2\ International Journal of

-/ Science and Engineering Investigations

vol. 8, issue 93, October 2019

Received on October 25, 2019

ISSN: 2251-8843

Photonic Nanostructures Inspired by Plants

Sherif S. Z. Hindi*, Uthman M. Dawoud?
'Department of Arid Land Agriculture, Faculty of Meteorology, Environment and Arid Land Agriculture, King Abdullaziz
University (KAU), Jeddah, Saudi Arabia
“Department of Chemical and Materials Engineering, Faculty of Engineering, KAU
(*shindi@kau.edu.sa, 2udawoud@hotmail.com)

Abstract- An object color is an integrated result of its surface
nature and its ability to transmit and/or emit the incident light.
The colors can be divided into two categories, namely pigment-
based colors and structural colors. The later character is arisen
from the physical interaction between the incident light and the
nanostructure features of the receptor surface. Investigation of
tissue coloration may be achieved by light-scatterometry
methods and/or anatomical and morphological studies using
SEM, cryo-SEM, and TEM. The photonic structures that can
be inspired from plants are flowers, leaves, and fruits. These
tissues are differed in their hierarchal nanometric structures.
The clear blue color of the fruits of Pollia condensata is
attributed to presence of cellulose-based helicoidal in the
epidermal cell wall similar to those present at the leaves of
Danaea nodosa. The fruit coloration of Elaeocarpus
angustifolius is arisen from the presence of so-called
iridosomes. These iridosomes are consisted of polysaccharides
layers (including cellulose) and are connected directly to the
cell membrane. Effect of chemical constituents and micro- and
nano-structure of cellulose microfibrils on tissue coloration
was discussed. Some attempts in synthesis of bioinspired
tissues were summarized.
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. INTRODUCTION

A. The Scientific Hlustration of Color

The science of color or so-called chromatics is interested in
perception of color by the human’s eye and brain, the origin of
color in materials, and theoretical fundamental of colorimetry
in art as well as in physics from the view of electromagnetic
radiation within the visible light. It is well known that our eye
and brain are able to perceive a range of wavelengths ranged
from about 380 nm to 700 nm, so this range is termed as the
visible light.

As shown in Figure 1 and Table 1, the electromagnetic
spectrum includes six regimes, namely gamma ray, X-ray,
ultraviolet, visible light, infrared and radio waves. The visible
light can be splitted into seven main divisions with
wavelengths ranging from 380 to 740 nm. It is worth
mentioning that the wavelength of a spectrum is inversely
related to its energy (Figure 1)
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Figure 1. The Electromagnetic Spectra

TABLE . THE COLORS OF THE VISIBLE LIGHT SPECTRUM (BOHREN, C. F.,
2006).

Color | Wavelength Range () nm | Frequency Range (v) THz
| R ~700-635 ~ 430-480
Orange ~ 635-590 ~480-510
Yellow ~590-560 ~510-540
I | Green ~ 560-520 ~ 540-580
I | cyan ~ 520-490 ~580-610
| Bl ~ 490-450 ~610-670
I | Violet ~ 450-400 ~ 670-750

B. Colors origin

Colors and luminescence of biomaterials occur naturally as
a result of either the optical characteristics of their electrons or
nanostructures effect (Zela et al. 2017).

In general, a color can be observed due to either
wavelength-dependent light absorption or diffraction of light at
geometrical features (Nassau , 2001).

1) Pigment-based colors

A pigment is a chemical compound that can change the
color of reflected or transmitted light according to the
wavelength absorbed selectively. This process is different from
the luminescence whereby a material emits light. These colors
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are caused by well-defined regular structures bearing a
pigment (Zela et al. 2017).

Bioinspired photonic pigments were synthesized by
Goerlitzer et al. (2018) using colloidal self- assembly
technique. The self- assembly of colloidal particles are acting
as wavelength- scale building blocks and can be able to
replicate coloration from nature (Goerlitzer et al., 2018).

2) Structural colors

They are arisen from the physical interaction between the
incident light and the nanostructure features of the receptor
surface (Luiggi, 2013). The colors arisen from these structures
are termed as structural colors and are brighter than pigment-
based colors. (Vignolini et al., 2013). These colors of bio-
tissues are often more intense and nearly angle-independent
(Zela et al. 2017).

Recently, structural coloration has been attracting more
interest for the applications of bio- inspired functional
photonic structures and materials (Fu et al., 2016).

a) Structural Color in Plants

Biological tissues are more complicated than most artificial
material in their anatomy and composition. This is due to
biological materials may be consisted of different types of cells
having different morphologies and chemical composition. For
instance, the configuration, dimensions and size of epidermal
cells affected strongly by light scattering method and visual
appearance of a tissue (Vignolini et al., 2013).

b) Structural Color in Animals

It was reported by Xiao et al. (2015) that structural colors
appeared due to interactions between light and nanometric-
scale periodic structures have been discovered in many species
of taxa. This can produces multiple bio-functions such as
sexual signaling, camouflage, and aposematism.

For the animal kingdom (Vukusic and Sambles, 2003),
different photonic systems including ordered (Vukusic et al.,
1999; Michielsen and Stavenga, 2008), quasi-ordered (Heeso et
al., 2010) and full random morphologies (Vukusic et al., 2007)
have been investigated in many animal species including
butterflies, beetles, jellyfishes and birds.

The optical response of a surface area can be measured
using an optical goniometer as shown in Figure 2 (Vignolini et
al., 2013).

Using the goniometer, the incident light beam illuminates
the bio-sample at an angle 6; which is precisely-controlled by
the sample rotation. The reflected and transmitted light are
recieved at 64 which is varied by rotating the detector direction.

For flowers, the spectral range of the incident light ray must
be matched with the spectral response of the photoreceptors of
the pollinators. Xenon and deuterium lamps are used to
determine the spectral characteristics in the UV scale, whereas
deuterium and tungsten lamps were integrated to study the
spectral properties in the UV to near-infrared regions
(Vignolini et al., 2012a,b).

In the case of materials with weak scattering ability and/or
having multilayer (hierarchal) structures, using polarized

microscope can provide clear insight into the anatomy of the
sample (Kinoshita et al., 2008). At the single cell scale, using
confocal microscopy for studying of photonic structures
(Vignolini et al., 2012).

3) Anatomical and Morphological Study
It is necessary to study the morphology and anatomical
plant tissues to understand their spectral response. This is can
be done by either of the following techniques:

a) The Scanning Electron Microscopy (SEM)

It is a valuable device to study the tissue surface due to its
high resolution, rapid test and requiring easy preparation and
pretreatment of the sample (Hindi, 2017). The pretreatment of
biological samples is done by dehydration the sample by
ethanol followed by chemical fixation using glutaraldehyde
stabilize the structure of the tissue. The chemical fixation
process is a sensitive technique due to it may destroy or alter
the cuticle of the petal surface. Furthermore, sputtering the
biological sample by gold nanoparticles using a sputtering
coater must be done to prevent charging by the electron beam
energy (McCully et al., 2009).

b) The Cryo-SEM Technique

It is used to study hydrated bio-tissues without any
chemical pretreatments. The green samples are super-cooled
using liuid nitrogen before gold sputtering-coated. The samples
are imaged below —100°C (McCully et al., 2009).

¢) Transmission Electron Microscopy (TEM)

It gives higher resolution comparing to the SEM, especially
for nanometric photonic structures. In addition, many botanic
tissues have hierarchal structures and/or nanocrystals that often
need further investigation by TEM. Before imaging, the sample
must be dehydrated and chemically cryo-fixed by liquid
nitrogen (-196°C) to minimize or prevent structural defects in
the sample (Studer et al., 2008).

Il.  TYPES OF BIO-TISSUES

There are some photonic structures that can be inspired
from plants such as flowers (Whitney et al., 2009a,b; Glover
and Whitney, 2010; ; Vignolini et al., 2012), leaves (Thomas et
al., 2010) and fruits (Vignolini et al., 2012; Kolle et al., 2013).
These tissues have outer layers with distinct hierarchal
nanometric structures. Some of these structures include ordered
periodic multilayers and diffraction gratings enhance their
optical appearances (Vignolini et al., 2013).

A. Photonic Structures in Flowers to Attract Pollen Grain-
Dispersers

Flowers are a group of organs that responsible for
reproductions (Soltis and Soltis, 2004). It is worth to mention
that the pollination process is a migration process of pollens
from male anther to female stigma to create an embryo that
keeps the botanic species. Many flowers attract pollinators by
offering food, odor, temperature, color and/or shape. Studying
petals as usually the most attractive parts of a flower is
essential to understand the petals role in pollination (Gorton
and Vogelmann, 1996; Kevan et al., 1996; Kevan and
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Backhaus, 1998; Briscoe and Chittka, 2001; Stavenga, 2002;
Dyer et al., 2007; Whitney et al., 2009a). The flower is a
photonic structure that naturally specified to produce a strong
coloration and iridescence helping pollinators to detect the
flowers (Whitney et al., 2009a; Whitney et al., 2009b).

Flower coloration is arisen from pigments in most
angiosperms (Tanaka et al., 2008; Brockington et al., 2011).
Mixing more than one pigment and/or changing their chemical
nature or concentration will give a wide color palette (Kay et
al., 1981).

It was found that the shape of the epidermal cells
containing the pigments significantly affects the intensity of the
reflected color (Kay et al., 1981). For instance, the conical-
shaped cells can generally enhance the brightness of the
resultant color. This enhancing in the brightness can be
attributed to the effect of the cone-shapes as reflectors that
focuse the light onto the pigment-rich spots inside the
epidermals cell enhancing the scattered light between the
adjacent cells (Bone et al., 1985, Dyer et al., 2007; Kay et al.
1981; Vogelmann, 1993).

With the progress of nanometric characterization
techniques using SEM, TEM, and X-ray diffraction (XRD), it
is well known that structural color is formed essentially from
surficial diffractive gratings (Whitney et al., 2009a,b). These
gratings (Figure 2) can be viewed as arrays that can affect an
incident light wave by modulating the phase and/or
amplituding periodically of. For instance, in flowers, there are
diffractive gratings on the epidermal cells composed of huge
number of ordered striations (Kourounioti et al., 2013).

m" Order

Incident monochromatic light

Incident Light

Figure 2. Diffraction gratings in flowers

Diffractive gratings (Figure 2) disperse incident
monochromatic ray into different angular directions termed as
orders. Light is reflected and scattered in the plane
perpendicular to the direction of the striations, based on the
following grating formula: a(sinfy, — sinf;) = mA, Where: 6; is

isolated from the purple color arising from the anthocyanin
pigment by separating off the transparent epidermal layer by
using sharp tweezers and floating it onto a water surface. The
epidermis is then transferred onto a planar substrate for optical
characterization (Vignolini et al., 2013).

It is clear from Figures 3-c,d that the epidermal cells of
tulip are flat and uniaxially elongated. Furthermore, the cell
dimension is about 8020 um2, whereas the distance between
striations is about 1um (Vignolini et al., 2013).
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Figure 3. a) Flower pollination, b) Tulip flower, and c, d) Cryo-SEM image
of epidermis of tulip petal (adapted from Vignolini et al., 2013)

B. Photonic Structures in Fruits to Attract Seed-Dispersers

Fruits are trying to attract insects or birds as seed dispersers
using bright coloration (Vignolini et al., 2012; Cazetta et al.,
2008), featured smell, offering food reward such as the fruit
pulp and sugar juice (Galetti, 2002). Some plants trick their
seed dispersers by mimicking the appearance of a delicious
pulp belongs to other species without offering any true food
(Galetti, 2002; Stournaras et al., 2013).

The 50-years old sample of African perennial marble berry
(Pollia condensata) shown in Figures 3-c, 4-a is a good
example to illustrate the difference between pigment-based
colors and structural colors. It worth to mention that the color
of its leaf is arisen due to chemical pigments, whereas the color
of its fruit is a structural color. Accordingly, as seen from
Figure 4-a that the pigment-derived leaf color has faded, while
the fruit color still maintains its intense metallic-blue

the angle of incidence, 0y, is the angle of the mth scattered iridescence.
order, A is the light wavelength, and a is the grating periodicity.
The iridescent coloration can be observed in the tulip
Queen of the night (Figure 3c). The iridescent effect can be
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Figure 4. Photograph of Pollia condensate sample (adapted from Vignolini
et al., 2012a, and b-e) Delarbrea michieana: b) Photograph of fruits, c,d)
Clockwise- and anticlockwise-arranged iridosomes responsible for the fruit
coloration, and €) TEM micrograph of a transverse section of the fruit
(adapted from Lee, 2007).

In addition, the fruit of Pollia condensata (Figure 4b) is a
true example of structural colors (Vignolini et al., 2012a). The
clear blue color of the fruits is attributed to presence of
cellulose-based helicoidal in the epidermal cell wall similar to
those present at the leaves of Danaea nodosa (Kolle et al.,
2013; Cazetta et al., 2008). These cellulosic structures
constitute the major volume of the cell walls of the epicarp.

Accordingly, the stack micro- and nanostructure as well as
the clear coloration were kept intact with the same parent
aspects after drying the fruits. Similar cellulosic stack
structures are present in fruits of Margaritaria nobilis,
exhibiting strong iridescence in the blue—green regime of the
wavelength scale (Kolle et al., 2013; Cazetta et al., 2008), so
the fruits have a clear metallic aspect.

In addition, the fruit coloration of Elaeocarpus angustifolius
was found to be arisen from the presence of so-called
iridosomes in mature fruits. These iridosomes are consisted of
polysaccharides layers (including cellulose) and are connected
directly to the cell membrane. It was expected that the
irodosoms are secreted by the cytoplasm of the epidermal cells
(Lee, 1991). It worth mentioning that each cell reflects
selectively left- or right-handed circularly polarized light that
can give us clear insight the photonic structure (Lee, 1991) as
indicated in Figure 4c-e.

It was found by Lee et al. (2000) the blue-colored fruits of
Delarbrea michieana (Figure 8) have iridosomes similar to

those present in Pollia condensata fruit (Figure 4a) that
responsiple for their color.

C. Photonic Structures in Leaves

The functional structural color in leaves is not completely
understood (Thomas et al., 2010; Bone et al., 1985.; Lee et al.,
1990) and still needs an excess of investigations.

There are different mechanisms used by plant leaves to
protect themselves from the intense UV-ray by optimizing their
light capturing as follow:;

e Many tropical rainforest plants have epidermal cells with
convex walls that focus the light onto the photosynthetic
layers within the leaf (Bone et al., 1985).

e In high mountains, plants are suffering from high UV
exposure which may harm their tissues. Therefore, to
lower the intensity of the UV penetrating to its
reproductive organs enveloped by bracts, edelweiss
(Leontopodium nivale) has a nanostructured-woolly layer
around its bracts that is able for multi-scattering the
incident UV-ray (Vigneron et al., 2005).

e The blue spruce trees (Picea pungens) has needles coated
with thin waxy layers (45) similar to the leaves of Dudleya
brittonii (Mulroy, 1979) that is an efficient tool for UV-
filtering to a certain extent.

e The epidermal layers in leaves of Selaginella willdenowii
and Begonia pavonina have more complicated structures
that converting the incident light wavelengths into the UV
and blue spectra. The biological function of this ability is
not well understood yet (Gould and Lee, 1996; Bradshaw
et al., 2010). The expected mechanism arises either from
multilayer nature of the epidermal cell walls that exhibit
different refractive indices for the incident light (Thomas
et al., 2010; Lee et al., 2000; Hébant and Lee, 1984), or by
the presence of cellulosic microfibrils based-stacking
layers with different orientations forming a helicoid
structure similar to a liquid crystal nematic phase (Gould
and Lee, 1996, Graham et al., 1993; Neville and Caveney,
1969).

The principle of multilayer effects of light is illustrated in
figure 5 (a, b). Incident light is reflected at each interface
between two layers with two different refractive indices.
Depending on the wavelength and on the angle of incidence,
the reflected beams interfere constructively or destructively.
The multilayer acts as a color screen reflecting a certain color
(else a specific wavelength or a range of wavelengths) while
transmitting its complementary color.
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Figure 5. Multilayer interference mechanism. (a) Reflection of incident
beam on interfaces between layers of different materials. (b) Close-up image
of this light reflection, c) Blue juvenile leaf and green adult leaf of Danaea
nodosa, and e) TEM transverse section images of outer cell wall of a juvenile
leaf of the same species (adapted from Lee, 2007).

Multilayers can be found in plants: a) at the surface of the
leaves on top of the epidermis, and b) within special
intracellular organelles known as iridoplasts that are located
inside upper epidermis cells.

The color of juvenile leaves differs from one species to
another. For instance, juvenile leaves of Danaea nodosa are
displayed a brilliant blue coloration while the adult leaves are
colored by green as shown in Figure 5c. (Thomas et al., 2010;
Lee and Lowry, 1975; Lee, 1997). The blue color of Danaea
nodosa leaves are arisen due to multilayer helicoidal structure
of the upper epidermis (Figure 5d). Contrarily, the blue
iridescence in Begonia pavonina is arisen from the iridoplasts
found within the epidermal cells (Gould and Lee, 1996).

I1l.  MICRO- AND NANO-STRUCTURE OF CELLULOSE
MICROFIBRILS

The cell wall of plants is made up of a matrix of
polysaccharides (alpha-cellulose and hemicelluloses), pectin in
the primary cell wall and lignin secondary cell wall (Roberts et
al., 2000; Cosgrove, 2005; Hindi and Abouhassan, 2016).
Spectroscopic studies showed its differentiation into primary
and secondary walls (Li et al., 2014). The two classes of walls
are different in their chemical constituents and structure that
grant the plant kingdom a wide range of biodiversity (Popper,
2008).

A. Chemical Structure of Wood Polymers

1) Cellulose
Cellulose is a straight, uniaxial, and homopolymer
constituted of B-D-glucopyranose units conjugated by 1-4-

The conformation of the cellulosic chains and their packing
manner into microfibrils is not completely understood
(Matthews et al., 2010). Each cellulosic chain is composed of
repeated cellobiose units constructing many different
architectures (Klemm et al., 2005). The degree of
polymerization of a single cellulosic chain may be contains of
about 10.000 glucopyranose units (Zabel and Morrel, 1992) or
more. The longitudinally adjacent cellulosic chains are attached
together by hydrogen bonding and/or van der Waals forces
according to the distance magnitude between the chains.

2) Hemicelluloses

They are composed from simple sugar monomers, namely
glucose, galactose, mannose, xylose, arabinose and glucuronic
acid. It has B-(1—4)-linked backbones in an equatorial
configuration. These sugars can conjugated to synthes different
compounds such as xylans, glucomannans, Xxyloglucans,
mannans and beta-(1—3,1—4)-glucans. The hemicelluloses
role is the strengthening the cell wall by interacting the other
biopolymers. Contrarily to cellulose, hemicellulose has a
random, amorphous structure with weak strength and is easily
hydrolyzed by dilute reagent (Hindi and Abouhassan, 2016).

3) Lignin
Lignin is a branched biopolymer found in plant cell wall. It
is polymerized from phenylpropane monomers by the cross-
linking in different chemical bonds. Although its resistant

ability to biochemical effects, white-rot fungi and
actinomycetes can secrete enzymes to breakdown it.
4) Pectin

Pectins are heterogeneous polysaccharides consisting of
1—4-a-D-galactosyluronic acid. Three pectin types were
isolated from primary cell walls of plants, namely
homogalacturonan (HG), rhamnogalacturonan-I and substituted
galacturonans. The first type is a linear polymer composed
from 1—4-a-D-galactosyluronic units. Some carboxyl groups
are methyl esterified or O-acetylated.

B. Microfibrill Organization

Cellulose or so-called glucan chains are aggregated just
after they are biosynthesized to form microfibrils aggregates
with different cross dimensions. The constructed microfibrils
were found to be varied according to the dimensions,
hydrogen-bonding and molecular orientation of their parent
(French et al., 2004; Atalla, 1984; Habibi et al., 2010).

The secondary cell wall of plants was found to be
differentiated into three distinct layers, namely S;, S, S;
(Figures 6,7). Within each layer, the cellulose microfibrils are
parallel in high organization, while the microfibril orientation
looks different from on layer to another (Plomion et al.,
2001; Barnett et al., 2004). The ideal structure of wood cell
wall is attributed to either the hierarchal organization of the
cellulosic microfibrils or the amazing mixing manner of the
principle polymers constituting wood (Chaffey, 1999; Plomion
etal., 2001; Li et al., 2014).

glucosidic  linkages (Matthews et al., 2010; Brett,
2000; Somerville, 2006).
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Figure 7. Ultrastructure of perennial cell wall (adapted from Rafsanjani et
al., 2014).

C. Photonic Structures in Cellulose Microfibrils

The part of spectrum ranged from ultraviolet up to the blue
wavelength (UV-blue) was reported to be generated by
cellulose microfibrils which are organized internally in a
helicoid construction (Figure 8).

Pitch (P)

Figure 8. Schematic of a helicoidal-stacking nature of cellulosic chains
within microfibrils

Within the cell wall, cellulose microfibrils are deposited
parallel to each other in successive layers in which each layer
is rotated by a constant angle. Accordingly, each layer has its
own refractive index. When the light beam passes from one
layer to the subsequent one, it will generate the reflection of
circular polarized light with opposite helicoidicity to the
rotating stack. The distance (p) between layers of fibrils with
the same orientation is an indicator to the reflected wavelength,
while the rotation direction is a measure of the circular
polarization of the reflected light (De Vries, 1951).

IV. SYNTHETIC BIOINSPIRED TISSUES (SBT)

The surface morphology of a SBT can be fabricated by cast
method without harming the tissue structure. A double-step
pattern copy method has been performing using a quick-setting
viscous dental wax for casting onto the sample to produce a
negative replica. The dental wax replica is used as a mold to
form a positive epoxy replica of the sample (Vignolini et al.,
2013).
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Zela et al. (2017) manufactured a lamellar nanostructure
mimicking ridge-shaped of the Morpho butterfly using a 3d-
direct laser writing technique. The obtained ultrastructure and
its optical characteristics was comparable to the Morpho
butterfly features.

In addition, Xiao et al. (2015) have inspired the self-
assembled melanosomes producing colors in avian feathers
using polydopamine-based synthetic melanin nanoparticles.

They get a high refractive index and broad absorption
spanning across the UV-visible range analogous to that for
natural melanins. This finding provides benefits for structural
colors over other polymeric nanoparticles (Xiao et al., 2015).

The blue color of a Morpho butterfly wings originates
structurally due to the diffraction and interference effects of
light due to the wing’s microstructures (Sato et al., 2009).
Furthermore, tunable structural color for damselfish reported
by them that changing between green and blue is done
reversibly. They these mimicked these phenomenon and
prepared functional structural color films using lifting and
templating techniques. (Sato et al., 2009).

Silicon can be used to fabricate several photonic
functionalities useful in many applications. Here, Cao et al.
(2010) generated wide spectrum of colors by harnessing the
strong resonant light scattering properties of Si nanostructures
under white light illumination. They achieved this through
controlling  structure size, dielectric conditions, and
illuminations (Cao et al., 2010).

Tan et al. (2014) assembled a cheap plasmonic material for
photorealistic printing with aluminum nanostructures instead of
gold and silver using photolithography and nanoimprint
lithography. The advantages achieved will create a new
generation of cheap and high-resolution plasmonic printing
materials for security tagging, cryptography, and data storage.

In addition, An et al. (2009) fluorescent nanowires else one
dimensional or their higher-dimensional structures such as
nanowebs and nanofabrics is expected to open new
applications such as nanoscale optoelectronics, sensing, and
biological devices.

V. CONCLUSIONS

e The colors can be divided into two categories, namely
pigment-based colors and structural colors.

e The structural colors are arisen from the physical
interaction between the incident light and the
nanostructure features of the receptor surface.

e The photonic structures that can be inspired from plants
are flowers, leaves, and fruits that differed in their
hierarchal nanometric structures.

e The clear blue color of the fruits of Pollia condensata is
attributed to presence of cellulose-based helicoidal in the
epidermal cell wall similar to those present at the leaves of
Danaea nodosa.

e The fruit coloration of Elaeocarpus angustifolius is arisen
from the presence of so-called iridosomes which are
consisted of polysaccharides layers (including cellulose)
and are connected directly to the cell membrane.

e  The part of spectrum ranged from ultraviolet up to the blue
wavelength is generated in the helicoid construction of
cellulose microfibrils.

e Within the cell wall, each of successive layers of cellulose
microfibrils has its own refractive index. So, when the
light beam passes from one layer to the subsequent one, it
will generate the reflection of circular polarized light with
opposite helicoidicity to the rotating stack.

e The surface morphology of bioinspired tissues can be
fabricated by cast method without harming the tissue
structure.

CONFLICTS OF INTEREST
The authors declare no conflict of interest.

REFERENCES

[1] Bohren, C. F. Fundamentals of Atmospheric Radiation: An Introduction
with 400 Problems. WILEY-VCH Verlag GmbH & Co. KGaA 2006,
463 pp.

[2] Zela, G. et al. Generation of bioinspired structural colors via two-photon
polymerization. sci Rep 2017, 7, Article number: 17622.

[3] Nassau, K. The Physics and Chemistry of Color: the Fifteen Causes of
Color, 2nd ed., Wiley, New York 2001, 4-36.

[4] Goerlitzer, E. S. A;; Taylor, R. N. K.; Vogel, N. Bioinspired Photonic
Pigments from Colloidal Self-Assembly. Adv Mater 2018, 30, 1-15.

[5] Luiggi, C. Color from Structure. 2013. https://www.the-
scientist.com/cover-story/color-from-structure-39860.

[6] Vignolini, S.; Moyroud, E.; Glover, B. J.; Steiner, U. J Royal Soc
Interface 2013, 10, 20130394.

[7]1 Fu, Y;, Tippets, C. A.; Donev, E. U. Structural colors: from natural to
artificial systems. WIREs WIREs Nanomed and Nanobi 2016, 8, 758-
775.

[8] Xiao, M.; Yiwen Li, Y.; Allen, M. C.; Deheyn, D. D.; Yue, X., Zhao, J.;
Nathan C. Gianneschi, N. C.; Shawkey, M. D.; Dhinojwala, A.. Bio-
Inspired Structural Colors Produced via Self-Assembly of Synthetic
Melanin Nanoparticles. ACS Nano 2015, 9, 5454-5460.

[91 Vukusic, P.; Sambles, J. R. Photonic structures in biology. Nature 2003,
424: 852-855.

[10] Vukusic, P., Sambles, J. R., Lawrence, C. R. and Wootton, R. J.
Quantified interference and diffraction in single Morpho butterfly scales.
Proc R Soc Lond B. 1999, 266, 1403-1411.

[11] Michielsen, K. and Stavenga, D. G. Gyroid cuticular structures in
butterfly wing scales: biological photonic crystals. J Royal Soc Interface
2008, 5: 85-94.

[12] Heeso, N.; Liew, S. F.; Saranathan, V.; Mochrie, S. G. J.; Prum, R. O;
Dufresne, E. R.; Cao, H. How noniridescent colours are generated by
quasi-ordered structures of bird feathers. Adv Mat 2010, 22, 2871-2880.

[13] Vukusic, P.; Hallam, B. Noyes, J. Brilliant whiteness in ultrathin beetle
scales. Science 2007, 315, 348.

[14] Vignolini, S.; Rudall, P. J.; Rowland, A. V.; Reed, A.; Moyroud, E.;
Faden, R. B.; Baumberg, J. J.; Glover, B. J.; Steiner, U. 2012a.
Pointillist structural colour in Pollia fruit. Proc. Natl. Acad. Sci. U. S. A.
2012a, 109, 15 712-15 715.

International Journal of Science and Engineering Investigations, Volume 8, Issue 93, October 2019 98

www.lJSEl.com

ISSN: 2251-8843

Paper ID: 89319-14



[15] Vignolini, S.; Thomas, M. M.; Kolle, M.; Wenzel, T.; Rowland, A, [38] Kourounioti, R. L. A. et al. Buckling as an origin of ordered cuticular
Rudall, P. J.; Baumberg, J. J.; Glover, B. J.; Steiner, U. Directional patterns in flower petals. J Royal Soc Interface 2013, 10: 20120847.
scattering from the glossy flower of Ranunculus: how the buttercup [39] Fernandes, S. N., Geng, Y., Vignolini, S., Glover, B. J., Trindade, A. C.,
lights up your chin. J Royal Soc Interface 2012b, 9, 1295-1301. Canejo, J. P., Almeida, P. L., Brogueira, P. and Godinho, M. H.

[16] Kinoshita, S.; Yoshioka, S.; Miyazaki, J. Physics of structural colours. Structural colour and iridescence in transparent sheared cellulosic films.
Rep Prog Phys 2008, 71, 076401. Macromol Chem and Phys 2013, 214: 25-32.

[17] Hindi, S. S. Z. Suitability of date palm leaflets for sulphated cellulose [40] Cazetta, E., Zumstein, L. S., Melo, T. A. and Galetti, M. Frugivory on
nanocrystals synthesis. Nanosci and Nanotech Res 2017a, 4, 7-16. Margaritaria nobilis L.f. (Euphorbiaceae): poor investment and

[18] Hindi, S. S. Z. Some Promising Hardwoods for Cellulose Production: 1. mimetism. Rev bras bot 2008, 31: 303-308.

Chemical and Anatomical Features. Nanosci and Nanotech Res 2017 b, [41] Galetti, M. Seed dispersal of mimetic seeds: Parasitism, mutualism,
4(3):86-97. aposematism or exaptation? In Seed dispersal and frugivory: ecology,

[19] McCully, M. E., Canny, M. J. and Huang, C. X. Cryo-scanning electron evolution and conservation. D Levey; W Silva; M Galetti eds Oxon, UK.
microscopy (CSEM) in the advancement of functional plant biology. CABI Publishing. 2002, 177-191.

Funct. Plant Biol 2009, 37: 1011-1040 [42] Stournaras, K. E. et al. How colorful are fruits? Limited color diversity

[20] Studer, D., Humbel, B. M. and Chiquet, M. Cryo-scanning electron in fleshy fruits on local and global scales. New Phytol 2013, 198: 617—
microscopy (CSEM) in the advancement of functional plant biology. 629.

Histochem. Cell Biol 2008, 130, 877—889. [43] Lee, D. W. Nature's Palette: The Science of Plant Color, 1st ed.; The.

[21] Whitney, H. M., Kolle, M., Andrew, P., Chittka, L., Steiner, U. and University of Chicago Press: Chicago, IL, USA, 2007 b; 432 pp.

Glover, B. J. Floral iridescence, produced by diffractive optics, acts as a [44] Lee, D. W. Ultrastructural basis and function of iridescent blue color of
cue for animal pollinators. Science 2009a, 323, 130-133. fruits in Elaeocarpus. Nature 1991, 394, 260-262.

[22] Whitney, H. M., Kolle, M., Alvarez-Fernandez, R., Steiner, U. and [45] Lee, D. W., Taylor, G. T., Irvine, A. K. Structural fruit colouration in
Glover, B. J.. Contributions of iridescence to floral patterning. Commun Delarbrea michieana (Araliaceae). Int J Plant Sci, 2000, 161: 297-300.
Integr Biol 2009b, 2, 230-232. [46] Lee, D. W., Bone, R. A, Tarsis, S. L. and Storch, D. Correlates of leaf

[23] Glover, B. J., Whitney, H. M. Structural colour and iridescence in optical properties in tropical forest sun and extreme-shade plants. Am J
plants: the poorly studied relations of pigment colour. 0 2010, 105, 505— Bot 1990, 77: 370-380.

511 [47] Vigneron, J. P., Rassart, M., Vértesy, Z., Kertész, K., Sarrazin, M., Biro,

[24] Thomas, K. R., Kolle, M., Whitney, H. M., Glover, B. J. and Steiner, U. L. P., Ertz, D. and Lousse, V. Optical structure and function of the white
Function of blue iridescence in tropical understorey plants. J. R. Soc. filamentary hair covering the edelweiss bracts. Phys Rev 2005, E 71:
Interface 2010, 7, 1699-1707. 11906-11916.

[25] Kolle, M., Lethbridge, A., Kreysing, M., Baumberg, J. J., Aizenberg, J. [48] Mulroy, T. W. Spectral properties of heavily glaucous and non-glaucous
and Vukusic, P. Bio-inspired band-gap tunable elastic optical multilayer leaves of a succulent rosette-plant. Oecologia 1979, 357: 349-357.
fibres. Adv Mat 2013, 25, 2239-2245. [49] Gould KS and Lee DW. Physical and ultrastructural basis of blue leaf

[26] Soltis, P. S. and Soltis, D. E. The origin and diversification of iridescence in four Malaysian understory plants. Am J Bot 1996, 83: 45—
angiosperms. Am J Bot 2004, 91: 1614-1626. 50.

[27] Gorton, H. L. and Vogelmann, T. C. Effects of epidermal cell shape and [50] Bradshaw, E., Rudall, P. J., Devey, D. S., Thomas, M. M., Glover, B. J.
pigmentation on optical properties of antirrhinum petals at visible and and Bateman, R. M. Comparative labellum micromorphology of the
ultraviolet wavelengths. Plant Phys 1996, 112: 879-888. sexually deceptive temperate orchid genus Ophrys: diverse epidermal

[28] Kevan, P., Giurfa, M., Chittka, L. Why are there so many and so few cell types and multiple origins of structural color. Bot J Linn Soc 2010,
white flowers? Trends Plant Sci 1996, 1: 252. 162: 504-540.

[29] Kevan, P. G. and Backhaus, W. G. K. Color vision: Ecology and [51] Hébant, C. and Lee, D. W. Ultrastructural basis and developmental
evolution in making the best of the photic environment. In Colour control of blue iridescence in Selaginella leaves. Am J Bot 1984, 71:
vision: perspectives from different disciplines. Eds WG Backhaus, R 216-219.

Kliegl, JS Werner, Berlin, Germany: Walter de Gruyter & Co. 1998, pp. [52] Graham, R. M., Lee, D. W. and Norstog, K. Physical and ultrastructural
163-178 basis of blue leaf iridescence in two neotropical ferns. Am J Bot 1993,

[30] Briscoe, A. D. and Chittka, L. The evolution of color vision in insects. 80: 198-200.

Ann Rev of Entomol 2001, 46: 471-510. [53] Neville, A. C. and Caveney, S. Scarabaeid beetle exocuticle as an optical

[31] Stavenga, D. G. Color in the eyes of insects. Journal of Comparative analogue of cholesteric liquid crystals. Biol Rev Camb Philos Soc 1969,
Phys A 2002, 188, 337-348. 44:531-562.

[32] Dyer, A. G., Whitney, H. M., Arnold, S. E. J., Glover, B. J. and Chittka, [54] Lec_a,_D. W. anq Lowry, J. B. Physical basis and ecological significance
L. Mutations perturbing petal cell shape and anthocyanin synthesis of iridescence in blue plants. Nature 1975, 254: 50-51.
influence bumblebee perception of Antirrhinum majus flower colour. [55] Lee, D. W. Iridescent blue plants. Am Sci 1997, 85: 56-63.

Arthropod. Plant Interact 2007, 1: 45-55. [56] Roberts, K., McCann, M.C. Xylogenesis: the birth of a corpse. Curr

[33] Tanaka, Y., Sasaki, N. and Ohmiya, A. Biosynthesis of plant pigments: Opin Pant Biol 2000, VOL. , 517-522.
anthocyanins, betalains and carotenoids. Plant J 2008, 54, 733-749 . [57] Cosgrove, D. J. Growth of the plant cell wall. Nat Rev Mol Cell Biol

[34] Brockington, S. F., Walker, R. H., Glover, B. J., Soltis, P. S. and Soltis, 2005, 6, 850-861.

D. E. Complex pigment evolution in the Caryophyllales. New 58] Hindi, S. S. Z. and Abohassan, R. A. Cellulosic microfibril and its
Phytologist 2011, 190: 854-864. embedding matrix within plant cell wall. Int J Innov Res Sci,

[35] Kay, Q. O. N., Daoud, H. S. and Stirton, C. H. 1981. Pigment Engineering and Technology 2016, 5 (3): 2727-2734.
distribution, light reflection and cell structure in petals. Bot. J. Linn. Soc [59] Li, S., Bashline, L., Lei, L. and Gu, Y. Cellulose Synthesis and Its
1981, 83, 57-84. Regulation. The Arabidopsis Book 12:¢0169, 2014.

[36] Bone, R. A, Lee, D. W. and Norman J. M. Epidermal cells functioning [60] Popper, Z. A. Evolution and diversity of green plant cell walls. Curr
gz Iir;%eBS ;rﬂezaves of tropical rain-forest shade plants. Appl Opt 1985, Opin in Plant Biol 2008, 11, 286-292.

' - ' . . . ) [61] Matthews, J. F.; Himmel, M. E. and Brady, J. W. Simulations of the

[37] Vogelmann, T. C. Plant tissue optics. Ann Rev Plant Biol 1993, 44: structure of cellulose.Computational Modeling in Lignocellulosic
231-251. Biofuel Production: ACS Symp Ser 2010, 1052, 17-53.

International Journal of Science and Engineering Investigations, Volume 8, Issue 93, October 2019 99

www.lJSEl.com

ISSN: 2251-8843

Paper ID: 89319-14



[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]
[71]

[72]

International Journal of Science and Engineering Investigations, Volume 8, Issue 93, October 2019

Brett, C.T. Cellulose microfibrils in plants: biosynthesis, deposition, and
integration into the cell wall. Int Rev Cytol 2000 , 199, 161-199.

Somerville, C. Cellulose synthesis in higher plants. Annu. Rev. Cell
Dev. Biol. 2006, 22, 53-78,.

Klemm, D., Heublein, B., Fink, H. P. andBohn, A. Cellulose: fascinating
biopolymer and sustainable raw material. Angewandte Chemie
International Edition 2005, 44, 3358-3393.

Zabel, R. A, Morrell, J. J. Wood microbiology: Decay and its
prevention. Academic Press, NewYork, 1992.

French, A. D.,Bertoniere, N. R., Brown, R. M., Chanzy, H., Gray, D.,
Hattori, K.,Glasser, W. In Kirk-Othmer Encyclopedia of Chemical
Technology 5thed, Seidel, A., Ed.; John Wiley & Sons, Inc.: New York,
Vol. 5, 2004.

Atalla, R, H. In Structure, Function and Biosynthesis of Plant Cell
Walls, W. M. Dugger and S. Bartinicki-Garcia, Eds., Am Soc Plant
Phys, Rockville, M. D., 381pp., 1984.

Habibi, Y., Lucia, L. A. and Rojas, O. J. Cellulose Nanocrystals:
Chemistry, Self-Assembly, and Applications. Chem Rev 2010, 110,
3479-3500,.

Plomion, C., Leprovost, G., Stokes, A. Wood formation in trees. Plant
Physiol 2001, 127, 1513-1523,.

Barnett, J.R., Bonham, V.A. Cellulose microfibril angle in the cell wall
of wood fibres. Biol Rev Camb Philos Soc 2004, 79, 461-472.

Chaffey, N. Wood formation in forest trees: from Arabidopsis to Zinnia.
Trends Plant Sci 1999, 4, 203-204.

Teischinger, A. Opportunities and limits of timber in construction.
World Conference on Timber Engineering, Vienna 2016.

[73]

[74]

[75]

[76]

[77]

[78]

Rafsanjani, A., Stiefel, M., Jefimovs, K., Mokso, R., Derome, D. and
Carmeliet, J. Hygroscopic swelling and shrinkage of latewood cell wall
micropillars reveal ultrastructural anisotropy. J R Soc Interface 2014, 11,
20140126.

De Vries, H. L. Rotatory power and other optical properties of certain
liquid crystals. Acta Cryst 1951, 3: 219-226.

Sato, O.; Shoichi Kubo, S.; Zhong-Ze Gu, Z.-Z. Structural Color Films
with Lotus Effects, Superhydrophilicity, and Tunable Stop-Bands. Acc
Chem Res 2009, 42, 1-10.

Cao, L.; Fan, P.; Barnard, E. S.; Brown, A. M.; Brongersma, M. L.
Tuning the Color of Silicon Nanostructures. Nano Lett 2010, 10, 2649-
2654

Tan, S. J.; Zhang, L.; Zhu, D.; Goh, X. M.; Wang, Y. M.; Kumar, K.;
Qiu, C.-W,; Yang, J. K. W. Plasmonic color palettes for photorealistic
printing with aluminum nanostructures. Nano Lett 2014, 14, 4023-4029.
An, B.-K.; Gihm, S. H.; Chung, J. W.; Park, C. R.; Kwon, S.-K.; Park,
S. Y. Color-Tuned Highly Fluorescent Organic Nanowires/Nanofabrics:
Easy Massive Fabrication and Molecular Structural Origin. J Am Chem
Soc 2009, 131, 3950-3957.

How to Cite this Article:

Hindi, S. S. Z. & Dawoud, U. M. (2019) Photonic
Nanostructures Inspired by Plants. International Journal
of Science and Engineering Investigations (IJSEI), 8(93),
92-100. http://www.ijsei.com/papers/ijsei-89319-14.pdf

100

www.lJSEl.com

ISSN: 2251-8843

Paper ID: 89319-14




	I. Introduction
	A. The Scientific Illustration of Color
	B. Colors origin
	1) Pigment-based colors
	2) Structural colors
	a) Structural Color in Plants
	b) Structural Color in Animals

	3) Anatomical and Morphological Study
	a) The Scanning Electron Microscopy (SEM)
	b) The Cryo-SEM  Technique
	c) Transmission Electron Microscopy (TEM)



	II. Types of Bio-Tissues
	A. Photonic Structures in Flowers to Attract Pollen Grain-Dispersers
	B. Photonic Structures in Fruits to Attract Seed-Dispersers
	C. Photonic Structures in Leaves

	III. Micro- and Nano-Structure of Cellulose Microfibrils
	A. Chemical Structure of Wood Polymers
	1) Cellulose
	2) Hemicelluloses
	3) Lignin
	4) Pectin

	B. Microfibrill Organization
	C. Photonic Structures in Cellulose Microfibrils

	IV. Synthetic Bioinspired Tissues (SBT)
	V. Conclusions
	Conflicts of Interest
	References


