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ABSTRACT: Biogenic guanine nanocrystal-based multilayers offer
intriguing biological structural models for designing dielectric optical
systems with extraordinary optical effects, such as polarizing-insensitive
broadband reflections and tunable and dynamic structural colors.
Single crystals and crystals of nonmonocrystalline structures have been
identified for biogenic guanine crystals. Although biogenic guanine
crystals have been intensively investigated in relevant structure−
function relationships, the role of various nonmonocrystalline
structures of biogenic guanine crystals remains to be further explored.
Here, we examine a doublet structure of the guanine crystal nanoplates
responsible for the epidermal silvery coloration in a model spider,
Phoroncidia rubroargentea, in both two and three dimensions. This
doublet structure is composed of two tightly adhered crystallized layers. Half- and full-thickness defects are observed in these
crystals. Combining structural characterizations and finite-difference time-domain (FDTD) optical modeling, here, we report a
prospective role of this doublet structure. Simulation results indicate that defects in the doublet crystal nanoplates allow for
enhancing light reflectance in the short-wavelength region while maintaining high reflectance at longer wavelengths for this natural
optical system, as well as reducing the polarization degree of the reflected light in the visible range. Compared with previously
reported undefined thickness variations of the nanocrystals for silvery coloration, this doublet structure provides an alternative
strategy to optimize the broadband reflection in a more controllable way. This study also paves an avenue for structural optical
design with guanine crystals at the individual crystal level.
KEYWORDS: guanine crystal doublets, half- and full-thickness defect, additional degrees of freedom, optical design,
at the individual crystal level

■ INTRODUCTION
By the advantage of high refractive index, biocompatibility and
environmental compatibility, and magnetic stimuli-responsive
property, biogenic guanine nanocrystals hold great potential in
bioinspired optical design and fabrications.1−11 Guanine, as a
readily available nitrogenous metabolite in organisms, is used
in many biofunctional assemblies of crystals.12−17 Thin-plate
guanine crystals of nanoscale thickness are responsible for a
wide range of extraordinary optical phenomena, such as
polarizing-insensitive broadband reflections18,19 and tunable
and dynamic structural colors.20−23 Guanine crystals found in
natural biological systems have all been determined to be
anhydrous β polymorph (P1121/b, a = 3.59 Å, b = 9.72 Å, c =
18.34 Å, β = 119.5°),24 and the biogenic guanine crystals of
thin-plate morphologies have the (100) face as their largest
surface resulting in a higher in-plane refractive index (n = 1.83)
than in the normal direction (n = 1.46).25 Besides the
biological control over the crystallographic characteristics of
the guanine crystals, various strategies have been evolved to
develop different guanine crystal structures to facilitate related

biofunctions in organisms. Understanding the structure−
function relations is vital for relevant bioinspired assemblies
for potential applications.
In the surface of many fish,16,23,26−28 some spiders,1,12,19,29

and copepods,20,21,30 and the tapetum of fish,31 scallops,13,32,33

and spiders,12,34−38 guanine crystal nanoplates have been
found to form dielectric multilayers with intermediating
cytoplasm between the crystals. These guanine nanocrystal-
based multilayers often serve as various optical systems in
relevant organisms, such as narrowband and broadband
reflectors,1,25 tunable photonic crystals,5,22,23,28,39 and image-
forming mirrors.13 For these biogenic guanine crystal nano-
plates, mono-, double-, and triple-layered structures have been
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reported. In previous reports, the guanine crystal doublets refer
to the crystals that contain two crystalline layers in a crystal.
The previously reported doublet structures of guanine crystals
encompass various configurations. These include the triple-
layered structures observed in thin-plate crystals, with two
crystalline layers and one intermediate layer consisting of
amorphous components, which are responsible for the silvery
structural coloration observed in certain spider species.12

Additionally, the triple-layered structures found in prismatic
crystals contributes to the white color exhibited by white
widow spiders.40 Moreover, the guanine crystals responsible
for the sparkling color displayed by the Nudibranch Flabellina
iodinea feature a double-layered structure of crystal nanoplates
with two crystalline layers.14 Aside from these guanine crystal
doublets, biogenic guanine crystals with three crystalline layers
have also been found to function as reflective components in
some biological systems. These crystals exhibit well-defined
platy morphologies with nanometer-scale thickness, including
hexagon-shaped guanine crystals found in the surface of
copepods20,21 and square-shaped crystals in scallop eyes.13,32

These regularly shaped crystals are also arranged in high
order.20,32 The regular hexagon or square shapes of these
triple-layered guanine crystals could enable their tiling
coverage to form a perfect narrowband reflector. The
formation of such regular shapes has been suggested to derive
from twinning or templating effects.41−43 Relevant structure−
function studies suggest that such regular and ordered
assemblies have been biologically selected to facilitate
communication among the same species, attraction of prey,
intimidation of predators, or enhancement of vision in dark
environment.20,44,45

Unlike the narrowband reflectors composed of guanine
crystals with three crystalline layers, thin-plate guanine crystal
doublets that have been found in nature all exhibit irregular
shapes.12,14,46,47 These guanine crystal doublets have been
identified as high-refractive-index elements in broad-band
reflective biological systems. Unlike narrowband reflectors,
the morphologies and spatial arrangements of these guanine
crystal doublets exhibit varying degrees of irregularity in
broadband reflective biological systems. The natural broad-
band silvery reflections observed on the surfaces of fish and
spiders serve as important camouflage mechanisms against
predators.25,48,49 Previous studies reported that various
strategies have been evolved across different species to reach
similar reflective efficiencies for the broadband silvery
reflections.12 Among the guanine-based broadband reflectors,
the structures of guanine crystals are mostly single crystals,
which have been intensively studied in terms of both the
formation mechanisms and the structure−function relation-
ships. Little is known about the role of the doublet structure in
biogenic guanine crystals. In the case of the spider species
Tetragnatha extensa, the guanine crystal doublet was reported
to exploit increased thickness to achieve similar reflective
properties with fewer crystal layers, thus enhancing the
reflective efficiency.12 In this study, we present a potential
role of the doublet structure of biogenic guanine crystals in the
spider species Phoroncidia rubroargentea, which might be a
previously undisclosed strategy for optimizing broadband
reflectivity.
In this study, we investigated the doublet structure of

guanine crystals in the epidermal silvery reflection system of
the model spider Phoroncidia rubroargentea. First, we
characterized this doublet structure in both two and three

dimensions using transmission and scanning electron micros-
copy, along with automatic serial microtoming. We further
conducted optical modeling with both ideally parallel crystal
layer models and actual structural models based on the
sampled complete multilayer from imaging. Our findings
demonstrate that this doublet structure has the potential to
offer additional degrees of freedom to enhance light reflectance
in the short-wavelength region while maintaining high
reflectance at longer wavelengths in the visible light range,
thus optimizing broadband reflection for the model spider’s
epidermal reflection system. Additionally, the optical modeling
also indicated that defects present in the crystal doublets
significantly influence the polarization degree of the reflected
light from guanine crystal-based multilayers. This study yields
novel insights into the role of doublet structures in guanine
crystals within biological systems and establishes a foundation
for bioinspired ultrastructural optical design employing
guanine crystals at the individual crystal level. Notably,
owing to their biocompatibility and environmental compati-
bility, as wells as mechanical flexibility, guanine crystals hold
great potential for advanced optical design and fabrication,
including metasurfaces and metamaterials. The doublet
structure, as compared to single crystals of guanine, enables
optical design at the individual crystal level while enhancing
flexibility in controlling the structure to explore more desirable
optical properties.

■ EXPERIMENTAL DETAILS AND METHODS
Samples and Optical Imaging. We obtained specimens from

collections of the Museum of Comparative Zoology (MCZ) and the
California Academy of Sciences (CAS). The specimens used in this
study were as follows: MCZ IZ 143122, 32022, 50966, 53933, 54189;
CASENT 9057540, 9003201, 9057570, 9057533, 9057528, 9057542,
9057554, 9057519, 9057544, 9002297, 9002378, 9002420, 9003465.
These specimens were stored in 70−80% ethanol prior to experi-
ments. The remains of these specimens after the experiments were
conducted are stored in their respective institutions. Images of MCZ
specimens are credited to the Museum of Comparative Zoology at
Harvard University.
The specimens were carefully cleaned by gently agitating them in

vials of 70% ethanol and by removing debris with soft-tipped brushes.
To prepare the spiders for optical imaging (MCZ IZ specimen
50966), they were positioned using featherweight forceps and
watercolor paintbrushes and photographed using a Leica MZ 12
microscope with a Leica Plan Apo 1.6× objective lens connected by a
Leica 0.63× mount connector. A JVC 3CCD digital camera was
attached to the microscope to capture the images.

Electron Microscopy. MCZ IZ specimen 50966 was used for
scanning electron microscopy (SEM) imaging using a Helios
NanoLab 660 DualBeam electron microscope (FEI, OR) at an
acceleration voltage of 5 kV and a working distance of approximately
4 mm. Prior to the SEM imaging, the spider sample was coated with
Au or ultrathin carbon to reduce charging effects.
In order to prepare TEM and SEM samples with microtoming,

spiders (CASENT 9057540) were embedded and prepared using a
standard technique for microtoming. The rehydration process was
done sequentially, starting from the original 70% ethanol to 50%
ethanol for 30 min, to 30% ethanol for 40 min, and finally to water for
20 min. The specimen was then punctured between the two anterior
spines and above the base of the pedicel before being fixed in a
solution of 4% paraformaldehyde, 1% glutaraldehyde, and 0.1 M
HEPES overnight. After fixation, the specimen was washed with 0.1 M
HEPES three times and then four times with Milli-Q water on ice for
15 min each time. The process of dehydration was then done
sequentially with increasing concentrations of ethanol at low
temperatures, starting with 50% ethanol for 45 min, followed by
70% ethanol at −20 °C for 30 min and 95% ethanol at −20 °C for 30
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min. The spider sample was infiltrated with an ethanol/London Resin
(LR) white mixture with increasing resin concentrations, starting with
1:1 ethanol:LR white at −20 °C overnight, followed by 7:3
ethanol:LR white at −20 °C for 1 h and LR white at −20 °C for 1
h. For the final polymerization step, the spider specimen was placed in
an oven-dried gel capsule with her spines pointing down at −50 °C
overnight in an oven (Yamato DX300 Gravity convection). Once
polymerized, the gel capsule was removed and the bottom of the resin
block was trimmed with a razor blade before preparing slices using a
Leica Ultratomicrotome UCT. The typical slice thickness was 50 to
80 nm for TEM imaging. The TEM imaging was carried out using a
JEOL 2011 instrument operated at 120 kV with standard bright-field
techniques. Using the technique of serial microtoming in combination
with high-resolution serial-section electron microscopy (ssEM), we
took serial images of the cross sections of the silvery reflection system.
The subject silvery region was automatically sliced into thin sections
at a step length of 65 nm by using the automated serial microtome
technique. The images of as-obtained cross sections were taken by
high-resolution scanning electron microscopy (SEM) imaging with a
pixel size of 8 × 8 nm. To resolve the contradiction between high
resolution and the coverage of several guanocytes, the images for
different parts of one physical slice were taken, respectively.

Image Processing for Structural Characterization. For two-
and three-dimensional structural characterizations, the obtained
different section images for one physical slice were stitched together
to get a complete image for the physical slice and then alignment was
done on all the slice images to get the image series for the subject
silvery region. The stitching and alignment were done in the TrakEM
project in ImageJ. For the three-dimensional structural character-
izations, the image segmentation was done in ImageJ and the volume
reconstructions and the final rendering were realized in Avizo and
Blender, respectively. The quantitative three-dimensional color
mapping of the thickness of the guanine crystal plates was done
using Avizo, based on image segmentation and identification of each
individual guanine crystal as one entity for structural analysis.
Measuring of the cytoplasm spacing in this study was performed
using ImageJ.

Optical Modeling. The optical simulations in this study were
conducted using the finite-difference time-domain (FDTD) method
implemented with Lumerical FDTD Solutions software. According to
a previous study,29 the guanine crystal doublets from the epidermal
silvery reflection system in the model spider have a roughly constant
thickness, which is measured to be 110 nm ±22.8 nm (n = 134, where
n is the total crystal number for the sampling statistic), and were
determined to have a (100) face as the preferentially expressed surface
by electron diffraction patterns, which is the same with other plate-like
biogenic guanine crystals that have been found in nature. In all of the
simulation models, the optical properties of the guanine crystal
doublets were appropriately configured. In accordance with the
crystallographic characteristic, the refractive index was set to be 1.46
along the normal direction of the crystal plates and 1.83 in the in-
plane direction. The thickness of the guanine crystals with a complete
doublet structure was set to be 110 nm. To perform optical modeling
based on the actual structure of the guanine crystal multilayer sampled
from the model spider’s epidermal silvery reflection system, image
segmentation of the guanine crystals within the sampled region was
initially carried out using ImageJ. Subsequently, a surface mesh .stl file
of the real multilayer structure was generated using Avizo. This .stl file
was then imported into Lumerical FDTD Solutions software. Each
guanine crystal within the imported multilayer structure was
reconstructed as an independent structural element with its position,
inclination angle, and shapes kept unchanged. Birefringence
orientations were assigned to each individual guanine crystal based
on their inclination angles and the refractive index characteristics of
the guanine crystals, i.e., 1.46 along the normal direction and 1.83 in
the in-plane direction. The in-plane optic axes were uniformly and
randomly generated. The FDTD optical modeling employed plane
waves of light with the BFAST mode and perfectly matched layer
(PML) boundary conditions. Since the optical properties of the
cytoplasm resemble that of water, the refractive index of the
cytoplasmic spacing between the guanine crystal layers was set to
be 1.33 in all of the optical simulations conducted in this study.

Figure 1. Guanine crystal doublets comprising multilayers responsible for the epidermal silvery coloration of the spider, Phoroncidia rubroargentea.
(A) Front-view optical image of the spider specimen (MCZ IZ 50966). (B) Schematic diagram for the microtoming slicing along the cross section
of the silvery part above the base of the spine, with N and T denoting the blade displacement direction in the slicing process and the normal of the
cuticle surface, respectively. N and T were uniformly used in this study. (C) (i) TEM image of a cross section of a localized region with complete
guanine crystal arrays from the interior to the edge side of the guanocytes (CASENT 9057540); (ii) an enlarged region within the black frame in
(i). The green arrow heads point at the singlets composing four exemplified crystal individuals, which show distinct boundaries between the two
singlets in a doublet structure. (D) Top-viewed SEM image of a localized region along the N direction of the multilayer, showing defects with
different sizes, shapes, and locations in the crystals (MCZ IZ 50966). (E) Three-dimensional volume reconstruction of an exemplified guanine
crystal multilayer structure.
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■ RESULTS AND DISCUSSION
A Doublet Structure of the Biogenic Guanine Crystals

in Spider, Phoroncidia rubroargentea. The guanine
crystals investigated in this study are derived from the
epidermal silvery reflection system located in the abdomen
of the model spider P. rubroargentea (Figure 1A). This
particular spider species has a habitat in the rainforest in
Madagascar. Former research has already explored the
underlying structural principles behind the coloration exhibited
in the abdomen of the Phoroncidia spider.29 The metallic
silvery appearance observed in the spider’s abdomen has been
identified to result from guanine crystal-based multilayers.
Thin slices of the silvery abdomen were obtained by using the
microtoming technique, as depicted in Figure 1A,B. Figure 1C
shows a representative region packed with guanine-crystal-
based multilayers consisting of complete crystal layers
extending from the interior to the edge of the guanocytes.
Cross-sectional TEM images of the guanine crystals, primarily
taken along the crystal plates’ normal direction, reveal a
distinct boundary between two closely adherent crystallized
layers. Additionally, the SEM image depicted in Figure 1D,
which offers a top-down view of the guanine crystals,
demonstrates the frequent occurrence of defects in the crystal
doublets. These guanine crystals form dielectric multilayer
structures with an intermediating cytoplasm (Figure 1E),
ultimately accounting for the epidermal silvery coloration of
the model spider. Unlike standard photonic crystals, this
natural dielectric multilayer reflector exhibits a lack of long-
range order but possesses local orders.

From the cross-sectional SEM images of the guanine crystals
(Figures 1C and 2A,B), offsets between the boundaries of the
two crystalline layers within a crystal were frequently observed,
which results in half-thickness edges and shows asymmetry
between the two crystalline layers in terms of morphology.
Notably, the guanine crystals also exhibit the presence of holes
(Figure 2C) and pits (Figure 2D,E). The pits observed in the
crystal doublets possess a thickness equivalent to that of a
single crystalline layer. Singlets, which represent individual
layers without their corresponding counterparts for a complete
doublet structure, are also frequently observed within the
multilayer structure (Figure 2F,G). In this study, we classify
the missing components of holes as full-thickness defects, pits
as pits, and incomplete edges within an otherwise complete
crystal doublet as half-thickness defects. The strong bonding or
high degree of crystallographic coordination between the two
singlets in a crystal doublet may hinder the clear visibility of
the doublet structure in some cross-sectional SEM images of
the guanine crystals. Nonetheless, the occurrence of physical
fracture patterns in such crystals still suggests the presence of
an inherent doublet structure, as demonstrated in Figure 2H.
Three-dimensional structural analyses and color mapping of
crystal plate thickness further reveal that half-thickness edges
and pits can assume diverse shapes and exhibit various area
ratios within individual crystals (Figure 2I and Figures S1 and
S2). Moreover, these half-thickness defects can occur at
arbitrary positions within the crystals. Half-thickness defects
are frequently observed in the crystal doublets (Figure S3)
while full-thickness holes occur only sporadically in these
crystals.

Figure 2. Half- and full-thickness defects in the guanine crystal doublets. (A, B) Two crystals with half-thickness edge: (A) (i, ii) two cross-sectional
SEM images of one crystal indicated by the green arrow; (B) a cross-sectional SEM image of another crystal. (C) A crystal with a full-thickness hole
in the crystal: (i, ii) two cross-sectional SEM images of the crystal; scale bar: 500 nm. (D) A cross-sectional SEM image of an individual guanine
crystal with a half-thickness pit. (E) A guanine crystal with a more complex half-thickness defect pattern containing both pit and half-thickness
edge: (i, ii) two cross-sectional SEM images of the crystal. (G) Two cross-sectional SEM images of a guanine crystal with half-thickness singlet and
one crystal doublet with a half-thickness singlet structure, indicated by the green arrow and double arrows, respectively. (H) Two different crystals
with physical fractures indicated by the green frames: (i, ii) a cross-sectional SEM image of the two crystals, respectively. (I) Color mapping of the
thickness of the crystals in (b), (c), (d), (e), (f), and (g), corresponding to the crystals indicated by green arrows in (B), (C), (D), (E), (F), and
(G), respectively.
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We summarized the characteristics of the two-dimensional
cross-sectional images and three-dimensional structural
reconstructions of the guanine crystals in this model natural
optical system, which reveal an intrinsic doublet structure of
the biogenic guanine crystals. This doublet structure is
indicated by (i) the presence of half-thickness edges in a
crystal with the two crystalline layers spanning different sizes;
(ii) physical fracture patterns in the center of the crystals; (iii)
the occurrence of half-thickness pits and full-thickness holes
within a crystal; and (iv) the presence of half-thickness singlets.
Notably, the doublet structure observed in the guanine crystals
within the silvery reflection system of the model spider
abdomen differs significantly from previously reported doublet
structures, which typically feature a sandwiched amorphous
layer between two crystalline layers in some spider reflection
systems.

Role of the Doublet Structure of Guanine Crystals in
the Optical Performance. Natural guanine crystal nano-
plate-based multilayer reflectors are specific variants of
standard thin-film Bragg reflectors. Ideally parallel multilayers
usually serve as basic models or building blocks extracted for
studying relevant structure−function relationships in the sense
of theoretical, methodological, and practical application
implications. Based on ideally parallel models, thickness
variation of either or both the crystal and cytoplasm
spacing,1,50,51 crystallographic structures of guanine crys-
tals,18,19 and inclination angles between different multilayer
stacks52 have all been studied as independent structural factors
in the optical performance-derived structure−function rela-
tionship studies. Here, for the doublet structure of guanine

crystals composing the epidermal silvery reflection system in
the model spider, novel structural elements enabled by such a
doublet structure, i.e., half- and full-thickness defects, are first
observed. We first explored the optical performance of the
guanine crystals in ideally parallel multilayer models consid-
ering half- and full-thickness defects as structural elements.
Subsequently, we study an ideally parallel model to more
closely simulate the natural configuration in the spider,
including the layering number and cytoplasmic spacings
based on the empirical measurements on a real structure
sampled from the model spider. This model allows us to bridge
the gap between idealized models and biological reality and
provides a bioinspired configuration pattern. Finally, taking
into consideration the integrated influence with other
structural factors, such as the inclination angles, we take a
step further to consider an authentic guanine crystal multilayer
structure and evaluate the optical consequences of the
presence or absence of crystal defects.
In the ideally parallel models, as depicted in the schematic

(Figure 3A), the optical performance of the guanine crystal
doublet-based multilayer reflectors exhibits significant varia-
tion, depending upon the state of the crystals, specifically with
regard to the presence or absence of defect-related structural
elements. With an intact guanine crystal doublet configuration
and constant cytoplasmic interlayer spacing, the primary
reflective band, or photonic band gap, exhibits a marked
stability. However, the reflectance peak intensity increases
concomitantly with the crystal layers, reaching a saturation
point (Figure S4), just as previous studies have shown.46 When
the cytoplasmic spacing is altered from 2 to 140 nm, a redshift

Figure 3. Visible-light reflectance from guanine crystal multilayers comprising either all pristine crystal layers or partial layers with crystals
exhibiting half-thickness defects. (A) Schematic representation of guanine crystal multilayer reflectors with visible-light incident perpendicular to
the crystal plates. Yellow and blue indicate guanine crystals without defects and with half-thickness defects, respectively, separated by cytoplasmic
layers. The Z direction indicates the normal direction of ideally parallel multilayers, which is consistent throughout the manuscript. (B) Reflectance
spectra for perfect guanine crystal multilayers (20 layers in total) with different cytoplasm spacings of 2, 20, 60, and 130 nm. (C) Reflectance
spectra for multilayers (20 layers in total) composed of guanine crystals with different states. (D) Reflectance spectra comparison for an ideal
multilayer model (120 layers in total) of perfect guanine crystals (black line) against a model with 14% of the layers having half-thickness defects
(orange line). The number of guanine crystal layers is 20 for cytoplasm spacings of 2, 5, and 10 nm, respectively, and 10 for spacings of 20, 30, 40,
60, 100, and 140 nm, respectively.
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in the main reflective band is noted, as evidenced in Figure 3B
and Figure S5. Upon extending the cytoplasmic spacing further
to 180 nm, the main reflective band abruptly transitions to a
narrow band at shorter wavelengths. For spacings exceeding
180 nm, the main reflective band demonstrates a recurring
shift toward longer wavelengths as the spacing is increased.
Notably, while the main reflective band at a spacing of 170 nm
persists at the longest wavelength observed, the secondary
reflective peak manifests as a pronounced elevation within a
confined spectral region at shorter wavelengths. To elucidate
the nuanced spectral variations occurring between 130 and 160
nm, we adopted a reduced interval of 5 nm for computational
analysis of the optical performance, as detailed in Figure S5.
This approach was instrumental in determining whether the
band of high reflectance could entirely span the range of
shorter wavelengths.
The simulation results elucidate that the ideally parallel

multilayers, comprising perfect guanine crystals, have the
inherent ability to reflect the vast majority of the visible-light
spectrum through the variation of cytoplasm spacing. The
reflectance, however, is notably diminished within the short-
wavelength region, as is clearly delineated in Figure 3B and
Figure S5. Subsequent comparative simulations were con-
ducted with the introduction of half-thickness defects in the
crystals. As shown in Figure 3C, the inclusion of defects within
the guanine crystals broadens the high-reflectance band
achievable by the multilayer structure, encompassing even
the shortest-wavelength region, a spectral domain unachievable
in defect-free crystal configurations.
A multilayer model with ideally parallel crystal layers was

further constructed to cover presumably the widest high-
reflection spectrum for the visible-light range based on the

simulation results from Figure 3B and Figure S5. This
modeling further substantiates, as demonstrated in Figure
3D, that the integration of half-thickness defects substantially
enhances the otherwise diminished reflectance at shorter
wavelengths observed in the perfect guanine crystal counter-
parts. Concurrently, it preserves the high reflectance at longer
wavelengths. Such findings may unveil a hitherto unrecognized
mechanism by which biological reflective systems achieve
broadband reflectance across the visible spectrum. Specifically,
biogenic guanine crystal doublets with defined thickness
demonstrate a capacity for reflecting a substantial portion of
the visible-light spectrum, albeit with reduced reflectance at the
extreme short-wavelength end. Notably, this spectral gap in
high reflectance at shorter wavelengths could be compensated
by the presence of half-thickness defects within the crystal
doublets. Such novel structural elements are hypothesized to
facilitate a broadband silvery reflection, thus enhancing the
overall reflective efficiency across the entire visible range.
While full-thickness holes are rarely observed in the biogenic

guanine crystal doublets that constitute the model biological
reflectors, these defects are important featured structural
elements that emerge from this particular doublet conforma-
tion. A statistical analysis of the crystal size was conducted on
250 guanine crystal plates sampled from the epidermal
guanine-based multilayer reflector in the model spider, with
the Feret width employed as a representative measure (Figure
S6). The average Feret width of the guanine crystal plates was
determined to be approximately 2400 nm. Based on this
knowledge, ideally parallel guanine crystal multilayer models
were constructed to preliminarily explore the optical effects of
holes of different dimensions within square plates with a side
length of 2400 nm in comparison to the model with all-perfect

Figure 4. Optical modeling of an ideally parallel multilayer constructed based on statistical analysis of cytoplasm spacing in a sampled region of the
silvery epidermal reflection system in the model spider. (A) Sampled guanine crystal-cytoplasm multilayer structure used for constructing the
idealized model, with half-thickness defects indicated by cyan arrows. (B) Statistical distribution of cytoplasm spacing in the multilayer reflector
shown in (A). (C) Reflectance spectrum of visible light (incidence angle ∼0°) from the idealized model with perfect guanine crystals, considering
18% half-thickness defects. (D) Deviation of reflectance under the condition of 18% crystal defects compared to the perfect crystal state in the
longer wavelength region (480 to 780 nm). (E) Deviation of reflectance under the condition of 18% crystal defects compared to the perfect crystal
state in the shorter-wavelength region (390 to 480 nm).
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crystals. The FDTD optical modeling results show that the
introduction of these full-thickness defects enables light
reflection within the forbidden spectral regions under an all-
perfect crystal state (Figure S7). Notably, it was observed that
increasing the size of holes further enhances the reflectivity of
some of the newly accessible bands, albeit at the expense of
further lowering reflectance within the primary reflection band
in the case of all-perfect crystals. The hole defects play a role in
broadening the reflectivity of the narrowband reflective
multilayer structure through enhancing the reflectivity in the
otherwise forbidden spectral regions sitting at the two sides of
the main reflection band.
In the actual structures of the model biological optical

system, a complete multilayer structure responsible for the
silvery reflection typically consists of fewer than 100 layers. We
further constructed an ideally parallel model based on a
statistical analysis of cytoplasm spacing in the crystal stacks
from a specific sample region of the actual biological multilayer
structure, as shown in Figure 4A. This statistic was made by
measuring the spacing between the most adjacent crystals in
different layers along the N direction. In inclined cases, the
spacing was approximated as the distance between the center
of the overlapping part of the two adjacent crystals. The ideally
parallel multilayer model was constructed with the cytoplasm
spacing according to the empirical measurements (Figure 4B).
The perfect guanine crystal doublets roughly account for a

large proportion of 82%. The modeling results demonstrate
that the perfect crystal multilayer exhibits an even poorer
performance in the short-wavelength region compared to the
ideally parallel model described above (Figure 3D). However,
the inclusion of a small fraction of 18% crystal defects
significantly enhances the low reflectance in the short-
wavelength region while maintaining relatively consistent
reflectance levels at longer wavelengths (Figure 4C−E). The
optical modeling based on the biomimetic configuration of the
multilayer structure, which incorporates cytoplasmic interlayers
and a quantity of crystal layers consistent with empirical
observations, underscores the pivotal role of crystal defects in
achieving broadband silvery reflectance.
In the realm of dielectric multilayer reflectors, the polar-

ization characteristics of reflected light are critical for a range of
practical applications53,54 and biological functions.34,55 The
degree of polarization for reflected light is quantitatively
defined as |Rp − Rs|/(Rp + Rs), where Rp and Rs represent
the reflectance of p- and s-polarized light, respectively. At
oblique incidence, the polarization effect can diminish the
overall reflectance for an unpolarized light source. Certain
species utilize polarized light reflections for critical biological
processes such as interspecies communication, whereas
organisms relying on broadband silvery coloration for
camouflage necessitate polarization-insensitive reflections,

Figure 5. Reflection of light from the guanine crystal-based multilayer with the intermediating cytoplasm layers of 40 nm thickness under different
states of the guanine crystals, for an incident angle of 20°. (A) Reflectance spectrum of the multilayer without crystal defects (indicated by the black
line) and with a crystal defect ratio of 50% (indicated by the orange line), for p-polarized (i) and s-polarized (ii) light sources; (iii) spectrum of the
polarization degree of the reflected light for the nonpolarized source from the multilayer without defects (black line) and with a crystal defect ratio
of 50% (orange line). (B, C) Propagation of light with wavelength of 470 nm propagating in the multilayer without defects (B) and with 50%
crystal defects (C); for p-polarized light: (i) electric field strength distribution and (ii) intensity profile taken along the Z direction following the
wine dashed line in (i); for s-polarized light: (iii) electric field strength distribution and (iv) intensity profile taken along the Z direction following
the wine dashed line in (iii). The arrow indicates the incident direction of light, and the white dashed lines represent the boundaries of the
multilayer structure.
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particularly at non-normal incidence angles, where a reduced
polarization effect is beneficial.
We employed an ideally parallel multilayer model to

investigate the impact of the crystal defects on the polarization
property of guanine crystal-based multilayer reflectors.
Simulations were performed to compare the visible-light
reflections from the multilayer of entirely perfect crystals
against those with 50% of crystals exhibiting defects (as
depicted in Figure 5). The simulations demonstrated that the
presence of crystal defects could enhance the reflectance of the
original forbidden spectral bands observed in the structure of
entirely perfect crystals in the multilayer. The incorporation of
crystal defects tended to broaden the spectral region of
reflection while significantly diminishing the polarization
degree of reflected light for an unpolarized source on the
whole, as compared to the scenario with all-perfect crystals
(Figure 5A). Further investigations were aimed at under-
standing the underlying mechanism of the pronounced
decrease in polarization degree observed upon the introduction
of crystal defects. This was carried out by examining the light
propagation within the multilayer structures by using a
representative wavelength of 470 nm for both perfect and
50% defective multilayer configurations (Figure 5B,C). For the
defect-free multilayer, the reflectance was calculated to be
50.57% for p-polarized light and only 3.55% for s-polarized
light. For the multilayer with 50% defective crystals, the
reflectance increased to 82.47% for p-polarized light and
69.06% for s-polarized light. Correspondingly, the degree of
polarization was calculated to be 86.90% for the multilayer
comprising solely perfect guanine crystals, compared to 8.84%
for the assembly with 50% defective crystals. The highly
polarized nature of the reflected light from the all-perfect
guanine crystal multilayer was largely attributed to the
diminished reflection of the s-polarized light.

The light propagation behavior characterized by the electric
field intensity distribution in the multilayer structure reveals
that the defect-free structure shows discrete and uniformly
distributed electric field maxima across the layers, which are
characteristic of the Bragg reflection condition and typical of
high-quality dielectric mirrors designed for narrowband high
reflectance at the specified wavelength. In contrast, the
defective structure exhibits a complex field distribution with
less pronounced peak uniformity along with regions of
concentrated electric field strengths not aligned with the
interfacial periodicity. In sum, the heightened reflectance
associated with the defective structure could be rationalized by
several nonexclusive mechanisms: (1) Defect-induced scatter-
ing may increase the path length of photons within the
reflector, sustaining multiple internal reflections and enhancing
the probability of reflection. (2) Localized defect modes within
the multilayer structure might act as resonant cavities, trapping
light and contributing to increased reflectance. (3) Defects
could also disrupt destructive interference pathways, effectively
reducing transmission losses and increasing overall reflectance.
The ideally parallel models demonstrate the ability of the

doublet structure with defined thickness to realize broad-band
silvery reflection through introduction of defects intrinsic to
the crystal doublets. For the natural biological reflection
systems, in view of the influence of the spatial arrangement of
the guanine crystals on the optical performance in actual
structures, we further conducted optical modeling based on the
geometry of an actual complete multilayer structure obtained
from imaging, as shown in Figure 6A. Figure 6B demonstrates
the frequently occurring half-thickness defects observed in the
guanine crystals comprising the actual multilayer structure.
With the same spatial arrangement of the guanine crystals as
observed in Figure 6A, the reflection system under the
hypothetical perfect crystal state still shows a relatively low
reflectance in the short-wavelength region. This can be

Figure 6. FDTD optical modeling of the visible-light reflections from a real guanine crystal-cytoplasm multilayer structure of a sampled guanine
crystal-cytoplasm multilayer region in the silvery abdomen of the model spider with and without defects in the doublet structure of guanine crystals.
(A) The sampled region of the original multilayer structure from the spider silvery reflection system in the abdomen for the geometry setup in the
optical modeling. (B) Enlarged images for the local regions in (A) outlined by the green dashed lines: (a−e) corresponds to the local region (a−e)
in (A). Cyan arrows indicate the frequently occurring half-thickness defects in the guanine crystals. Scale bar: 500 nm. (C−F) Visible-light
reflectance spectrum from the multilayer model with perfect crystal structure (black line) and with defects considered (orange line): (C) incidence
angle ∼0°. (D) The relative difference of reflectance for 0° incidence angle. (E) Incidence angle ∼20°. (F) The relative difference of reflectance for
20° incidence angle.
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attributed mainly to the thickness of the guanine crystals, as
inferred from the above idealized modeling results in Figure 3.
However, when taking into consideration the defects identified
in partial crystals, the light reflectance in the short-wavelength
region, specifically on the left side of the green dashed line
(Figure 6C,E) at a wavelength of 525 nm showed a significant
enhancement while the high reflectance at longer wavelengths
is maintained. The integration of the light reflectance in the
short-wavelength region of the visible light below 525 nm was
raised by magnitudes of 8.85 and 10.44% for the incidence
angles of 0 and 20°, respectively. In contrast, the reflectance
remained roughly at the same level and fluctuated by very
small magnitudes in the longer-wavelength region. This
observation suggests that the doublet structure may be one
of the strategies utilized to optimize the efficiency of silvery
reflections in nature. For reference, the standard silvery
reflection spectrum is presented in Figure S8.
To investigate the enhancement of reflectance in the short-

wavelength region caused by half-thickness defects, we selected
a light wavelength of 411 nm and examined light propagation
behavior under the two different conditions with and without
defects in guanine crystal doublets. The presence of defects
leads to a 48.5% increase in reflectance at this wavelength
incident at 20° in the actual model (Figure 6F). The electric
field intensity was calculated for light with the wavelength of
411 nm incident at 20° in the actual model, as illustrated in
Figure 7 and Figure S9. In the case of perfect crystals, there
were no significant changes in the electric field intensity within
the range of 0 to 13 μm (Figure S9A,B). However, upon
incorporating half-thickness defects into the crystals, the
electric field was intensely distributed in the region from −5
to 0 μm, followed by a rapid decay in the direction of light

propagation (Figure 7A,B). We examined the intensity profile
((|E|2) along the white arrow and observed that, in the perfect
crystal state, the profile exhibited a Gaussian shape, indicating a
diffusive propagation pattern predominance. Conversely, the
exponential decaying intensity in Figure 7C suggests that the
inclusion of half-thickness defects could lead to the localization
of light, resulting in suppressed light transmission and
enhanced reflectivity in the short-wavelength region of visible
light.
Natural dielectric optical systems provide intriguing bio-

logical structural models for designing different bioinspired
optical systems with extraordinary optical effects. Biogenic
guanine crystals are one of the highest-refractive-index
biological materials and are extensively used as an optical
material in animals. By using the combination of microtoming
and high-resolution serial-section electron microscopy (ssEM),
we first revealed the assembly details of a doublet structure of
biogenic guanine crystals in nanometers (Figures 1 and 2).
This technique allows for three-dimensional structural
reconstructions of individual guanine crystals and their spatial
arrangement over a large region of several guanocytes in the
model spider as well (Figure 1C,E). The structural details in
nanometers clearly show that the guanine crystal is composed
of two tightly adherent crystalline layers that form a doublet
structure. The structural connection pattern between two
crystalline layers is similar to that in the guanine crystal
doublets in the Nudibranch Flabellina iodinea, but different
from those in the crystal doublets in other previously identified
spider species.
The systematic optical modeling shows that for the guanine

crystal doublets identified in the Phoroncidia rubroargentea
spider, light reflections exhibit low reflectance at short

Figure 7. Transition to the localization of light with the incorporation of defects in the sampled multilayer region from the epidermal silvery
reflection system of the model spider. (A) Electric field strength (|E|) distribution in the sampled multilayer region in Figure 4A for wavelength
∼411 nm at incidence angle ∼20°. The white dashed lines indicate the boundaries of the multilayer structure. (B) Enlarged images along the white
arrow at every 5 μm. (C) The electric field intensity profile (|E|2, black line) along the white arrow in (A), showing exponentially decaying on the
whole by the orange line. The color bar indicates the electric field strength.
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wavelengths from the multilayer reflectors comprising of the
guanine crystal doublets with the full thickness of the doublets
(Figures 3 and 4), which would influence the actual optical
performance requiring silvery reflections. The presence of half-
thickness defects in the doublet structure could broaden the
high-reflectance band to encompass the short wavelengths that
would otherwise lie beyond the coverage range of multilayers
composed of this guanine crystal (Figures 3C,D, and 4).
Broadband high reflectance across the visible light range is
desirable for the model spider’s camouflage as dew drops.
Through a combination of structural characterizations and
systematic finite-difference time-domain (FDTD) optical
modeling, we demonstrate that the defects observed in the
crystal doublets may have been utilized by the model spider to
optimize broadband high reflectance in the visible-light range.
Specifically, the defects enhance reflectance in the short
wavelength range while maintaining a high reflectance at
longer wavelengths (Figure 6). In comparison to strategies
employing guanine crystals with largely undefined thickness
variations to achieve similar broadband silvery reflective
properties in certain species,47,48 the consistent thickness of
guanine crystals offers an advantage in bioinspired fabrication
and design due to its better controllability.
The half- and full-thickness defects are observed in the

biogenic guanine crystal doublets in the epidermal silvery
reflection system of the Phoroncidia rubroargentea spider. Since
the experimental spider samples have been stored in fixative for
several months, it is challenging to ascertain whether the half-
and full-thickness defects in the guanine crystals are artifacts or
occur naturally during the crystal growth process. As novel
structural elements observed in biogenic guanine crystals, we
first explored the effect of these defects in the crystal doublets
on the optical performance of guanine crystal-based multilayer
reflectors. The half- and full-thickness defects enabled by such
a doublet structure not only show their crucial role in achieving
the broadband reflection for the multilayer structure but also
demonstrate that the dual layers of a crystal doublet can be
manipulated to fine-tune the optical properties of bioinspired
structures, opening new avenues for individual crystal-level
structural customization. If these defects are indeed inherent to
the growth process, then the presence of various defects in the
guanine crystals indicates a significant degree of independence
between the development of the two closely adherent
crystalline layers in the doublet structure. The formation
mechanism of such a doublet structure remains to be explored.
Notably, guanine crystal, known for its environmental and
biocompatibility as well as its responsiveness to magnetic
stimuli, stands out as a promising optical material for practical
applications. Drawing inspiration from the natural develop-
ment of the guanine crystal doublet structure can greatly
facilitate the bioinspired fabrication of guanine crystals.
Moreover, with advancements in techniques for controlling
the size, shape, and distribution of half-thickness defects,
guanine crystals hold great potential for applications in
advanced optical devices including 2D metasurfaces and 3D
metamaterials.

■ CONCLUSIONS
Guanine nanocrystals, known for their high refractive index
among biological materials, are widely employed in animals as
scatterers, reflectors, and photonic crystals, contributing to a
wide array of extraordinary natural optical phenomena.
Understanding the assembly function relationships is of

paramount importance for bioinspired designs and fabrica-
tions. Although doublet structures of guanine crystals have
been identified in various species, their roles remain largely
unexplored, despite extensive investigations on the structure−
function relationships of biogenic guanine crystals. Here, we
first revealed the structural details of a doublet structure of
biogenic guanine crystal nanoplates in both two and three
dimensions. These guanine crystals consist of two tightly
adherent crystalline layers, responsible for the spider species P.
rubroargentea’s silvery epidermal coloration. Compared to
single-crystal structures, such a doublet structure allows for
defects such as half-thick edges, pits, singlet plates, and full-
thickness holes, which have been observed in the guanine
crystals sampled from the model spiders. These defects create
ample opportunities for bioinspired optical design utilizing
guanine nanocrystals at the individual crystal level, which has
also been preliminarily demonstrated by the optical modeling
based on ideally parallel multilayer models in this study.
Through a combination of structural characterizations and

finite-difference time-domain (FDTD) optical modeling, we
demonstrate that the introduction of defects in the doublet
structure can expand the high-reflection band of ideally parallel
multilayers of these guanine crystals toward shorter wave-
lengths that would otherwise fall beyond the coverage of the
high-reflection band. Moreover, for the authentic guanine-
based multilayer reflectors in the model spider, the presence of
defects in these guanine crystal nanoplates significantly alters
the propagation behavior of light in the multilayer structures,
leading to a localization mode that enhances reflectivity in the
short-wavelength region of visible light while maintaining high
reflectivity at longer wavelengths. This doublet structure may
have been employed by the model spider to optimize silvery
reflections for camouflage purposes.
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