
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Figure 10. The image display based on the artificial structural colors

(A and B) The blue, green and red structure-color inks illuminated by natural sunlight and epi-illumination.

(C) Microscopy images of individual microspheres collected in epi-illumination. Reprinted with permission from Zhao

et al. (2020). Copyright 2020, John Wiley & Sons, Inc.

(D) The printedmulticolored painting of a landscape with high resolution. Reprinted with permission from Bai et al. (2018).

Copyright 2018, John Wiley & Sons, Inc.

(E and F) Schematic illustration and optical images of the printed iridescent pattern by manipulating the illumination and

background conditions. Reprinted with permission from Nam et al. (2016). Copyright 2016, Springer Nature.

(G) Optical micrograph and SEM image of a 3D Chinese character ‘‘福’’ with red color.

(H) Micrographs of printed 3D model of the Eiffel Tower with different colors. Reprinted with permission from Liu et al.

(2019). Copyright 2019, Springer Nature.
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such as polystyrene, polymethyl methacrylate, silica, zinc oxide, and so on (Ciriminna et al., 2013). Owing to

the capability of chemical synthesis and the wide range of material sources, the colloidal particles are de-

signed and fabricated with specific functions, such as improving the color saturation, the UV resistance,

the responding speed and mechanical behaviors. The colloidal particle emulsion can be directly printed

on the target substrate to prepare the exquisite painting and specific trademarks (Figures 10A–10C). By con-

trolling the assembly morphology, the color of the printed image can be non-iridescent (Figure 10D) or

iridescent (Figures 10E and 10F). For the advantages of various colors at different viewing conditions, the

printed images designedby inkjet printers would not only produce optical holograms for the simple authen-

tication of many items and products but also enable a high-secure anti-counterfeit technique. By intro-

ducing a heat-shrinkingmethod, 3D-printed PCswith sub-100-nm features were achieved across a full range

of colors (Liu et al., 2019). With these lattice structures as color volumetric elements, 3D microscopic scale

objects, including a 20 mm tall Chinese character for luck ‘‘福’’ (Figure 10G) and a multi-color microscopic

model of the Eiffel Towermeasuring only 39 mm tall with a color pixel size of 1.45 mm (Figure 10H) were fabri-

cated. The 3D PCs could exhibit rich color variations in three-dimensional space.

Information security

Information security is a perpetual concern for both individuals and the public. Coding is an efficient strat-

egy to protect the information from leakage and falsification and is widely used in secure communication
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Figure 11. Information security with the artificial structural colors

(A) Illustration of the relationship between the displayed color with the information code.

(B) The pre-built congruent relationship between the optical stopband and digital signal.

(C) Septenary PC coding system formed by encoding the PC dots with more distinguishable stopbands. Reprinted with

permission from Li et al. (2017). Copyright 2017, Royal Society of Chemistry.

(D) Illustration of the presentation of the hidden information after blowing.

(E) Optical images of the prepared sample before and after a breath. Insets are the microscopic images of the droplet

(2 mL) deposited on the sample surface of unetched (Left) and etched (Right) regions, showing the contrast wettability.

Reprinted with permission from Zhong et al. (2018). Copyright 2018, John Wiley & Sons, Inc.

(F) Optical and SEM images of the transparent SiO2-NP/PDMS composite device in the normal state.

(G) Optical and SEM images of the same device with colorful information when the patterned side is bent. Reprinted with

permission from Zhou et al. (2020). Copyright 2020, John Wiley & Sons, Inc.
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and anti-counterfeiting. Unlike the chemical color materials such as fluorescent molecules or quantum

dots, the photonic stopband-based structural colors have an outstanding stability without the photo-

bleaching and agglomeration (Wang et al., 2006). This optical property is very important for information

security, especially for improving the coding capacity and security level (Qi et al., 2019).

By building the coding relationship between the photonic stopbands and information units, the messages

can be hidden in the PCs patterns (Li et al., 2017).

The basic principle for designing the PC coding system relies on the corresponding coding connection

(Figures 11A). By marking the stopband with a binary or multi-level numerical system, the designed PCs

dot pattern with different stopbands was used for information recording (Figures 11B). According to the

predetermined relationship, the PCs coding pattern that consists of seven different stopbands could be

translated into digital information (Figures 11C). Besides the visible information coding, the PCs color

can also be applied to the information encryption and hiding due to the dynamic property (Zhong et al.,

2018). The information hiding could be implemented by constructing the hydrophilic pattern on a PC-

based hydrophobic substrate (Figures 11E). The message was totally invisible for the same morphology
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between the patterned region and the blank area. After the easy human breath, the refractive index of the

hydrophilic region would change for the sensitivity to humid and the ‘‘KUL’’ letters were immediately re-

vealed in a green color (Figures 11D).

Furthermore, Kim et al. exploited the external mechanical stimuli to control the stealth and display of struc-

ture-color pattern and achieved a flexible switching between transparent and colored states (Zhou et al.,

2020). They fabricated a composite laminate composed of soft PDMS and a printed information pattern

of rigid SiO2-NP assembled structure as the multidimensional structural color platform. This composite

film was fully transparent in the normal state due to the similar optical refractive index of PDMS and

SiO2 NPs (Figures 11F). However, upon compressive loading, a buckling-type instability appeared on

the surface of the laminate, leading to the generation of 1D or 2D wrinkled patterns in the form of gratings

and thus the display of hidden pattern (Figures 11G), which was a simple, convenient, inexpensive, and

mass-producible manner for anti-counterfeiting applications.
Real-time visual monitoring

The real-time monitoring is very important for security, traffic, medicine, and so on. The dynamic structure

colors responding to environment changes can transform the different external stimuli such as mechanics,

temperature, chemical, and humidity to visual color change (Ge and Yin, 2011). Taking the mechanical

responsive structural colors as an example, invisible mechanical stimuli such as stretching, compression,

or bending in the materials are able to be visualized due to the deformation-induced changes in periodic

lattice contained in the structural-colored materials. In particular, the stopband of PC-based structure co-

lor can be reversibly changed in response to electricity, magnetism, temperature, pH, ionic species, me-

chanical effects, glucose, solvents, and so on, which have attracted wide research interest in fundamental

researches and potential applications (Wang and Zhang, 2013). Ge et al. developed an electric-filed-as-

sisted multicolor printing based on the electrically responsive and photocurable colloidal PC, which is

prepared by the self-assembly of SiO2 particles in the mixture of propylene carbonate and trimethylolpro-

pane ethoxylate triacrylate (Chen et al., 2017). By changing the voltage of the applied electric field, the

dynamic equilibrium between the electrical packing force and electrostatic repulsive force were tunned,

which resulted in a certain interparticle distance and thus a specific structural color (Figure 12A). With this

method, multicolor and high-resolution photonic patterns using a single component could be achieved

and was promising to prepare fine patterns in a rapid and low-cost way (Figures 12B and 12C). Similar

regulation of structure color was achieved with the magnetochromatic microspheres through instant as-

sembly of superparamagnetic colloidal particles inside emulsion droplets of UV curable resin. Yin et al.

prepared the Fe3O4@SiO2 core/shell particles and assembled them into one-dimensional chains, each

of which contains periodically arranged particles diffracting visible light and displaying field-tunable

colors (Ge et al., 2009). Because the superparamagnetic chains tend to align themselves along the field

direction, the orientation of such photonic microspheres could be easily controlled. Thus, their diffractive

colors, by changing the orientation of the crystal lattice relative to the incident light, were regulated by

using the magnetic fields. The diffraction of the microspheres dispersed in a liquid can be conveniently

switched between ‘‘on’’ and ‘‘off’’ states by using the external magnetic field, as shown in the schematic

illustrations and optical microscopy images in Figure 1D. Song et al. prepared a visual humidity sensor

based on hydrogel (Tian et al., 2008). For the sensitive property of hydrogel to humidity, the color of

the humidity sensor could be reversibly varied from transparent to violet, blue, cyan, green and red under

the humidity conditions of 20%, 50%, 70%, 80%, 90% and 100%, respectively, covering the whole visible

range. When it dried fully at a humidity of 20%, the film returned to transparent with good durability dur-

ing tens of cyclic experiments (Figures 12E–12G). Besides the external triggers, Zhao et al. developed the

colorful soft robotics by using the biohybrid structural color hydrogel (Fu et al., 2018). They fabricated a

self-actuated, 3D artificial Morpho butterfly composed of inverse opal-structured hydrogel and cardio-

myocytes. The cardiomyocytes formed an anisotropic laminar organization in the direction of the micro-

grooves and provided corresponding anisotropic and synchronous contractions, as well as relaxations to

the substrate. With the bending of the wings, a gradual blue-shift of the reflection peak from the inside to

the outer edge could be observed. Also, during one myocardial cycle, the different bending angles cor-

responded to specific reflection wavelengths for a certain fixed position, which served as unique structural

color fingerprints. Moreover, Wu et al. applied the structural color material to a smart, energy-efficient,

and tunable nighttime traffic sign based on the iridescent property of structure color (Fan et al., 2019).

At night, the smart traffic signs could deliver distance signals coded by color to drivers and pedestrians

in real time.
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Figure 12. Real-time visual monitoring with the artificial structural colors

(A) Schematic illustration to the shrinkage or expansion of colloidal microcrystals as the electric field is increased or decreased.

(B and C) Practical device for the pixel printing of number 1, 2, and 4 in a 5 3 7 array of electric cells. Reprinted with permission from Chen et al. (2017).

Copyright 2017, John Wiley & Sons, Inc.

(D) Schematic illustrations and optical microscopy images for the magnetochromatic effect caused by rotating the chain-like photonic structures in magnetic

fields. Reprinted with permission from Ge et al. (2009). Copyright 2009, American Chemical Society.

(E) Schematic illustration of the periodic structure change of photonic crystal hydrogel before and after fully wetted in water.

(F) UV-vis spectra of the films under various humidity conditions.

(G) Photographs of the as-prepared PC hydrogel corresponding to relative humidities of 20%, 50%, 70%, 80%, 90% and 100%, respectively. Reprinted with

permission from Tian et al. (2008). Copyright 2008, Royal Society of Chemistry.
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CONCLUSION AND OUTLOOK

In this review, we summarize the recent advances in bioinspired structure colors, including the mechanism,

the structure design, the fabrication processing, and the application. Since great efforts have beenmade in

this area, various artificial structure colors with fantastic properties are achieved, including the angle-

dependent and the angle-independent colors, the ultra-white and the ultra-black colors, the highly satu-

rated or the highly illuminant structure colors. By introducing the smart materials to the photonic systems,

responsive structure colors are realized. They can change the displayed color with a certain external stim-

ulus, for instance, the light, the humidity, the temperature, the electrical field, themagnetic field, and so on.

These structure-color advancements show the great potential in practical application. And for the struc-

ture-color commercialization, great efforts should be made to develop a facile and low-cost method to
18 iScience 24, 102121, February 19, 2021
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manipulate the structure color, such as the roll-to-roll way to continuously manufacture the large-scale

structure color, the microfluidics strategy to specifically make the spherical photonic crystal color for

some non-iridescent demands, and printing method to construct the structure-color patterns. Based on

those technologies, plenty of artificial structure colors come out and realize the applications in imaging,

anti-counterfeiting, camouflage, sensing, as well as real-time monitoring.

Even though remarkable advances have been achieved in recent years, further exploration is still highly

required in some fields. First, it remains a big challenge to prepare the artificial structure color with high

saturation and high brightness simultaneously since there is a trade-off between these two sides. Second,

for responsive color systems, most of the smart materials are based on polymers limited to the low refrac-

tive indexes. As a result, it is difficult to fabricate a strong reflectance colors with a high contrast, not to

mention the absolute PBG (Hu et al., 2020). Although the colloidal diamond has been assembled by using

the tetrahedrally coordinated particles, the gap from the research to the commercialization remains

extremely large, requiring a more general method (He et al., 2020). Some inorganic responsive NPs

have high refractive index, like the magnetic-responsive Fe3O4 NPs. However, the color based on the

Fe3O4 NPs is difficult to regulate due to the intrinsic property of the particle (Wang et al., 2015). Third,

the responsive materials including the hydrogel, electro-responsive elastomers, require a long response

and recovery time, which limits these responsive materials in timely monitoring, display, etc. Fourth,

even though many groups have been able to make beautiful color patterns, the accurate replication of

structure-color image with high fidelity is extremely difficult because fabricating and adjusting the struc-

ture-color pixels are very complicated. We need to explore new facile and low-cost color technologies

to achieve the complex structural-color pattern. In the end, the devices based on the chromatic material

need to be further integrated with other technologies, such as the AI, optic analytical instruments, to realize

the immediate readouts of optical signals and sophisticated analysis. If these challenges are overcome, it is

believed that the artificial structure color will provide great convenience for our life and contribute a lot to

the society.
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