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Most of us get inspired by and interact with the world around us based on visual cues such as the colors and
patterns that we see. In nature, coloration takes three primary forms: pigmentary coloration, structural coloration,
and bioluminescence. Typically, pigmentary and structural coloration are used by animals and plants for their

survival. These forms of coloration are enabled by a variety of intracellular biophotonic structures.

structural color protein pigmentary color biophotonic

| 1. Introduction

From the words on this page to the scenery outside, we as a species are extremely dependent on, and in many
ways, inspired by the colors and patterns that we see around us. Coloration in nature can be categorized into three
forms: pigmentary coloration, structural coloration, and bioluminescence (Figure 1) LIZBIAIBIEITNE - pigmentary
coloration is typically angle-independent coloration, where natural pigments directly absorb or reflect specific
wavelengths of light (Figure 1A) LIEBIAIBIEITBEI Stryctural coloration is often angle-dependent and involves the
interference (i.e., reflection, transmittance, or scattering) of light by biological micro- or nano-structures with
contrasting refractive indices (Figure 1B) [LBIAIBIEIIIE |n comparison, bioluminescence typically involves the
exergonic reactions of oxygen with different substrates and enzymes that lead to the production of visible photons
of light (Figure 1C) LIIBIABEIGINEI The variety of colors that result from these three photonic mechanisms in
nature serves numerous functions, including camouflage, mimicry, aposematism, signaling, photosynthesis, and
self-protection WIZIEBIAIBIGITE] These natural utility of such structures have also inspired the design and
engineering of materials with dynamic color changing capabilities (e.g., for infrared camouflage), anti-counterfeiting
technologies, and a variety of displays and sensors U2l A few examples of pigmentary and structural

coloration found in nature will be highlighted here.
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Figure 1. Forms of coloration in nature. (A) A schematic of pigmentary coloration in nature, where the incident light
(hv) is absorbed or reflected by pigment granules (red circles), with no apparent long-range order. (B) A schematic
of structural coloration in nature, where the incident light (hv) is reflected, scattered, or transmitted by high
refractive index particles (green circles) showing long-range order. (C) A schematic of bioluminescence in nature,
where oxygen (grey circles) reacts with a light-emitting compound such as luciferin (blue circles) and releases

photons (yellow circles).

| 2. Pigmentary and Structural Coloration in Nature

Pigmentary coloration allows animals and plants to maintain bright coloration, which is often used to distinguish
between species. Such forms of coloration are widely found in many mammals, birds, butterflies, fish and other
marine organisms, and plants [13I[14]15][16][17][18][19][20][21]22][23][24][25](26][27] For example, mammalian skin and
hair/fur typically contain melanin variants which give the animals their specific colorations 13Il4l |nterestingly,
pigments are also found in the eye, within retinal pigment epithelial (RPE) cells in humans, where melanin and
lipofuscin serve to absorb light and thereby reduce light damage in the eye 13I8l Similar to humans and other
mammals, melanin is also a common pigment found in bird feathers and exposed structures (e.g., skin and legs)
(171181 The colors of birds are particularly diverse because of their reliance on visual cues for communication 718l
Typically, birds produce both eumelanins (black, brown, and grey coloration) and pheomelanins (yellow and red
coloration) via cells known as melanosomes, where coated vesicles are known to actively transport chemical
precursors to induce the formation of different melanins L4128l |n addition to melanins, birds are also known to
utilize carotenoids (largely acquired via their diet), along with other pigments, including flavins and porphyrins 7
(18] On the other hand, butterflies, which also boast a wide variety of colors and patterns, have papiliochrome
pigments (yellow coloration), the carotenoid lutein (blue—green coloration), and variants of these pigments
depending on the species 1220211221 Notably, butterflies also use photoreceptors in their eyes to distinguish
colors, likely in order to identify food sources, for mating, and to identify the locations of their host plants 23, In
contrast, fish have a variety of chromatophores (cells with pigment-based structures), including melanophores
(which contain melanin), xanthophores (which contain yellow carotinoid-based pigments), and erythrophores
(which contain red carotenoid-based pigments) 241231, More broadly, marine organisms also utilize carotenoids for
their coloration, along with tetrapyrroles, quinones, azulenes, and melanins 28, Some of the pigments found in

these organisms are derived from their diets (e.g., carotenoids and tetrapyrroles), are found in the ink released by
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the organisms (e.g., tetrapyrroles in the purple ink of sea hares and melanin in the ink of cephalopods), or are
produced by the organisms themselves (e.g., carotenoids in the lower trophic levels and anthraquinones in marine
fungi) 28, In comparison, the roles and diversity of pigments in plants likely surpass those known for animals, and
specifically, plant pigmentation has a long history that is closely tied to the extraction and utilization of plant
pigments as dyes and paints 27281291 As one example, plants’ ability to perform photosynthesis is also critically
dependent on pigment molecules such as chlorophylls (green pigments) and carotenoids (yellow, orange, and red
pigments) (7281291 pigments such as flavonoids, including anthocyanins (pale yellow, pink/red, blue, and black
pigments), and betalains (yellow or red pigments) can be found in the epidermal cells of flower petals, and are vital
as visual signals for pollination and seed scattering, and thus in the interactions between plants and animals [27128]
(291 Altogether, pigments and pigment-based coloration represent a vibrant chemical modality for generating
coloration; however, they generally produce angle-independent coloration that cannot be completely turned on or

off, unlike structural coloration.

Structural coloration is also found in a variety of organisms, but in comparison to pigmentary coloration, allows the
organism to generate colors at very specific wavelengths depending on the geometry (sizes and order) of the
structures formed. For example, guanine crystals are found in the iridocytes of giant clams (Tridacninae) and form
hexagonal structures below the cuticles of Sapphirinid copepods (Figure 2), where the arrangement and
geometries of the structures formed by the guanine crystals lead to very different spectra observed for the animals
[B9I31] Other forms of structural colors in organisms include 1D photonic crystals, as observed in Japanese jewel
beetles (Chrysochroa fulgidissima) and other buprestids, Cicindela scutellaris beetles, Papilio ulysses butterflies,
and the Coeligena prunellei hummingbird (Figure 3A—C) [32I33134] These insects and birds have alternating layers
of chitin/melanin, chitin/air, or air/melanin in a keratin matrix with different periodicities that result in either the
metallic hues of the beetles or the blue—green colors observed in the butterflies and hummingbirds 22831341 Other
structures, such as the lamellar membrane morphology observed in the iridosomes of zebrafish and the Delabrea
michieana fruit enable narrowband light reflectance or iridescence (Figure 3D,E) [32l28] |n general, the iridosomes
reflect specific wavelengths of light with particulate structures formed from high-refractive-index materials arranged
within ribbon-like structures that form a one dimensional photonic crystal-like architecture composed of alternating
high and low refractive index areas in the cells 3388l Similar multilayer reflectors have also been observed in
various other species of butterflies and fish ZL8IIL920/[21122] Altogether these examples demonstrate the diversity

of structures that enable structural coloration in nature.
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Figure 2. Structural color derived from guanine crystals. (A) (Top) An image of a giant clam (Tridacninae).
(Bottom) An electron microscopy image of a giant clam iridocyte cell stacked with alternating layers of guanine
crystal plates and cytoplasm sheets. (B) (Top) Images of male Sapphirinid copepods. (Bottom) A cryo-scanning
electron microscopy image of an S. metallina copepod, showing hexagonal guanine crystals within iridophores

below a chitin procuticle.
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Figure 3. Structural color derived from 1D photonic crystal-like structures and iridophore cells. (A) (Top) An image
of multilayer color in a buprestid or jewel beetle. (Bottom) An electron microscopy image of the cuticle of
a Cicindela scutellaris beetle. (B) (Top) An image of a P. ulysses butterfly. (Bottom) A transmission electron
microscopy image of the blue scale of the butterfly showing chitin (C) and air (A) arrays; the lower portion contains
diffuse melanin (M). (C) (Top) An image of the C. prunellei hummingbird. (Bottom) A transmission microscopy
image of a green barbule from a C. iris hummingbird, showing ordered layers of air (A) and melanin (M) in a keratin
(K) matrix. (D) (Top) An image of a zebrafish. (Bottom) A transmission electron microscopy image of a portion of
the zebrafish hypodermis showing xanthophores (X), type-S iridophores (Ir S), melanophores (Me), and type-L
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iridophores (Ir L). (E) (Top) An image of a D. michieana fruit. (Bottom) A transmission electron microscopy image

of a transverse cross-section of a D. michieana fruit showing iridosomes.
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