J Nanopart Res (2021) 23:141
https://doi.org/10.1007/s11051-021-05272-8

RESEARCH PAPER

q

Check for
updates

The importance of Mie resonances in ultra-black dragonfish

skin pigment particles

Ishaan Lohia - Samuel Ahearn - Joseph Franjieh -
Marcel Di Vece

Received: 7 April 2021 / Accepted: 18 June 2021
© The Author(s) 2021

Abstract The ultra-black skin of the deep-sea
dragonfish consists of small pigment particles which
together provide optimal light absorption to prevent
detection from bioluminescent predators or prey.
The mechanism of light absorption in these pigment
particles resembles the nanophotonic approaches
to increase solar cell efficiency via Mie scatter-
ing and resonances. In this work, the Mie resonance
responses of dragonfish pigment particles were inves-
tigated with finite-difference time-domain (FDTD)
simulations to elucidate the exact mechanism respon-
sible for the ultra-black skin of the dragonfish. Ellip-
soidal pigment particles were found to have superior
light absorption over spherical pigment particles. The
pigment particles were also shown to exhibit forward
scattering, demonstrating an important feature for
repeated light absorption in pigment-containing skin
layers. Although this work contributes to a deeper
understanding of the ultra-back skin of the dragon-
fish, the nanophotonic mechanisms proposed here are
likely more general, and could be applied to photo-
voltaic light management designs and immunometric
detection based on light extinction.

I. Lohia - S. Ahearn - J. Franjieh - M. Di Vece (P<)
Interdisciplinary Centre for Nanostructured Materials
and Interfaces (CIMalNa) and Physics Department
“Aldo Pontremoli”, University of Milan, Via Celoria 16,
20133 Milan, Italy

e-mail: marcel.divece @unimi.it

Published online: 03 July 2021

Keywords Mie scattering - Dragon fish - Pigment
particle - Camouflage - Deep-sea fish - Nanophotonics

Introduction

The dragonfish (Idiacanthus antrostomus) lives in the
deep sea and is extremely light-absorbent—a camou-
flage tactic used to avoid being detected via biolumi-
nescence from predators or prey. Its ultra-black skin
was recently investigated by Davis et al. (2020) and
was found to consist of assemblies of spherical and
ellipsoidal pigment particles inside laminar layers
(Davis 2020). The embedding skin medium has a
refractive index which is identical to that of sea water
to avoid a refractive index boundary and thereby pre-
vent optical reflections. In general, the pigments, or
melanosomes, of deep-sea fish have sizes between
about 400 and 800 nm and a prevalent aspect ratio
between about 1.2 and 3, making them mostly ellip-
soidal (Riley 1997). Interestingly, the orientation of
the pigments in the dragonfish skin is random (i.e., all
orientations were present at each depth within the dif-
ferent layers of the skin).

Strong light absorption is also very important for
solar cells, in which recent nanophotonic approaches
have been developed to enhance light absorption,
particularly in thin-film solar cells (Di Vece 2019;
Giannakoudakis and Di Vece 2017). One promising
technique is the use of Mie scatterers, which are par-
ticles or nanostructures with high refractive indices
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in which light can be captured and leaked into a solar
cell (Brongersma et al. 2014; Neder et al. 2017). Mie
resonances have been observed in light scattering and
absorption by small particles whose size is on the order
of the wavelength of incident light or larger (Mie 1908;
Kerker 1969). Mie scattering increases the optical
path length of incident light, leading to a higher opti-
cal absorption probability. Moreover, Mie light scatter-
ing is oriented mainly forward, directing light towards
the photovoltaic region of interest (Wray and Atwater
2020; Tzarouchis and Sihvola 2018). A two-dimen-
sional periodic array of subwavelength silicon nanocyl-
inders designed to possess strongly substrate-coupled
Mie resonances was shown to yield almost zero total
reflectance over the entire spectral range from the ultra-
violet to the near-infrared (Spinelli et al. 2012; Spinelli
and Polman 2014). The strong and diverse interactions
of Mie nanostructures with light were illustrated by
the all-dielectric color printing of paintings by means
of simple nanostructures fabricated with monocrystal-
line silicon, in which various brilliant color reflections
were achieved by tuning the physical dimensions of the
nanostructures (Nagasaki et al. 2017). Further applica-
tions for Mie scattering have been explored, such as
using it in photocatalytic processes or combining with
van der Waals materials (Xu 2012; Cihan 2018).

Although the work of Davis et al. simulated the
strong optical absorption of dragonfish pigment particle
assemblies via finite-difference time-domain (FDTD)
methods, a detailed investigation into the interaction
of light with the individual pigment particles remained
unexplored (Davis 2020). Because the size of the drag-
onfish pigment particles allows for strong Mie-like
properties, this work investigates the interaction of light
with single-pigment particles via FDTD simulations to
provide a deeper insight into the mechanisms of strong
optical absorption in the dragonfish skin. Besides pro-
viding an interesting strategy for light management in
photovoltaics, this work could also be applicable to
immunometric detection based on light extinction and
fluorescence quenching with latex or metal particles
(Coletta and Amendola 2021; Anténio et al. 2018;
Bravin and Amendola 2020; Zhang 2019).

Methods

FDTD simulations, which solve the time-resolved
Maxwell equations in three dimensions, were
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conducted using commercial software (Lumeri-
cal Solutions Inc.) to calculate the optical absorp-
tion in the pigment particles. A single dragonfish
pigment particle was illuminated by a total-field
scattered-field (TFSF) plane wave source, centrally
incident along the z-axis. A background refractive
index of 1.33 was used, equal to that of the drag-
onfish skin and seawater. The refractive indices of
the pigment particles and the background tissue
were obtained from the work of Davis et al. (2020).
The simulations used a 1000x 1000x 100-nm>,
2000 x 2000 x 2000-nm>, and 3000 x 3000 x 3000-
nm?® simulation boxes for the 150-nm and 450-nm
ellipsoidal and 450-nm spherical pigment particles,
respectively, with perfectly matched layer (PML)
boundaries of 12 layers. Data was collected for 50
linearly spaced frequency points. The mesh box
size on and around the particle was varied between
10x 10x 10 nm® and 15x15x 15 nm?, depending
on the size of the pigment particle, and was deter-
mined to be sufficiently accurate by convergence
testing.

The size distribution of the dragonfish pigment
particles, obtained by Davis et al. (2020), follows
a mostly Gaussian distribution with particle diam-
eter ranging between 600 and 800 nm (Davis 2020).
Davis et al. (2020) also reports that particle aspect
ratio ranges between 1 and 3 with a main Gauss-
ian peak around 2 followed by a small peak at 2.5.
In accordance with these observations, this work
simulated three ellipsoidal particles of 150-, 300-,
and 450-nm radius (long axis) with an aspect ratio
of 1.5. Only the 150- and 450-nm particles are dis-
cussed here because the 300-nm particle fully sup-
ported the observed size-dependent trends. These
particle diameters and aspect ratio were chosen to
cover the mean and extreme particle sizes reported
by Davis et al. (2020). The results shown in this
work are from simulations in which the electric
field of incident light was polarized in the direction
of the x-axis. The perpendicular (y-axis) polariza-
tion of incident light was also simulated and yielded
slightly different results; however, the conclusions
remained the same as for the x-axis polarization.
The optical absorption was calculated with respect
to the effective surface area of the pigment particle
from the reference of the incident light, i.e., the sur-
face area in the plane of the light source (xy-plane).
Optical absorption values greater than one were
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caused by the fact that the electromagnetic waves
can also be absorbed from the sides of the pigment
particle, due to the wave nature of light.

Results and discussion

To obtain insight into the pathway of light inside the
pigment particles, the cross sections of the optical
absorption, the electric field intensity, and the mag-
netic field intensity were calculated by integrating
over the entire time of the simulation. In Fig. 1, the
cross sections of the 150-nm radius particle under
incident light of 300-nm wavelength exhibit a very
clear focal point at the bottom of the particle. This
focal point resulted in increased absorption within
the particle and a strong electric field going outward
from the bottom. This strong forward scattering is

Cross Section Absorption

Log HA2

Fig.1 Cross sections at 300 nm (wavelength) in xz-plane
through the middle of the pigment particle with a long axis
radius of 150 nm for a optical absorption, b integrated electric
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indicative of Mie-like behavior and is well-known
from Mie theory (as derived from a series approxima-
tions to a solution for Maxwell’s equations) (Kerker
1969) .

Evidence of light circulation within the pigment
particle is provided by the observed regular patterns
of the optical absorption and electric field intensity.
The high-intensity areas indicate constructive wave
interference while darker areas are caused by destruc-
tive interference. This interference pattern is only pos-
sible if part of the light was reflected within the par-
ticle. The less intense optical absorption and electric
field intensity in the center of the particle is sugges-
tive of light circulation around and below the surface
of the particle, known as “whispering gallery modes.”
The cross section of the magnetic field intensity pro-
vides evidence of displacement current loops because
the magnetic field profile is distinctly different from

Log E*2
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field (E?), and ¢ integrated magnetic field (H?). The high inten-
sity of the optical absorption, E2, and H? below the pigment
particle suggest strong forward scattering
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that of the electric field intensity (Groep and Polman
2013). These dielectric displacement current loops
further suggest that the light wave is circulating at dif-
ferent locations within the pigment particle.

The light interference patterns in the larger pig-
ment particle with radius 450 nm had more maxima
and minima for the 300-nm wavelength light than
the 150-nm radius particle, as shown in Fig. 2. From
the optical absorption, electric field intensity, and
magnetic field intensity, it is evident that most of the
light was located under the surface of the pigment
particle while the interior remained empty of elec-
tromagnetic energy. This again suggests a circula-
tion of light underneath the pigment particle surface,
likely the result of strong destructive interference in
the center of the pigment particle. The low intensity
of the electric field below the 450-nm pigment parti-
cle in Fig. 2c for 300 nm light was caused by strong

Cross Section Absorption
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absorption in the pigment particle, leaving little light
to be transmitted or scattered. The relatively intense
electric field above this 450-nm particle at a wave-
length of 300 nm had about the same value as the
150-nm pigment particle at a wavelength of 300 nm,
which means that there was no increase of reflection
or backward scattering due to the particle size. This
result demonstrates that not all pigment particles are
optimized for forward scattering, which explains the
rather large distribution of size and aspect ratio’s in
the natural occurrence of these pigment particles in
the dragonfish skin. By providing a wide range of
sizes and aspect ratio’s, the dragonfish complements
particles which exhibit strong absorption at particular
wavelengths (larger particles) with particles that have
strong forward scattering (smaller particles), resulting
in an overall minimal reflection. Moreover, the fact
that the 450-nm radius pigment particles absorbed so
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Fig. 2 Cross sections at 300 nm (wavelength) in xz-plane
through the middle of the pigment particle with a long axis
radius of 450 nm for a optical absorption, b integrated electric
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field (E?), and ¢ integrated magnetic field (H?). The high inten-
sity of the optical absorption, E2, and H? below the surface of
the pigment particle indicate the circulation of light
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much light that Mie resonances are minimized could
explain the upper size boundary found in pigment
particles in biological samples. In agreement with
the nature of optical interference, the cross sections
of the larger pigment particle with radius of 450 nm
at a wavelength of 658 nm (Fig. 3) were very simi-
lar to the smaller pigment particle (150-nm radius) at
300-nm wavelength (Fig. 1), because the interference
pattern depends on the ratio of the particle size to the
light wavelength.

The spectra of the optical absorption in the ellipsoi-
dal pigment particles are shown in Fig. 4 as a function
of light polarization and rotation angle of the particle.
As stated previously, the optical absorption values
greater than one were caused by the absorbance of
light from the sides of the pigment particle due to the
wave nature of light. As a result of the optical prop-
erties of the pigment molecule, the optical absorption
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Fig. 3 Cross sections at 658 nm (wavelength) in xz-plane
through the middle of the pigment particle with a long axis
radius of 450 nm for a optical absorption, b integrated electric
field (E?), and ¢ integrated magnetic field (H?). The high inten-

was strongest at small wavelengths and reduced con-
siderably at larger wavelengths. For the 150-nm ellip-
soidal pigment particle, greater rotation in the xz-plane
increased overall optical absorption considerably
because light passed through a longer pigment path,
enhancing the absorption probability (i.e., less light
was transmitted). The increase of light absorption
upon rotation was particularly strong at shorter wave-
lengths, indicating that the optical resonances had a
strong effect. Despite changes in intensity, the optical
absorption curve profiles for the 150-nm particle did
not change significantly with rotation. The rotations
for the 450-nm particle induced significant changes
in both the optical absorption values and curve pro-
file. Increasing the rotation angle mostly increased the
optical absorption intensity and greater rotation angles
corresponded to redshifted curve profiles. The 450-nm
pigment particle exhibited optical absorption maxima

Log EA2

b) 0.579

0.435

0.29

z(um)

0.146

0.00199

-0.142

X (um)
-0.286

-5.14

sity of the optical absorption, E><and H? below the pigment
particle suggest strong forward scattering. In agreement with
Fig. 1
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Fig. 4 Optical absorption spectra of ellipsoidal pigment parti-
cles of two sizes, under three rotations in the xz-plane and two
opposite polarizations. The light is incident from the xy-plane
normal to the z-direction, pointing downwards. For the 450-nm
particle, the rotation has considerable effect on the absorption
spectrum due to the presence of Mie resonances

at 320-, 338-, and 390-nm wavelengths for the 0°, 45°,
and 90° rotations, respectively. Remarkably, the opti-
cal absorption at 90° rotation around wavelengths of
300 nm was slightly reduced compared to at 45° rota-
tion, likely because of the presence of Mie resonances
at 90° rotation which were rather destructive. In con-
trast, the optical absorption in the 45° rotated 150-nm
particle around wavelengths of 300 nm had increased
due to Mie resonances. Although the rotation in the
xz-plane of the 450-nm ellipsoidal particles had a sig-
nificant effect, the differences were likely not enough
to have them aligned in the most favorable position in
the dragonfish skin. Alternatively, the slight differences
in optical absorption between the different orientations
of the ellipsoidal pigment particles may average out to
an overall stronger optical absorption across the entire
visible spectrum. The light polarization did not have a
significant effect on the optical absorption of the ellip-
soidal pigment particles. The optical absorption of the
450-nm pigment particle as compared with the 150-
nm pigment particle was much larger at longer wave-
lengths (3.2 times greater at 800 nm) than at shorter
wavelengths (1.6 times greater at 350 nm). This is pos-
sibly due to Mie resonances which are present in the
450-nm particle but cannot be supported in the 150-nm
particle at the longer wavelengths.

The z-component of the electric field in a spherical
450-nm particle, as shown in Fig. 5a, demonstrates the
presence of interference below the pigment particle’s
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Fig.5 a Cross section at 300 nm (wavelength) in xz-plane
through the middle of the spherical pigment particle with
radius of 450 nm of the z-component of integrated the elec-
tric field. The constructive interference patterns are clearly vis-
ible and are indicative for light circulation within the particle.
b Optical absorption spectra of ellipsoidal and spherical pig-
ment particles. Although the optical absorption of the spherical
particles appears larger than that of the ellipsoid particles, the
total volume ratio between the spherical and ellipsoidal parti-
cles is 2.25, resulting in less light absorption per pigment mol-
ecule than in the spherical particle

bottom surface and clearly illustrates light circulation.
The z-component was chosen in this case because
only light which has an electric field component in the
z-direction (i.e., in a direction different than from the
initial incidence) is shown. It appears that the high sym-
metry of the spherical particle favored this particular
interference pattern. The spectra of the spherical pig-
ment particles were compared with the spectra of the
ellipsoidal particles in Fig. 5b and showed a remarkable
difference. In the case of the 150-nm pigment particle,
the spherical particle absorbed significantly more light
over the entire spectrum, especially at smaller wave-
lengths where the absorption was nearly 1.5 times
greater. The same trend occurred for the 450-nm par-
ticles with an additional red shift of the absorption
maximum (370 nm). Considering that the total volume
ratio between the spherical and ellipsoidal particles was
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2.25, the spherical particles absorbed less light per pig-
ment molecule, which explains the presence of mostly
ellipsoidal pigment particles in the dragonfish skin. It is
clear from this comparison that the ellipsoidal pigment
particles are optimal for light absorption per pigment
molecule because they support more Mie resonances as
consequence of their geometry. Interestingly, Mie reso-
nances are only possible because the pigment molecule
does not absorb light very strongly, leaving the possibil-
ity for multiple passages of the light wave.

Conclusions

Although a single-pigment particle absorbs only about
10 to 20% of incident light (depending on the wave-
length), the forward scattering of Mie particles makes
the subsequent layers of pigment particles very effi-
cient, resulting in overall strong optical absorption
across the visible light spectrum. Because of the pres-
ence of Mie resonances, which results in the circula-
tion of light within the pigment particle that in turn
increases the optical absorption probability, the incident
light is absorbed over a much wider wavelength range
than would be possible based solely on the optical
absorption characteristics of the pigment molecules. It
is tempting to conclude that nature selected the opti-
mal size of pigment particles in the dragonfish skin
to ensure the presence of Mie scattering in a trade-off
between optical camouflaging benefits and other bio-
logical properties. Moreover, the ellipsoidal pigment
particles were found to absorb much more light than
the spherical pigment particles due to Mie resonances,
which explains the presence of mostly ellipsoidal pig-
ment particles in the skin of the dragonfish. Because
pigment particles in other creatures have similar shapes
and sizes, the presented analysis may be a general phe-
nomenon. Moreover, the understanding of the dragon-
fish skin pigment particles provided in this work could
be an inspiration for novel concept solar cell designs
and offer insight for developing ultra-black materials.
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