
Assembly of Guanine Crystals as a Low-Polarizing Broadband
Multilayer Reflector in a Spider, Phoroncidia rubroargentea
Jinjin Zhong, Zhengyong Song, Long Zhang, Xiang Li, Qingzu He, Yuer Lu, Sarah Kariko, Peter Shaw,
Liyu Liu, Fangfu Ye,* Ling Li,* and Jianwei Shuai*

Cite This: ACS Appl. Mater. Interfaces 2022, 14, 32982−32993 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The diminishing of the polarization effect is
important in the applications of dielectric multilayer reflectors in
many optical systems, such as low-loss broadband waveguides,
optical fibers, and LEDs. Low-polarizing broadband reflections
were identified from birefringent-guanine-crystal-based multilayer
reflectors in the skins of some fish. Previous models for these
intriguing natural optical phenomena suggested the combined
action of two populations of guanine crystals with an orthogonal
low-refractive-index optic axis. Here we report a novel realization
of polarization-insensitive broadband reflectivity in a spider,
Phoroncidia rubroargentea, based solely on the type of guanine
crystals with the low-refractive-index optic axis normal to the
crystal plates. We examined the three-dimensional structure of the
guanine assembly in the spider and performed finite-difference time-domain (FDTD) optical modeling of the guanine-based
multilayer reflector. Comparative modeling studies reveal that the biological selection of the guanine crystal type and specific spatial
arrangement work synergistically to optimize the polarization-insensitive broadband reflection. This study demonstrates the
importance of both crystallographic characteristics and 3D arrangement of guanine crystals in understanding relevant natural optical
effects and also provides new insights into similar broadband, low-polarizing reflections in biological optical systems. Learning from
relevant biofunctional assembly of guanine crystals could promote the bioinspired design of nonpolarizing dielectric multilayer
reflectors.
KEYWORDS: biogenic assembly of guanine crystals, highly birefringent material, spatial arrangement, crystallographic characteristics,
high reflectance and polarization-insensitive reflection

1. INTRODUCTION
All dielectric multilayer as light reflectors, compared with metal
or metal-dielectric multilayer reflectors, are low-loss and
routinely used for optical utility requiring high reflectivity.1

In nature, dielectric multilayer reflectors are widely used by
different biological systems to realize multiple optical perform-
ance-based biofunctions, such as structural coloration for
communication, mating displays or camouflage, and vision
enhancement.2 In practical applications, a key limitation of
dielectric multilayer reflectors stems from the polarization
effect on the non-polarized light source, which causes the
decrease of the total reflectivity with increasing incidence
angles of light.3,4 Aside from the well-known magneto-optic
materials5 and polarizing beamsplitters,6 the polarization
effects are typically undesirable, as they constrain the angular
performance of the multilayer reflectors. Researchers found
that to adapt to optimal camouflage, some fish have evolved to
develop their multilayer reflection systems in the skin or
surface to produce low-polarizing broadband reflections.7

These multilayer reflection systems are composed of

alternating layers of birefringent biogenic guanine crystals
separated by cytoplasm. Previous studies suggested that the
diminishing of the polarization effect derives from the
combined action of two populations of biogenic guanine
crystals that have an orthogonal low-index optic axis.7−10 In
this study, we report a novel realization of the diminishing of
the polarization effect in a more efficient way in a spider,
Phoroncidia rubroargentea, with only one type of guanine
crystal involved.

Guanine, one of the common metabolites from nucleic acid
degradation processes in many animals, either converts into
xanthine with guanase enzymes or is secreted as a waste
product in organisms with relevant secretory control.11,12 In
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particular, microcrystalline deposits of guanine have been
identified as a fixed end product in various tissues of 3 phyla
out of all the 33 phyla, that is, Chordata, Arthropoda, and
Mollusca.2 These biological systems have developed various
strategies to control the size, geometry, crystallography, and
assembly of the guanine crystals for various optical functions,
such as diffuse scatters, broadband reflectors, and tunable
photonic crystals.13−15 In particular, plate-like guanine micro-
crystal arrays intermediated by cytoplasm have been found in
the skins of many fish and spiders for their silvery
reflection13,16 and in the sapphirinid copepods and some fish
to produce tunable structural colors.17,18 The primary
biological functions for these optical effects are believed to
be related to communication or camouflage.16,17,19−21 More-
over, platy guanine crystals have also been identified in the
tapetum of some fish eyes to enhance vision in dark living
environments22,23 and of some spider eyes as polarizers.24,25

Biofunctional assemblies of guanine crystals have function-
adaptable morphologies, spatial arrangement, and crystallo-
graphic characteristics. Understanding the assembly−function
relation is important for bioinspired designs and fabrications.
In the guanine-based reflection systems, the guanine crystals
have been identified to be in plate shapes. The geometry of
these plate-like guanine crystals varies for different biological
optical systems. The spatial arrangement of the crystals can
also differ largely ranging from long-range ordered to locally
ordered to disordered states. Narrow-band reflections are
related with regularly shaped guanine crystals arranged in
order, such as the aligned hexagons in the sapphirinid
copepods17,21,26 and the aligned squares in the eyes of

scallops.22 Broadband silvery reflections are originated from
the multilayers composed of guanine crystals that exhibit local
packing order but without long-range order. Platy guanine
crystals of irregular hexagons were found in the reflecting iris of
the zebrafish as well as in the silvery-colored scales of koi
fish.23,27 The guanine crystals from the reflection tissue
underneath the integument of the silvery-colored spider
Tetragnatha montana have no well-defined shapes.28

Despite the variations in crystal morphologies and assembly
characteristics, biogenic guanine crystals that have been found
in nature are all determined to be of anhydrous β polymorph
(P1121/b, a = 3.59 Å, b = 9.72 Å, c = 18.34 Å, β = 119.5°).29

In addition, the preferentially expressed face of these platy
guanine crystals was identified in many organisms to be parallel
to the hydrogen-bonding plane, i.e., the (100) plane.2,29 This is
quite different from the theoretically predicted preferred
growth along the π−π stacking direction perpendicular to
the (100) plane, which has also been demonstrated in in vitro
experiments.14,29−31 Due to the highly anisotropic crystal
structure, the refractive indices of guanine crystals along
different crystallographic orientations are dramatically differ-
ent, with the lower refractive index of ∼1.46 along the
molecular stacking direction and the higher refractive index of
∼1.83 in the (100) plane.2 It is generally believed that the
preferential expression of the high-refractive-index (100) face
was biologically selected by evolution to enhance the light
reflection efficiency,14 although the underlying molecular
mechanism for such structural control is still under
investigation.32−36

Figure 1. Morphologies of the guanine crystals and arrangement characteristics of the crystal assembly in the guanine−cytoplasm multilayered
silvery reflection system in the spider Phoroncidia rubroargentea (Berland, 1913). (A) Photo of a Phoroncidia spider specimen. (B) A scanning
electron microscopy (SEM) image of the multiple layers of guanine crystals in an individual guanocyte from the silvery region of the Phoroncidia
spider sample. (C) One representative cross-section SEM image of the physical slices obtained by the microtome technique of the guanine crystal
arrays in a localized region of the silvery abdomen site. T and N indicate the sectioning direction in microtoming and the normal direction of the
cuticle surface, respectively. (D) 3D volume rendering of the guanine crystals in a localized region packed with the guanine−cytoplasm multilayer.
(E) An exemplified region demonstrating the random stagger arrangement of the guanine microplates between adjacent layers. The inset shows the
xyz coordinate (by correspondence with the N and T directions in panel C) used for the quantitative characterization on the theta angle of the
Feret length orientation. The red dashed line indicates the Feret length orientation. The theta angle is the angle between the positive x axis and the
projection of the length orientation to the xy plane. (F) Demonstration of 3D morphologies of some individual guanine crystals. The color bar
indicates the thickness of the platy guanine crystals measured in nanometers. The schematic diagram for the Feret length and width is also shown
using a guanine crystal plate. (G) Statistics on the ratio of length to width of the sampled guanine crystals. (H) The statistic on the theta angle of
the thin plate length orientation of the sampled guanine crystals. The coordinate system is the same as the xyz coordinate system in panel E.
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For the silvery reflections, many previous investigations on
the structure−property relation of these biological optical
systems are based on simplified guanine−cytoplasm multilayer
models utilizing idealized layering alignment to interpret the
optical properties. Earlier studies treated the guanine crystals as
optically isotropic materials and primarily focused on two
aspects: the thickness of the guanine crystal plates and the
cytoplasm spacing between the individual crystals.16,37−40 The
silvery reflection over the visible light was interpreted as a
result of the variations of the thickness of guanine crystals, the
cytoplasm spacing, or both.8,39 In addition to the broadband
and highly reflective properties, the silvery reflections from the
surface of some fish were also identified to be of low
polarization.41,42 Based on simplified modeling with idealized
layering alignment, Jordan et al. proposed an interesting optical
model involving two populations of birefringent guanine
crystals in the crystal stack. Each population has the low-
index optic axis either perpendicular (type 1) or parallel to
(type 2) the crystal plane.7 With a certain ratio of the two
types of guanine crystals and repeating such stack units in piles,
the silvery reflection with low polarization can be achieved. In
the latter relevant studies,8,9 the low-polarized silvery reflection
from the guanine crystal-based multilayers has always been
dependent on the presence of the type 2 guanine crystals. This
work demonstrates how the multilayer reflection system in a
spider realizes low-polarizing broadband silvery reflections only
with the type 1 guanine crystals.

In this work, we examined the assemblies of the guanine
microplatelets from the silvery abdomen of a spider,
Phoroncidia rubroargentea (Berland, 1913),43 and investigated
the optical performance of this system through a systematic
finite-difference time-domain (FDTD) optical modeling.44

The 3D assembly of individual guanine microplates was first
obtained by utilizing a tomography method enabled by the
combination of serial sectioning and high-resolution electron
microscopy imaging. The structural characterizations reveal
that the individual guanine microplates exhibit irregular
peripheral profiles and local randomness in the assembly.
The guanine crystals are much smaller and more randomly
arranged in the interior region of the guanocytes. Toward the
edge side of the cells, larger guanine crystals are more closely
packed and tend to be aligned alongside the edge of the cells.
Based on the original structure, we conducted systematic
FDTD optical modeling compared to simplified models with
ideally aligned guanine microplates. Our results suggest that in
this natural guanine assembly system, the type 1 crystallo-
graphic alignment together with the randomly staggered
arrangement works synergistically to enhance the reflectance
and, more importantly, to reduce the polarization across the
visible light range at wide viewing angles. This study provides a
new understanding of the low-polarization silvery reflection
from natural guanine crystal-based optical systems in contrast
to the necessity of the presence of type 2 guanine crystal.7 This
study also indicates the importance of the knowledge of 3D
structural and crystallographic characteristics of the guanine
assembly both for correctly understanding the structure−
function relation in relevant biological optical systems and for
bioinspired designs and fabrications.

2. RESULTS
2.1. The Assembly Structure of Guanine Micro-

platelets in 3D. The model spider in this study, Phoroncidia
rubroargentea (Berland, 1913), belongs to the family of

Theridiidae and is small (∼3 mm) and vibrantly colored
(red, silver, and black). It can be typically found in the
rainforest in Madagascar. Figure 1A shows a specimen photo of
the P. rubroargentea spider. The structural origins of coloration
in this spider have been elaborately described in the previous
work. The prominent silvery appearance of its abdomen was
determined to originate from the guanine−cytoplasm multi-
layers in the guanocytes underlying the transparent cuticle.43

Figure 1B shows a scanning electron microscopic (SEM)
image of the multilayered assembly of guanine microplates
from a guanocyte.

Similar to other studies, our previous structural analysis on
the guanine-based biological optical structure was based on
two-dimensional characterizations.43 Here, we conducted
quantitative 3D structural characterizations on the guanine
crystals in the silvery region. To obtain the 3D morphology of
individual guanine crystals and their assembly structure, we
utilized the automatic serial microtome-sectioning and
subsequent electron microscopic imaging of the guanine−
cytoplasm multilayer structure. Figure 1C shows the SEM
image of one representative cross section of a guanocyte
packed with guanine crystals, where the N and T direction
represents the normal and tangential direction of the cuticle,
respectively. 3D reconstruction allows us to examine the
characteristics of the morphology of the guanine crystals and
the arrangement of the assembly in more detail.

Based on image segmentation and 3D volume and surface
rendering, individual guanine crystals can be isolated for
quantitative shape analyses. The thickness of the guanine
crystals is 110.7 ± 22.8 nm (n = 134, where n is the total
number of the guanine crystals sampled for statistics here)
(Figure 1F), consistent with previous 2D measurements.43 The
individual crystals sampled from the multilayer (Figure 1E,F)
exhibit irregular peripheral profiles with no well-defined or
conserved morphology like the square- or hexagon-shaped
guanine crystals in some biological systems,2,17 demonstrating
less biological control in the in-plane development. The Feret
length and width were used to characterize the largest and
smallest dimensions of the microplate plane (Figure 1F). A
statistic on the Feret length/width ratio shows a large span
(Figure 1G), further demonstrating the irregular shapes in the
crystal plane dimension. In the previous work on this spider,43

crystallographic analyses based on electron diffractions
demonstrated that these guanine crystals are type 1 with
(100) as the plate surface, similar to many other biogenic
guanine microplate-based optical systems.14,45

Compared with those regularly packed guanine crystals in
some biological systems, the spatial arrangement of the
guanine assembly presents a typical self-assembly pattern
rather than a precise biological control. In the inner rows of the
multilayers in the guanocytes, smaller guanine crystals are
more loosely packed and randomly distributed. Larger guanine
crystals are more densely packed toward the edge side of the
cells and tend to be aligned alongside the local cell contour.
More structural details on the assembly of the biogenic
guanine crystals in this spider reflection system are provided in
Figure S1. According to the crystallographic characteristics of
the guanine microplates, the three crystallographic axes of
guanine crystals are orthogonal.2 Two crystallographic axes lie
parallel to the plate face of the microplates, and one is along
the normal direction of the microplates. We made a
quantitative characterization on the normal direction of the
guanine crystals by the statistic on the normal direction of each
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individual crystal involved in the sampled original multilayer
structure used in the optical modeling in Section 2.3. The
statistical result shows that the normal direction of most of the
crystals lies within a range from −20 to 20° in Section 2.3.
Previous studies show that the long axes of guanine
microplates are usually co-aligned with the principal crystallo-
graphic orientation along which the crystals prefer to grow.14,15

Here, we use the angle (denoted as the theta angle) between
the projection of the elongated direction (Feret length) on the
xy plane and the x direction to represent the in-plane
crystallographic orientations of a guanine microplate. The

statistic on the theta angle of the Feret length orientation in
Figure 1H indicates that the assembly of the guanine crystal
plates seems to have a preferred elongation direction that is
perpendicular to the T direction and has a roughly symmetric
distribution at the two sides of the preferred direction. These
analyses indicate that the guanine microplates are not stacked
precisely on top of each other but exhibit morphological and
orientation variations between adjacent crystals. One micro-
plate can oppose two or more microplates from the adjacent
layers (Figure 1D,E). The knowledge of the guanine assembly
characteristics is important not only for investigating the

Figure 2. Simulated reflections of the guanine−cytoplasm multilayers using simplified models. (A) Schematic of the geometrical setup in the
simulations. The yellow plate arrays are the guanine crystals 110 nm thick with an intermediating space filled with water, representing the cytoplasm
in the guanocytes. The layer number of the guanine−cytoplasm arrays or the cytoplasm spacing between them varies in different simulation cases.
(B) Reflectance spectra for cytoplasm spacing ∼40 nm for 5 (black line), 10 (green line), 20 (blue line), and 30 (red line) layers, respectively, with
perpendicularly incident light. (C) Reflectance spectra for layer number ∼20 and cytoplasm spacing ∼40 nm (black line), ∼60 nm (green line),
∼80 nm (blue line), and ∼100 nm (red line), respectively. (D) Angular dependence of reflectance spectra for the non-polarized light incident on
the multilayer in which the cytoplasm spacing is ∼40 nm and the layer number ∼10. (E) Reflectance (black line) and polarization degree (green
line) from the simplified model 1 for non-polarized light incident at 20° (I), 50° (II), and 60° (III). (F) Reflectance (black line) and polarization
degree (green line) from the simplified model 2 for non-polarized light incident at 20° (I), 50° (II), and 60° (III). (G) Profiles of the electric field
strength in the xy plane for p-polarized light at wavelength ∼400 nm (I) and ∼800 nm (II) for the case in I of panel F. The white arrows and the
white dashed lines indicate the incident direction of light and the two boundaries of the multilayer stack of the simplified model 2, respectively.
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related biofunctions but also for further studies of the assembly
mechanism that remains unknown for now.

2.2. Optical Properties of the Idealized Multilayer
Model. Having determined the guanine crystals’ morphologies
and the assembly’s arrangement characteristics, we next
investigated how the assembly of type 1 guanine microplatelets
achieves the desired silvery reflection properties through
systematic optical FDTD simulations. We first examined the
optical performance of simplified guanine microplate−
cytoplasm multilayer structures (Figure 2A) in which the
crystal plates (110 nm thick) are parallel and placed in a stack
periodically. Following the relationship between the refractive
indices and the crystallographic orientations, the refractive
index along the normal direction of the plates is ∼1.46,
whereas the other two optical axes with a refractive index of
1.83 are parallel to the plates.2 As the optical property of
cytoplasm is close to water with a refractive index of ∼1.33, the
intermediating component filling between the guanine crystals
was set to be water in all the simulations in this work. With
these simplified models, the effects of some structural factors
on the optical performance of the guanine crystals in the
subject system were evaluated, including the number of layers,
cytoplasm spacing, and the angle of incidence of light. The
polarization degree of the reflected light is defined as |Rp − Rs|/
(Rp + Rs), in which Rp and Rs represent the reflectance of p-
polarized and s-polarized light component, respectively.

As shown in Figure 2B, only increasing the layer number of
the guanine−cytoplasm multilayers narrows down the
reflection band and enhances the reflectance within the
reflection band. With increased cytoplasm spacing (from 20
to 100 nm), the highly reflective region shifts toward the larger
wavelengths and becomes broader (Figure 2C). As the
incidence angle relative to the crystal normal increases, the
main reflection band tends to shift toward the shorter
wavelengths for the non-polarized light source (Figure 2D).
The shifting of the high-reflectance band is no more than 70
nm for a total inclination of 60°.

We further constructed two simplified models similar to
previous relevant studies to investigate the optical performance
of the guanine-based multilayer system but with only the type
1 guanine crystals involved. In the spider’s multilayer structure
as characterized in the above section, the thickness of the
guanine crystals is relatively uniform at 110 nm, while the
cytoplasm spacing varies largely. To cover the variation range
of the cytoplasm spacing and the layer number of guanine
crystals that is no more than 100 in the sampled natural
multilayer structure in Figure 1C,D, we sampled across the
thickness of cytoplasm spacing from 20 to 120 nm with a layer
number of 100 (simplified model 1) and from 5 to 150 nm
with a layer number of 150 (simplified model 2), respectively.
In the simplified models 1 and 2, the cytoplasm spacing
increases by 5 nm every five layers of guanine crystals. In this
work, the layer number indicates the layer number of the
guanine crystal plates in the guanine−cytoplasm multilayers.
The spectra for the reflectance and the polarization degree
were calculated under different incident angles for the
simplified model 1 (Figure 2E) and model 2 (Figure 2F).
When light hits onto the large guanine crystal face with an
incident angle ∼20° relative to the plate normal direction, the
reflections from these two models all demonstrate low
reflectance at shorter wavelengths with high polarization
degree (Figure 2E,F). When the incident angle increases, the
low-reflectance spectral band always accompanied by high
polarization degree here changes to the long wavelengths from
the short wavelengths (Figure 2E,F). Figure 2G shows the
color mapping of the electric field strength in the simplified
model 2. The calculated electric field strength distributions at
∼400 and ∼ 800 nm in the simplified model 2 show agreement
with their respective reflectance. Most of the light penetrate
through the multilayer stack and only a very small fraction can
be reflected for the wavelength ∼400 nm. The light
propagation was totally prevented for the wavelength ∼800
nm before reaching the end of the multilayer stack, which
results in 100% reflectivity. We also calculated the reflection
behavior with a hypothetic optically isotropic nonbirefringent

Figure 3. FDTD modeling of the reflections from the guanine−cytoplasm multilayer in the subject spider across the full visible wavelengths for
different incidence angles. (A) The 3D geometry setup of the guanine material for the simulations, constructed from the original structures in
Figure 1C. The intermediating spacing is filled with cytoplasm. (B−D) The setup of directions of the optic axes for each individual guanine crystal
in the modeling, with a demonstration of the profile in the (B) xy plane and (inset in C) yz plane. The red and green arrows indicate the two high-
index optic axes parallel to the large face of the microplates, and the blue arrows indicate the low-index optic axis, i.e., the normal direction of the
microplates. Statistics on the rotation angle of the red arrows from z and on the angles of the blue arrows relative to the x axis are shown in panels
C and D, respectively. (E, F) The calculated spectra of the (E) reflectance and the (F) polarization degree of the reflected light from the modeling
with setups in panels A−D for non-polarized light incident at 0, 20, 40, and 60°.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c09546
ACS Appl. Mater. Interfaces 2022, 14, 32982−32993

32986

https://pubs.acs.org/doi/10.1021/acsami.2c09546?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09546?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09546?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09546?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c09546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


state of the guanine component with an averaged refractive
index at 1.65. Although the reflection behavior from the
multilayer with the nonbirefringent guanine plates (Figure S2)
is quite similar to the birefringent component of guanine
crystal plates, birefringent guanine crystals perform better than
the nonbirefringent state in the simplified models when the
polarization effect is undesirable (Figure S3). Previous studies
have led to a conclusion that the guanine-based multilayer
unavoidably predicts a strong polarization effect with only type
1 guanine crystal. The calculated reflections for the two
simplified models in this study both show spectral regions of
high polarization degree and largely reduced reflectance, as
concluded in numerous previous studies.7,15,39,46,47

2.3. Optical Properties of the Guanine Microplatelet
Assembly in the Spider. 3D structural characterizations on
the assembly of the guanine crystals in the model spider in
Section 2.1 indicate a random staggering in the spatial
arrangement. This characteristic in spatial arrangement was
totally neglected in previous optical modeling. Here we
conducted optical modeling based on the experimentally
measured 3D assembly of guanine microplates to understand
the reflection behavior from such a biological optical system.
Figure 3A shows the 3D geometry model obtained from one
sampled localized region of a guanocyte with complete
guanine−cytoplasm structures. According to the optical
characteristic of type 1 guanine crystal, the lower refractive
index of ∼1.46 is along the normal direction of the microplates,

Figure 4. Comparison of the reflection performance of the guanine−cytoplasm multilayer in the subject spider under different birefringence
distribution states. (A) The calculated reflectance spectra for the non-polarized source with an incident angle of 0° (I), 20° (II), 40° (III), and 60°
(IV) from left to right panels, respectively, under the ″aligned″ (black lines) in-plane, ″random″ (red lines) in-plane, and the true birefringence
distributions (blue lines). (B) The calculated spectra of the reflection polarization degree for an incident angle of 0° (I), 20° (II), 40° (III), and 60°
(IV) from left to right panels, respectively, under the ″aligned″ (black lines) in-plane, ″random″ (red lines) in-plane, and the true birefringence
distributions (blue lines). (C) The calculated reflectance spectra for p- (black lines) and s-polarized (orange lines) light with the incident angle of
0° (I), 20° (II), 40° (III), and 60° (IV) from left to right panels, respectively. (D, E) The calculated profiles of electric field in the cross section as
in Figure 3B under the condition of (D) ″aligned″ in-plane and (E) true birefringence distribution at an incident angle of 0° for p- (I) and s-
polarized (II) light of 400 nm and for p- (III) and s-polarized (IV) light of 800 nm, respectively. The arrows indicate the same N orientation as
Figures 1 and 3. The color bar indicates the electric field strength. The white dashed lines indicate the boundaries of the multilayer structure.
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and the other two optic axes with the higher refractive index of
∼1.83 are parallel to the crystal plane (Figure 3B). As the in-
plane optical property is isotropic for the type 1 guanine
crystal, we use a uniformly random distribution of the in-plane
optic axes in the setup of the optical property of each guanine
crystal to make a direct comparison with the following
″random″ model. Each guanine crystal was assigned with a

random in-plane rotation angle between 0 and 360° for one of
the two ordinary optic axes, as demonstrated in Figure 3C. The
lower refractive index was precisely defined for each guanine
crystal, which is set along the normal direction of the
individuals. The distribution of the low-indexed normal
direction of each individual crystal is shown in Figure 3D,
which has been mentioned in the discussion of the guanine

Figure 5. (A, B) The setups of (A) the crystallographic orientations and (B) the geometry of the involved guanine crystals in the optical modeling.
The inset of panel A shows an enlarged image of the domain outlined by a black dashed square. The inset of panel B shows an enlarged image of
the domain outlined by a red dashed square. (C, D) The calculated profiles of the electric field strength in the cross section as in panels A and B�
and Figure 3B at an incident angle of 60° and wavelength of 501 nm of p-polarized (I) and s-polarized (II) light�of 722 nm of p-polarized (III)
and s-polarized (IV) light (C) under ″aligned″ in-plane birefringence distribution, (D) under ″random″ in-plane birefringence distribution, (E) and
under true birefringence distribution, with the right column showing the enlarged images of some exemplifying regions with the occurrence of
localization of light. The arrow indicates the N orientation occurring in Figures 1 and 3. The color bar indicates the electric field strength. The
white dashed lines indicate the boundaries of the multilayer structure.
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assembly characteristics in Section 2.1. With the more accurate
structural model, the FDTD optical modeling results suggest
that this multilayer system exhibits high reflectance over the
visible wavelengths for a wide range of incident angles from 0
to 60° (Figure 3E). More importantly, these reflections also
show a property of low polarization (lower than 0.2, Figure
3F), which is similar to the reflections that have been reported
from the surface of some fish.7,41,42

Previous optical modeling of guanine crystal-based reflectors
with the idealized layering alignment unavoidably predicts
Fresnel polarization at Brewster’s angle,7,46 which was also
confirmed in our modeling results (Figure 2E,F). This was
resolved by introducing another set of guanine crystals (type
2) with their low-index optic axis parallel to the large crystal
surface in the idealized multilayer modeling.7 Our study shows
that the optical effects of high reflectance with low polarization
can be achieved only based on the type 1 guanine crystals but
with experimentally observed microplate assemblies.

Compared with using simplified modeling, there is an
essential difference in the requirement of the types of guanine
crystals to realize the polarization-insensitive silvery reflection
when considering the complexities in the original structure.
Although simplified models cover the dynamic range of
thickness variation of the cytoplasm spacing, one important
difference that has been neglected in previous mechanism
studies is the random stagger arrangement of the guanine
microplates between adjacent layers caused by the variation of
the sizes, morphologies, cytoplasm spacing, and orientations of
the microplates. The essential difference in the requirement of
the guanine crystal type to interpret low-polarization silvery
reflections indicates the great importance of the 3D spatial
arrangement in understanding the optical effects of guanine
crystal-based optical elements.

2.4. Comparison with Two Hypothetic Structures.
The effect of the crystallographic characteristics on the optical
performance was further examined by comparative modeling
studies. Two hypothetical models were constructed using the
same geometrical setup as in Figure 3A obtained exper-
imentally, while the guanine crystals are type 2. Compared with
the ″true″ model, the crystallographic orientations of the
guanine microplates were modified by orienting one of the
high-index optic axes toward the microplate normal direction.
The other two optic axes are parallel to the large face of the
microplates. In the first hypothetical model (denoted as the
″aligned model″), each guanine crystal’s low-index optic axis is
always along the positive z direction. In contrast, in the second
hypothetical model (denoted as the ″random model″), the
orientations of the guanine microplates are orthogonal to the
setup in Figure 3B−D. We also made a schematic diagram in
Figure S4 to make it easier to understand the difference of the
models for comparative studies.

The reflectance and polarization degree of the reflected light
from the ″aligned″ and ″random″ models were calculated
(Figure 4A−C). Compared with the reflections from the two
hypothetic models, the biological selection of the guanine
crystal type with the low-index optic axis along the normal
direction of the guanine crystal microplates (the ″true″ model)
could enhance the reflectance and reduce the polarization
degree in the visible light range, optimizing the metallic-like
silvery reflection. By replacing the birefringent guanine crystals
with the hypothetic isotropic guanine component in optical
properties (the refractive index is ∼1.65), the reflectance from
the true structure is reduced (Figure S5) and the polarization

degree is increased to a relatively high level, especially for large
incidence angles (Figure S6). This comparison further
demonstrates the advantage of the biological selection of the
type 1 guanine crystals in diminishing the polarizing effect in
the guanine assembly of the multilayer structures in the subject
spider reflection system. In addition, the simulation results
show that the reflection behavior from the ″aligned″ model
exhibits the highest polarization degree and the lowest
reflectance across the visible light range, in stark contrast to
the ″true″ and the ″random″ models. The large difference in
the reflection properties from the ″true″, ″aligned″, and
″random″ models indicates the importance of the knowledge
of the birefringence distribution of the guanine crystals when
studying the optical performance of such guanine crystals-
involved systems. The results also suggest that the low
polarization could not be achieved only by virtue of the
structural arrangement of the guanine assembly but is the
result of the cooperation with specific crystallographic
characteristics of the individual guanine crystals. In addition,
we also test the ″random″ model on the simplified model 2 as
in Section 2.2. The simulation results shown in Figure S7 still
demonstrate a relatively high polarization degree for some
spectral ranges, which demonstrates that low polarization will
not occur when only random crystallographic orientations
exist, further indicating the importance of the knowledge of the
3D structural arrangement in investigating the optical perform-
ance of the related structure. The systematic comparisons
indicate that the low-polarized silvery reflection is achieved as a
synergistic effect of the spatial arrangement and crystallo-
graphic orientations.

To further understand the exceptionally high polarization of
the reflected light from the ″aligned″ model, we examined the
p- and s-polarized components in the reflection, respectively
(Figure 4C). It was found that the reflectance of the s-polarized
light was much lower than all the other situations, resulting in
the highest polarization and lowest reflectance for unpolarized
light in the ″aligned″ case. The calculated profiles reveal a
significant difference in the propagation behavior of the s-
polarized light under this ″aligned″ birefringence distribution
state, as exemplified in Figure 4D,E. The localization of light48

can frequently occur due to the appearance of local disorders
for both p- and s-polarized light in the ″random″ and ″true″
models and the p-polarized light for the ″aligned″ model. The
localization of light appears to rarely happen for the s-polarized
source in the ″aligned″ model. From such a strong correlation,
we assume that the localization of light might play an essential
role in enhancing the reflectance. Figure 5 and Figures S8 and
S9 provide more profiles of the electric field strength in the
″aligned″, ″random″, and ″true″ models for p- and s-polarized
incident light. More details of such differences in the light
propagation for different sources can be seen in the enlarged
images in Figure 5C.

For the type 2 guanine crystals, the increased randomness of
the in-plane crystallographic orientations can lead to an
essential difference in the behavior of s-polarized light when
propagating in the assembly structure of the guanine crystals in
the subject spider. Compared with the ″aligned″ model, the
light is inclined to be more intensively localized at various
regions in the ″random″ model with the increase of the
randomness of the in-plane crystallographic orientations
(Figure 5C,D). With the same assembly structure, the reflected
light is highly polarized for the ″aligned″ model, especially for
the large incidence angles. In the ″aligned″ model, the p-
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polarized light performs better than the s-polarized light, and
most of the p-polarized light can be reflected over a large range
of incidence angles. From the electric field strength
distribution in Figure 5E, it can be seen that despite the
small difference in the ultimate reflectance between the p- and
s-polarized light (Figure 4A,B) for the ″true″ model, the
prevention of the propagation of the s-polarized light was
mostly realized in the outermost region of large stacks of more
regularly and densely packed guanine crystals of a larger size,
especially for the shorter wavelength region. The smaller
guanine crystals in the middle and innermost region also play
an important role in the prevention of the light propagation for
the p-polarized light in the ″true″ model. The p-polarized light
was intensively localized in the more interior regions, while the
s-polarized light was more intensively localized in the
outermost region. The s-polarized light also performs better
in the ″true″ model than in the ″random″ model in terms of
reflection (Figure 5D,E), with only the change of the type of
guanine crystals.

3. CONCLUSIONS AND DISCUSSION
This study identified a natural guanine crystal-based multilayer
reflection system, which can reflect polarization-insensitive
silvery color with only type 1 guanine crystals. First, we take
advantage of serial microtoming and SEM imaging and obtain,
for the first time, the 3D guanine crystal-based optical structure
with nanometer resolution in the abdomen of the model spider
P. rubroargentea. The reflection properties of high reflectance
and low polarization were obtained by direct optical modeling
based on the original structure of the guanine crystals in this
system. This study examined the assembly of the guanine
crystals in the multilayer reflector systems. A comparative
study was performed on four different cases of the crystallo-
graphic orientations: the idealized model with strictly aligned
guanine crystals, the ″true″ model with the type 1 guanine
crystals, and the ″aligned″ and ″random″ models with type 2
guanine crystals. The study demonstrated that the low-
polarized broadband reflection originated from (a) the
biological selection of type 1 guanine crystals and (b) the
structural arrangement of self-assembling-like random stagger-
ing, which exhibits larger randomness in the interior side of the
cell and tends to be more aligned toward the edge side of the
cell. The results show that the spatial arrangement and
crystallographic distributions work synergistically to influence
the reflection behavior. This natural reflection system has
biologically selected the type of guanine crystals with the low-
index optic axis along the normal direction of the microplates,
together with the random stagger arrangement in assembly, to
enhance the reflectance as well as to reduce the polarization
degree. The localization of light was suggested to play an
important role in realizing the polarization-insensitive silvery
reflections. This silvery reflection is presumed to have
developed as a disguise, as it appears similar to the sparkling
water droplet in the rainforest environment.49 The polar-
ization-insensitive silvery reflection from the highly birefrin-
gent guanine crystal has been previously studied using
simplified models based on periodically layered structures. In
addition, the presence of type 2 guanine crystal with the low-
index optic axis parallel to the large exposed surface was a
necessity.7−10 Optical modeling based on the original structure
in the model spider in this study reveals an essential difference
in the requirement of the guanine crystal type to realize the
polarization-insensitive silvery reflection. The low-polarizing

broadband reflections can be realized in this novel system in a
more efficient way compared with previous models in terms of
the requirement of both the layering number and the crystal
type. This study indicates the importance of the knowledge of
the 3D assembly and crystallographic characteristics in
understanding the optical performance of a guanine crystal-
based natural reflection system.

In view that only the type of the guanine crystal that has a
high-refractive-index large surface was found in many similar
silvery reflection systems, this work suggests that these
biological systems may exploit the synergistic effect of the
cooperation of the structural arrangement and the particular
crystallographic characteristic to optimize the silvery reflec-
tions. Compared with exquisite control over the ratio of the
two types of guanine crystals, the cooperation of biological
control over the crystallographic orientation of the incorpo-
rated guanine crystals and self-assembly might be more energy
cost-efficient and more favorable by relevant natural silvery
reflection systems. Biogenic guanine crystals are widely
employed in natural optical systems and are found with
many different biofunctional assemblies. As a readily available
organic material, the guanine crystal holds a great potential in
applications in bioinspired optical devices due to its high
refractive index and bio- and environmental compatibility.
Understanding the assembly−function relation in relevant
natural optical systems can promote bioinspired fabrications
and designations of advanced optical devices.

4. MATERIALS AND METHODS
4.1. Sample Preparation and Image Acquisition. For this

study, preserved museum specimens of Phoroncidia rubroargentea
were examined from the collections of both the Museum of
Comparative Zoology (MCZ) and the California Academy of
Sciences (CAS) where they were stored in 70−80% ethanol (MCZ
IZ 143122, 32022, 50966, 53933, and 54189; CASENT 9057540,
9003201, 9057570, 9057533, 9057528, 9057542, 9057554, 9057519,
9057544, 9002297, 9002378, 9002420, and 9003465). These spiders
were examined using a Leica MZ 12 microscope with Leica Plan Apo
1.6× objective lens (MCZ IZ specimen 50966), optical and scanning
electron microscopic (SEM) imaging (CASENT 9057540), and SEM
imaging and embedded for microtoming. The spider’s remains will be
stored at the respective institutions.

Spiders were embedded and prepared using a standard preparation
technique for microtoming. They were rehydrated in a stepwise
fashion: sequentially from the original 70 to 50% (30 min) to 30% (40
min) and water (20 min). Then the tip of a blade was inserted
between the two anterior spines and above the base of the pedicel
before submerging the specimen in the following solutions: 4%
paraformaldehyde, 1% glutaraldehyde, and 0.1 M HEPES overnight.
The fixed spiders were washed with 0.1 M HEPES (10 min) three
times and then four times by milliQ water (15 min) on ice and then
dehydrated sequentially at a low temperature with increasing
concentrations of ethanol beginning with 50% ethanol on ice (45
min), 70% ethanol at −20 °C (30 min), and 95% ethanol at −20 °C
(30 min). Next, we infiltrated the spider sample with an ethanol/
London Resin (LR) white mixture with increasing resin concen-
trations: 1:1 ethanol/LR white at −20 °C overnight, 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, we put the spider specimen in an oven-dried gel
capsule in LR white with her spines pointing down at −50 °C
overnight in an oven (DX300 Yamato Gravity convection). Once
polymerized, we removed the gel capsule, trimmed the resin block
with a razor blade, and prepared slices using a Leica Ultra-
tomicrotome UCT.

Utilizing the combination of serial microtoming and high-
resolution serial-section electron microscopy (ssEM),50 we sectioned
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the silvery region of a female Phoroncidia rubroargentea (Berland,
1913) abdomen and took the images for the physical slices as they
were obtained. We sliced the specimen using a step length of 65 nm.
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 imaging size, the images for different parts of one
physical slice were taken respectively.

4.2. Image Processing. In subsequent image processing for two-
and three-dimensional structural characterizations, the different
section images as obtained in Section 4.1 for one physical slice
were stitched together to get a complete image for the physical slice.
All the slice images were assigned to get the image series for the
subject silvery region. The stitching and alignment were done in the
TrakEM project in ImageJ.51 This technique of automated serial
sectioning in combination with electron microscopy has been
successfully applied to the large volume nanoscale imaging of a
broad range of materials systems, especially biological tissues and
structures such as characterizing the brain. This technique allows
researchers to resolve both individual features down to the nanoscale
and 3D structural mapping of a large region.

The image segmentation was done in ImageJ for the three-
dimensional structural characterizations, and the volume and surface
rendering was realized in Avizo and Blender, respectively. The
quantitative structural analyses were made using Avizo based on strict
isolation and identification of each individual guanine crystal as one
entity for statistical analyses.

4.3. Optical Modeling. The implementations of the 3D optical
simulations in this work were all done using the finite-difference time-
domain (FDTD) method and realized using the software Lumerical
FDTD Solutions. The birefringence orientations were assigned to
each guanine crystal separately in the simulation models. In the
FDTD optical modeling, we used the plane wave of light in the
BFAST mode, allowing light incidence at large angles, and the PML
boundary condition. For the optical modeling in Figure 2B−D, the
simulation time was set to be 10,000 fs for the optical modeling, the
mesh accuracy was set to be 4, and the auto shut off min was set at 1e-
06. For the optical modeling in Figure 2B, the box size was 2000 ×
2000 × 6000 nm for the modeling with 5 layers, 2000 × 2000 × 7000
nm for the modeling with 10 layers, 2000 × 2000 × 9000 nm for the
modeling with 20 layers, and 2000 × 2000 × 11 μm for the modeling
with 30 layers. For the optical modeling in Figure 2C, the box size was
2000 × 2000 × 9000 nm. For the optical modeling in Figure 2E,F, the
simulation time was set to be 1,000,000 fs for the simplified model 1
and 2, the mesh accuracy was set to be 5, and the auto shut off min
was set to be at 1e-7. The size of the simulation box was 3000 × 3000
× 35,000 nm for the simplified model 1 and 3000 × 3000 × 58,000
nm for the simplified model 2. For the modeling in Figures 3−5, the
size of the simulation box was 25 × 19 × 8 μm, the simulation time
was set to be 1e12 fs, the mesh accuracy was set to be 5, and the auto
shut off min was set at 1e-7.
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