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ABSTRACT: Optical bound states in the continuum (BICs) have recently attracted a great
deal of attention as an efficient way to localize and manipulate light at nanoscale. Traditionally,
generation of BICs has relied on using artificial structures where suppression of radiative losses
leads to very high Q factors. Here, we show that BICs may play an important biological role by
boosting light−matter interactions in a biogenic nanostructure: tapetum reflector of a shrimp
eye. Enveloping photosensitive units of the retina (rhabdoms), this system contains quasi-
periodic arrays of spherical core−shell nanoparticles which include concentric lamellae of single-crystal isoxanthopterin nanoplates
arranged around a hollow core. The radial alignment of the plates gives rise to the spherical anisotropy of the nanoparticles which
provides access to quasi-BIC modes in a full visible domain. Thus, a tapetum reflector hosting BICs maximizes light interactions with
rhabdoms, enhancing the eye’s sensitivity. Our findings suggest that BICs, previously associated with man-made structures only, can
be generated in biogenic structures, performing crucial optical functionalities in living organisms.
KEYWORDS: all-dielectric nanophotonics, biogenic structures, spherulites, multipole expansion, isoxanthopterin

■ INTRODUCTION
Some animals employ mirrors instead of lenses for vision.1

Specifically, this approach is common in aquatic environments,
where the efficiency of conventional lens-based eyes
dramatically drops due to the reduced refractive index contrast
between the outside media and the cornea. For example, the
eyes of shrimps, lobsters, crayfish, and prawns are composed of
thousands of square-faceted eye units (ommatidia) that form
images through reflective optics.2Figure 1a shows the principle
of light collection by such eyes. Distal mirrors placed in the
upper part of the eye reflect incoming light onto the
photosensitive elements of the retina, the rhabdoms. The
tapetum, enveloping the retina, acts as a second reflector that
scatters the photons that were not absorbed by rhabdoms on
the first pass back into the retina to enhance the light
collection efficiency. This is especially important to see in
dimmer light and to prevent cross-talk between adjacent
rhabdoms in the retina.3 Typically, high tapetum reflectivity is
based on the interference principles of thin-film optics when
various pigments or biogenic crystals of guanin or cellulose
form iridescent nanolayers, acting as Bragg mirrors.1

Recently, a novel type of the tapetum organization was
revealed. The tapetum of decapod crustaceans contains quasi-
periodic arrays of core−shell nanoparticles composed of a
previously unknown biogenic crystal�the pteridine isoxan-
thopterin.3,4 The shell of the nanoparticles is formed from
concentric lamellae�many single-crystal isoxanthopterin
nanoplates radially oriented around a hollow core. Such spatial
arrangement of isoxanthopterin nanoplates along with their
intrinsic birefringence gives rise to a radial-type dielectric

anisotropy of the nanoparticles. Although it was proposed that
the main role of this radial anisotropy is to broaden the
spectral range for the tapetum reflectivity in comparison with
an isotropic case,4 the physical mechanism standing behind
optical functionalities of such a tapetum structure has not been
fully understood yet.

Bound states in the continuum (BICs) were first introduced
in quantum mechanics as electron waves that remain localized,
even though they coexist with a continuous spectrum of
radiating modes that can carry energy away.5 Being a general
wave phenomenon,6 BICs have recently attracted considerable
attention in photonics.7−10 So-called true or symmetry-
protected BIC is formed when the mode of one symmetry
class is embedded in the continuum of another symmetry class
so that the vanishing interaction between them gives rise to an
infinite Q factor. True BICs, however, can exist only in ideal,
lossless, infinite structures.11−13 In practice, BICs manifest
themselves as quasi-BICs (Q-BICs) with a large but finite Q
factor restricted by coupling with radiation and absorption loss
channels via a finite sample size, material absorption,
inhomogeneous excitation, and structural imperfections.13

Until now, BICs have been observed only for man-made
structures, including photonic crystals, hollow-core photonic
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crystal fibers, waveguides, metasurfaces, and high-index Mie
resonators.6,9,10

Here, we show that an interplay of the isoxanthopterin
nanoparticle’s radial anisotropy and the interaction between
nanoparticles in the array gives rise to a variety of Q-BICs in
the tapetum of decapod crustaceans. We perform in situ
studies of the tapetum for the whiteleg shrimp Penaeus
vannamei as a model species and discover that its reflection
spectrum features pronounced maxima. The comprehensive
theoretical study manifests that Q-BIC modes lead to not only
enhanced reflectivity of the tapetum but also considerably
boost the local electromagnetic field. This mechanism of
enhancement of light interaction with rhabdoms for the
shrimp’s tapetum markedly differs from Bragg reflection of
other tapetum types. Thus, our findings point to a new BIC-
driven mechanism responsible for light collection in eyes of
animals.

■ IN SITU CHARACTERIZATION OF THE TAPETUM
REFLECTOR

First, we determine the three-dimensional (3D) organization
of the tapetum by confocal microscopy, scanning electron
microscopy (SEM), and reflected light optical microscopy,
which show membrane-bound elongated protrusions of the
tapetal cells enveloping each rhabdom (Figure 1b,c). These
structures are typically 5−15 μm wide and 30−100 μm long,
and their surfaces are densely packed with biogenic spherical
nanoparticles (Figure 1d). Recent studies with cryogenic

SEM3,4 unveiled that the nanoparticles form close-packed 3D
assemblies that exhibit a significant short-range order with the
periodicity ∼400 nm. This, however, is not observed in Figure
1d since we performed tapetum cutting under the normal
ambient conditions and SEM in the environmental regime
which did not keep the natural nanoparticles packing.
Individual nanospheres possess an average diameter of 330
nm with an onion-like structure: the 70 nm shell is composed
of many segments arranged in 8 to 10 concentric lamellae
around a hollow core filled with an aqueous medium.3,4 These
segments are nanoscale single-crystal isoxanthopterin plates
with dimensions of ca. 50 × 50 × 10 nm. An orthorhombic
crystal structure of biogenic isoxanthopterin leads to biaxial
optical anisotropy with principal refractive indices of na = 1.4,
nb = 2.02, and nc = 1.9, where “a” and “b” denote tangential
directions along the plate and “c” marks the plate normal.14

Random tangential orientation of the plates inside lamellae
allows us to treat the nanoparticle shell as a uniaxial material
with an average in-plane ordinary refractive index, no = 1.96,
and an out-of-plane extraordinary refractive index, ne = 1.4.
Hence, the isoxanthopterin nanoparticles possess a radial-type
optical anisotropy with extraordinary and ordinary principal
axes pointed toward radial and azimuthal/polar directions
(Figure 2a), and their material losses were found to be
vanishing in the visible spectral domain.3

Next, we perform in situ measurements of the reflection
spectra from the tapetum longitudinal cross-section (see the
Supporting Information for details). The reflection spectrum

Figure 1. Principle of light collection by a shrimp eye and in situ images of the tapetum cross-section and its reflectance spectrum. (a) Schematic of
a shrimp eye showing the ommatidia (square-faceted eye units), rhabdoms (photoreceptive units of the retina), and tapetum reflector (containing
arrays of hollow-core isoxanthopterin nanospheres). (b) Confocal topographic and (c) optical microscopy image of the longitudinal tapetum cross-
section. The shining effect in (c) is caused by resonant light reflection from arrays of biogenic isoxanthopterin nanoparticles. (d) SEM micrographs
of isoxanthopterin nanoparticles on the surface of the tapetum cross-section. (e) Reflection spectrum from the tapetum reflector.
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(Figure 1e) clearly shows two broad maxima at 436 and 535
nm. This fully fits the spectral range where the shrimp’s
photoreceptors effectively absorb light (between 400 and 550
nm).15

■ THEORETICAL ANALYSIS
To shed light on the physical mechanism behind this
phenomenon, we employ finite element modelling (FEM)
incorporating all geometrical and material properties of the
isoxanthopterin nanoparticles. The 190 nm nanoparticle core is
assumed to be filled with a water-like cytoplasm with n = 1.33,
while the 70 nm shell has a radial isoxanthopterin anisotropy.

We start our theoretical considerations with an eigenmode
analysis of an infinite single-layer square array of the
isoxanthopterin nanoparticles. To gain insight into the role
of the spherical anisotropy, we introduce an anisotropy factor η
= ne/no and calculate the eigenmode wavelengths of the array
at the Γ point as a function of η when ne = na and no varies
between na and nb (Figure 2a). The anisotropy enhancement
results in a significant red shift of eigen wavelengths and
expands the spectral band covered by the lattice resonances
from 400 to 450 nm in an isotropic case to 430−570 nm for
the isoxanthopterin spherical anisotropy (indicated by the
dashed vertical line in Figure 2a), which agrees well with the in
situ tapetum reflectivity spectrum (Figure 1e).

It is instructive to note that variations in the anisotropy
factor may also lead to spectral crossing of the lattice
eigenmodes. For example, for the TE2 and TE3 modes, it
happens at η ∼ 0.83 (Figure 2a). As a result, Fano-type BICs,
also known as supercavitation modes, can be formed provided
that the modes of the same symmetry are crossed.16 However,

these situations appear for the anisotropy factors lying away
from the experimentally discovered value η = 0.714. Therefore,
we do not consider this effect here in detail.

The Q-factor analysis (Figure 3d) allows us to distinguish
BIC modes, which are TM1, TM3, TM4, TE2, TE3, and TE4.
We perform the Cartesian multipolar expansion for those
resonances17−19 and find that every BIC mode contains a
single Cartesian multipole (Figure 2b) that stems from the
square symmetry of the array. All these BICs also feature
radiation absence in the normal direction with respect to the
array plane (Figure 2c). This clearly shows the nature of BICs:
being embedded into continuum of plane waves normally
incident on the lattice, such resonances do not interact with
them by reciprocity, forming symmetry-protected BICs.

It is insightful to analyze a transition from true BICs to Q-
BICs by variations in the light incidence angle (Figure 3a).
Figure 3b shows the lattice reflection spectrum as a function of
the incidence angle for the TE-polarized wave exciting
resonances in the ΓM valley. The reflection maxima positions
and linewidths are fully confirmed by the eigenmode
dispersions and Q factors shown in Figure 3c,d. Non-BIC
modes (TE1 and TM2) get excited at any incidence angle as
their Q factors are always finite and comparatively low. In
contrast, Q factors of BIC modes (TM1, TE2, and TM4)
dramatically drop upon deviations of the light incidence angle
from 0 that results in excitation of these modes in the reflection
spectra. Additionally, one may observe appearance of extra
resonances in the reflection at the wavelengths below 460 nm
when the incidence angle gets above 0.1 rad. However, they
cannot transform into BICs since at the Γ point, their
wavelengths drop to the ultraviolet spectral domain where both

Figure 2. Characterization of bound states in the continuum for the infinite periodic square array of isoxanthopterin core−shell nanoparticles. (a)
Wavelengths of the lattice resonances as functions of the anisotropy factor�the ratio of the extraordinary to ordinary refractive index η = ne/no,
obtained by the eigenmode analysis. The inset shows schematics for the lattice and the internal structure of the isoxanthopterin core−shell
nanoparticle. The vertical dashed line indicates the anisotropy factor for L. vannamei (no = 1.96 and ne = 1.4). (b) Multipolar expansion for BICs.
Cartesian multipoles are denoted as follows: ED, electric dipole; MD, magnetic dipole; EQ, electric quadrupole; MQ, magnetic quadrupole; EO,
electric octupole; MO, magnetic octupole. The superposition of all contributions for a given mode is normalized by 1. (c) Radiation patterns and
the field structure (Hz and Ez for TM- and TE-polarized BICs, respectively) for the lattice unit cell. Black streamlines denote the electric field E.
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isoxanthopterin and the cellular filling of nanoparticles become
opaque.

So far, our analysis has been focused on an infinite array of
isoxanthopterin nanoparticles. In order to characterize Q-BICs
in a realistic situation, we next analyze their properties upon
variations in the array size. Figure 4a shows the spectra of the
maximal magnetic field enhancement inside nanoparticles
when the array size increases from 2 × 2 to 8 × 8 nanoparticles
and the light incidence angle is 0.06 rad. Despite comparatively
low refractive indexes of isoxanthopterin, the lattice resonances
get well pronounced already for an array of 6 × 6
nanoparticles. Moreover, excitation of Q-BIC resonances in
an array of 8 × 8 nanoparticles is accompanied by the magnetic
field intensity enhancement exceeding a factor of 100.

Rapid formation of Q-BICs upon growth in the array size is
also confirmed by the eigenmode analysis. Figure 4b shows
that the dependencies of Q factors for Q-BICs on the array size
can be well fitted by the power function nα + const, where n is
the total number of nanoparticles in the array and α = 1.3;
1.12; 0.96 for TM1, TM4, and TE2 modes, respectively. Hence,
the TM1 mode with a predominant MD contribution and
existing already for a 2 × 2 nanoparticles array is best confined
and possesses the lowest radiation losses. Being homogeneous
in an infinite array, all Q-BIC states transform into lowest-
order fundamental lattice resonances reaching the maximal
field intensity in the middle of the array (Figure 4e).

It is instructive to compare finite and infinite arrays in terms
of reflection and maximal local field enhancement. Figure 4c,d
shows that for an infinite array, both Q-BIC and non-BIC
resonances appear in both spectra. The situation changes
dramatically for an 8 × 8 nanoparticles array. While the
spectrum of backward scattering does not have any
pronounced spectral features associated with Q-BICs and
two comparatively broad maxima correspond to a mix of Q-
BIC TE2 and non-BIC TM2 modes as well as to the non-BIC
TE1 mode, the spectrum of the local magnetic field
enhancement clearly shows the presence of Q-BIC TE2 and
TM1 modes. Thus, in relatively small arrays, Q-BIC states
come out much stronger in the local field enhancement rather
than in the array reflectivity.

Importantly, the results of our numerical model are validated
by the in situ reflectivity spectrum of the tapetum cross-section
demonstrating two broad maxima located around 436 and 535
nm (Figure 1e), which can be attributed to the mixed TM2 +
TE2 and TE1 lattice resonances (Figure 4c), respectively.

■ CONCLUSIONS AND OUTLOOK
In conclusion, our study shed light on the photonic role of the
ordered arrays of radially anisotropic core−shell isoxanthopter-
in nanoparticles in the tapetum for the whiteleg shrimp P.
vannamei. Such a tapetum structure gives rise to a variety of Q-
BIC lattice resonances associated with the enhancement of the
tapetum reflectivity and the local electromagnetic field in a
wideband visible domain from blue to green light. We find that
for Q-BICs, the local field boosting is much more immune to
shrinking the array size than the tapetum reflectivity. Taking
into account that previous in situ studies of the tapetum
showed that isoxanthopterin nanoparticles are typically packed
into small periodic ensembles,3,4 one may conclude that the
key biological function of Q-BIC states is the boosting of the
local optical field which eventually read out by rhabdoms
through some mechanism that is yet to be discovered. We may

Figure 3. Optical response of the infinite array of isoxanthopterin
core−shell nanoparticles. (a) Schematic of the plane wave incident on
the lattice. It is considered the case of the lattice excitation in the ΓM
v a l l e y b y t h e T E - p o l a r i z e d w a v e t h a t i s

( ) ( )E EE x ycos , sin , 00 4 0 0 4 0{ }= a n d

( ) ( )H H HH x y zcos cos( ) , sin cos( ) , sin( ) .0 4 0 0 4 0 0 0{ }= (b) Lat-

tice reflection as a function of the wavelength and the incidence angle.
(c) Optical dispersion and (d) Q factors of the array eigenmodes in
the ΓM valley. Color encoding for the resonances is the same as in
Figure 2. The vertical dashed line denotes the incident angle which
was used for simulations shown in Figure 4.
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speculate that this mechanism can be based on the near-field
energy transfer.

Our findings suggest that the pteridine isoxanthopterin can
serve as a promising platform for the next-generation
biophotonic nanodevices as it allows the synthesis of
nanostructures with specific symmetries able to realize non-
trivial light−matter interactions resulting in numerous
applications, spanning from bioimaging to biosensing.20−22

For example, heating-free quasi-BIC resonances tunable in the
full optical domain open opportunities for quenching-free
enhancement of luminescence from the attached emitters
(such as dyes or proteins).
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