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the Surprising Interplay of Structure and
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Abstract: The natural world is teeming with color, which originates either from the wavelength-dependent absorp-
tion of light by pigments or from scattering from nanoscale structures, or both. While the latter ‘structural color’
has been a topic of intense study in recent years, the most vibrant colors in nature involve contributions from
both structure and pigment. The study of structure–pigment interactions in biological systems is currently in its
infancy and could inspire more technological applications, such as sustainable, toxin-free pigments and more
efficient light harvesting.
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Nature is excellent at manipulating light and producing color
across the entire visible spectrum. Researchers have long been
fascinated by nature’s vibrant colors and the underlying mecha-
nisms.[1] Color production is typically classified as pigmentary or
structural. Pigmentary color originates from wavelength-depen-
dent absorption of light due to its interactions with the electronic
structure of pigments and dyes. Structural color originates from
the interaction of light with structures at much larger scales, com-
parable in size to the wavelengths of light. In recent years, there
have been tremendous advances in our understanding of struc-
tural routes to color production, and researchers have designed a
variety of artificial structures emulating the structural colors pro-
duced by nature.[2]Yet, nature’s most vibrant colors often defy this
simple classification scheme, and emerge from the cooperation of
scattering and absorption.[3]

Biological pigments can be roughly classified into two groups,
broadband and wavelength-selective. Broadband pigments, like
melanin, are ubiquitous and exist in bacteria, insects, animals, or
humans, to just name a few.[4] Eumelanin is the most common-
type of melanin. It has strong absorption across UV and visible
wavelengths, and usually appears in various shades of black or
deep brown, depending on pigment concentration. Wavelength-
selective pigments include chlorophylls in plants, carotenoids in
plants and animals, and pterins in butterflies.[5] Chlorophylls ab-
sorb light both in the red and in the blue regions of the visible light

spectrum and appear as green.[6] Carotenoids typically absorb
wavelengths ranging from 400 nm to 550 nm and appear as red,
orange, or yellow colors.[7] Carotenoids are responsible for the
colors of many plants and fruits, such as buttercups, carrots, corn
and apricots. Animals can intake carotenoids by diet. The orange
of goldfish and the yellow of the canary bird are classic examples.

Biological nanostructures producing structural colors are tre-
mendously diverse, and are well reviewed in several recent ar-
ticles.[8] These photonic nanostructures are typically classified by
the dimensionality and degree of translational order. The green
and purple colors of Japanese jewel beetles are produced by a
regular multi-layered structure, as shown in Fig. 1a,b.[9] Different
colors here arise from a simple tuning of the layer thicknesses.
The diamond weevil produces color by scattering from a struc-
ture with three-dimensional long-range order (Fig. 1c–e).[10] The
eastern bluebird produces blue from a network with short-ranged
order in three dimensions (Fig. 1 f,g).[11] Despite this wide range
of morphologies, the dominant mechanism of color production in
all of them is interference of light scattered from spatial gradients
in the refractive index.[12]

Pigments and structure rarely work alone. Nature’s vivid col-
ors typically result from a finely tuned interplay between structur-
al and pigmentary color.[13] Here, our intuitions about how colors
mix can be of little use. Black and white materials do not mix to
make gray, but blue, or green, as described below.

The surprising interplay of pigment and nanostructure is evi-
dent in an investigation of the blue jay, where the coloration of an
albino jay feather was compared to a normal dark-blue jay feath-
er.[4c] Albinism is the lack of pigment production by an animal.
Although the nanoscale morphologies of the albino and normal
feathers are identical, the albino’s feathers are missing the jay’s
characteristic saturated blue. Instead, they are white, with a faint
hint of blue, as shown in Fig. 2a,b. Thus, melanin is essential in
making a saturated blue, even though it is a broadband absorb-
ing pigment. Indeed, melanins are found in the spongy medullary
tissue of bird feathers in close proximity to the keratin-air nano-
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In the examples above, scattering and absorption work inde-
pendently, with distinct system components responsible for each
function.While this simplifies the physics and leads to some sim-
ple design rules, many natural systems produce color by scattering
from pigmented structures. For example, birds produce iridescent
color by scattering from organized arrays of melanin-containing
organelles.[5b,17] Recently, this approach has been adopted in syn-
thetic materials where polydopamine nanoparticles mimic mela-
nosomes.While suspensions of these particles are black, they pro-
duce colors tunable across the visible spectrum when packed into
arrays with short-ranged order or cast into thin films.[18] Why are
particles made from absorbing materials so effective at producing
structural colors? While careful studies of the structure–property
relations of these materials are lacking, some basic physical prin-
ciples can provide some insights.

Scattering and absorption are intimately related, both deriving
from the same material property: the dielectric function. The real
part of the dielectric function determines the refractive index, and
thus the scattering behavior. The imaginary part of the dielectric
function determines absorption. The real and imaginary parts of
the dielectric function cannot be varied independently, but must
satisfy the Kramers-Kronig relation.[19] For example, absorption
over a narrow band of wavelengths results in a peak of the refrac-
tive index at longer, nearby wavelengths. This principle is nicely
demonstrated by the common, brightly colored Pierid butterflies,
which range in color from white to red.[20] (Fig. 2e) Here, pterin
pigments are concentrated inside rice-shaped beads within the
butterfly wing scales. The pterins can play two roles, they (i) ab-
sorb light at short wavelengths and (ii) enhance light scattering at
longer wavelengths.As shown in Fig. 2f,g, the orange wing scales

structures that define structural colors.[5b] Also, broadband pig-
ments have been exploited to enhance coloration in a number of
synthetic structurally colored materials. For example, Forster et.
al. showed carbon black could enhance the non-iridescent green
of isotropic packings of colorless polystyrene nanoparticles, as
shown in Fig. 2c,d.[14] With little carbon black, the films were
white with a hint of green, Fig. 2c.With an excess of carbon black,
they appeared black. However, when the concentration of carbon
black was just right, a saturated green color appeared.

The basic physical principle of this surprising effect is rather
simple. Even though the translational order of the nanostructure
causes some wavelengths to be scattered more strongly than oth-
ers, this preference is not perfect. Any photon will eventually be
scattered if given multiple opportunities to interact with the nano-
structure. Thus, thick samples tend to appear white.[15] By intro-
ducing the right quantity of broadband absorbers to the material,
only wavelengths that interact the most strongly with the nano-
structure will be scattered from the sample before being absorbed.

Pigments need help from scattering, too. While pigments con-
trol absorption, we see most natural objects in reflection. Pigments
only produce saturated colors in reflectionwhen they are embedded
in a strongly scattering, otherwise white, material. This important
effect is familiar if you have ever bought paint. Once you have se-
lected your color-of-choice, the clerk makes the paint by mixing
the pigment with a strong white base. Nature uses the same trick.
A nice example is the yellow feather barb of the American gold-
finch (Carduelis tristis). Here, a carotenoid pigment is embedded
in a nanostructure of colorless keratin and air.[16] When scattering
from the nanostructure is suppressed by infiltration with an index-
matching substance, the vibrant color fades to a faint yellow.
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Fig. 1. Natural examples of structural color. a) Dorsal view of a female Japanese jewel beetle, Chrysochroa fulgidissima. The elytra and thorax are
green with purple stripes (scale bar: 0.5 cm). b) Transmission electron micrograph of purple sections of the jewel beetle elytra (scale bar: 1 mm).
c) The diamond weevil, Entimus imperialis, sits on a green leaf, with its black elytra studded with numerous yellow-green pits, sitting on a green leaf
(Carlos M. Ribeiro). d) A single scale of the diamond weevil with a few differently colored domains (scale bar: 20 mm). e) TEM of a single scale of the
diamond weevil revealing a photonic crystal structure (scale bar: 2 mm). f) Male Eastern Bluebird (Sialia sialis, Turdidae). g) Channel-type b-keratin
and air nanostructure from back contour feather barbs of S. sialis. Fig. 1 a), b) reproduced with permission of Bodo D. Wilts.[9] Fig. 1 c)–e) repro-
duced with permission of Royal Society.[10] Fig. 1 f), g) reproduced with permission of Eric R. Dufresne.[11]
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phenomena could emerge when materials are designed so that the
band of enhanced refractive index due to absorption overlaps with
the band of wavelengths selected by the nanostructure.[13]

New insights into the interplay of scattering and absorption
have the potential to impact technology on at least two fronts.
First, commercial pigments rely on rare-earth elements or toxic
chemical compositions and therefore can be expensive and dan-
gerous to the environment. In fact, it is reported that wastewater
from the textile factories is classified as one of the most polluting
of all industrial sectors.[22] Dyes can remain in water for decades,
causing damage to the aquatic environment and limiting down-
stream beneficial uses of water, such as being used as drinking
water. Optimized structure–pigment interactions could enable
the use of more sustainable, non-toxic pigments and processes, as
well as reduce the necessary amount of existing pigments needed
to make the vibrant colors required for cosmetics, arts, and food.

of Antocharis cardamines have an absorption peak absorption at
470 nm, which leads to refractive indices above 2.2 in a band of
wavelengths near 550 nm. More generally, the enhancement of
scattering by absorption also plays an important role in broadband
absorbers, like melanin. In these cases, the monotonic decay of
absorption with increasing wavelength results in high indices of
refraction across the visible range and strongly enhanced scatter-
ing.[21]

These recent studies suggest that there are many exciting op-
portunities in basic and applied sciences for the study of struc-
ture–pigment interactions. The Kramers-Kronig relation offers a
useful first step toward understanding these effects. However, the
multi-scale nature of these optical composites raises fundamen-
tal questions about how the dielectric functions of base materials
couples with scattering at the nanoscale to determine the effec-
tive dielectric function of the composite.We hypothesize that new

(

(
1

0.02

2

0.18

3

1.80

4

3.60

5

11.2

(a)

(c)

a) b) e)

g)

d)

c) f)

Fig. 2. Absorption enhances scattering. a) Photograph of Steller’s jay by Stephen Ting. b) Photograph of the amelanotic Steller’s jay by Bill
Schmoker. c) Photograph of five drop-cast films of 226 and 265 nm PS spheres containing carbon black. Sample numbers and [CB] in wt% ap-
pear above and below the samples, respectively. d) SEM image of the interior region of sample 3; the field of view is 7.8 μm wide; a piece of CB is
indicated with an arrow. e) Photographs of male pierid butterflies. Pieris rapae (top left). Phoebis sennae (top right). Anthocharis cardamines (bot-
tom left). Delias nigrina (bottom right). f) Absorption spectra of pigmented beads of the four pierid butterflies. g) Real part of the refractive indices of
pigmented beads. For comparison, the refractive index of chitin is added. Fig. 2 c), d) reproduced with permission of Jason D. Forster.[14] Fig. 2 e)–g)
reproduced with permission of Bodo D. Wilts.[20]
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The interplay of scattering and absorption could also contribute
to energy harvesting.[23] In this domain, nature again has much
to teach us. For example, the green leaves of plants focus and
scatter light through thin layers of tissues to enable remarkably
efficient light harvesting.[24] Indeed, recent theoretical work has
shown that locally ordered but globally disordered structures
enhance the absorption of light for the same amount of mate-
rial.[25] New insights into the interactions of light scattering and
absorption could not only lead to a better understanding of leaf
physiology, but may also suggest new strategies for the design of
light-harvesting devices, e.g. their use in solar cells or strongly
absorbing materials.[26]
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