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Abstract
Bioinspired from structural coloration of butterfly wing structure, this work aims to fabricate nanoporous chitosan for
UVC reflection. By taking advantage of self-assembled polystyrene-b-polydimethylsiloxane (PS-b-PDMS) with double
gyroid texture followed by hydrofluoric acid etching of PDMS block, nanoporous PS with well-defined nanochannels
can be fabricated, and used as a template for templated crosslinking reaction of chitosan through a multiple pore-
filling process. Well-ordered nanoporous chitosan with shifting networks in nanoscale can be successfully fabricated
after removal of the PS template. With the low absorption of chitosan in the ultraviolet region and the shifting
networks for opening the bandgap, it is appealing to exploit the nanonetwork chitosan as high reflective materials for
UVC optical devices, as evidenced by finite-difference time-domain (FDTD) simulation and optical measurements
experimentally.

Introduction
Observing the amazing creatures from nature, species

such as butterflies exhibit beautiful colors on their wings;
those colors are mainly attributed to the optical properties
of photonic crystals within their constituent structures of
the wings1–9. Among different photonic crystal systems of
butterflies, single gyroid structure can be found in the
families of Papilionidae and Lycaenidae, giving structural
coloration10–12. For the single gyroid in butterflies’ wings,
it is originally obtained from the self-assembly of triblock
or pentablock copolymers that gives double gyroid11,13;
with the morphological evolution of millions years, a
single gyroid can be formed by a series of degradation and
oxidation to acquire the high reflectivity14. Most intrigu-
ingly, despite the typical quasi-ordered feature of the
structure (the orientations are not aligned homo-
geneously), three-dimensional (3D) photonic crystals

found in natural species still give conspicuous structural
colors14–17. Chitin, the common constituted material of
the butterfly wing, have been exploited in many industrial
fields such as food and medicine, wound caring, tissue
engineering and sensing18–22. Owing to the extreme sta-
bility of chitin in common solvent, how to process chitin
for applications remains challenging. As a result, chitosan
(deacetylated from chitin) which can be slightly dissolved
in acidic water is much more favored due to its feasibility
for processing into desired morphologies23.
Bottom-up approaches such as synthetic block copoly-

mers (BCPs) with the ability to self-assemble into spec-
tacular nanonetwork structures, in particular gyroid
structure, have been demonstrated as an emergent means
for the fabrication of 3D photonic crystals with the length
scales analog to wavelengths in visible to UV light
region24,25. Yet, those bottom-up approaches face tre-
mendous challenges of sliver window in phase diagram for
network phase formation fabricating in cost-effective
ways26,27. Note that it is feasible to acquire single gyroid
by selective removal of one of networks from self-
assembled triblock copolymers, such as PI-b-PS-b-PEO
and PI-b-PS-b-PLA28,29. Yet, the synthesis of triblock
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copolymer is not easy, which requires precision synthesis
for the control of volume fraction of constituted blocks to
acquire network phases; also, the phase behaviors will be
extremely complicate. On the contrary, one can easily
acquire network phases from self-assembled PS-b-PDMS
by solution casting using selective solvent due to its high-
χ character30,31. By taking advantage of network shifting
after removal of matrix, it is feasible and facile to acquire
network structure with single-gyroid-like photonic prop-
erties from diblock copolymer; that is a cost-effective
method as compared to the one from triblock copolymer.
With the degradable character of constituted compo-
nents, well-ordered nanoporous polymers could be fab-
ricated from BCP with gyroid-structured nanochannels as
templates by selective degeneration of constituted blocks
in the BCP32–38. Most importantly, the forming networks
from original coherent networks in double gyroid would
shift randomly toward each other after removal of the PS
matrix, resulting in unique shifting-network structure39.
This shifting-network structure can be referred to
shifting-gyroid structure, which gives a single gyroid-like
diffraction instead of double gyroid diffraction under
scattering. Consequently, this shifting-network structure
can give appealing optical activities, such as partial
bandgap and topological effects, giving a feasibility of
fabricating synthetic photonic crystals in cost-effective
way40. Note that, generally, if the feature size of the
structure is comparable to the wavelength of incident
light, the structured materials with ordered texture may
give high reflectance in accordance with specific

wavelength; that is referred as photonic crystals41,42. By
contrast, while the feature size (pore size or domain
spacing) of the structure is smaller than the wavelength of
incident light, the structured materials might give anti-
reflective character; that is referred as optical metama-
terials with subwavelength properties38,43.
Biomimicking from butterfly wing structure, this work

aims to fabricate high reflectance materials in UVC
region at which the responsive wavelength is comparable
to the interdomain spacing of the gyroid texture; that is a
cost-effective method as compared to the one from high
Mn dibock copolymers and triblock copolymers. As
reported by our group, gyroid-structured polystyrene-
block-polydimethylsiloxane (PS-b-PDMS) can be simply
acquired from an originally symmetric composition in
volume fraction for constituted blocks through solution
casting by using a PS selective solvent30,44. Moreover, it
is necessary to have the materials with low absorption for
high reflectance; there are only a few materials posses-
sing low absorption in the UVC region. Chitosan is one
of the materials that is suitable to serve the purposes
with low absorption and reasonably high dielectric
contrast to provide the required photonic properties.
Owing to the low solubility of chitosan, one-step process
is impractical to complete the aimed templated synthesis
for replication of the template texture. To completely
pore fill the template, a multiple pore-filling process was
thus developed, and the aimed replication could be
achieved by templated crosslinking as demonstrated. As
illustrated in Fig. 1, the PS template, fabricated from the

Fig. 1 Schematic illustration of fabricating gyroid-structured nanoporous chitosan. Solution-cast PS-b-PDMS with gyroid-texture is first treated
with hydrofluoric acid aqueous solution to etch the PDMS block. After degeneration of the PDMS, nanoporous PS with gyroid-structured
nanochannels can be obtained. Subsequently, chitosan aqueous solution with the crosslinking agent is pore-filled into the PS template through
multiple pore-filling process, giving gyroid-structured PS/chitosan nanocomposites. After removal of the PS template, well-ordered chitosan with
gyroid-structured nanonetworks can be fabricated.
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self-assembly of PS-b-PDMS followed by hydrofluoric
acid etching of PDMS, is pore-filled by immersing into
acetic acid aqueous solution of chitosan. Considering
the relatively low solubility of chitosan (2 wt%), it is
impractical to achieve complete pore-filling through a
single-step process. To address this problem, a cross-
linking agent, glutaraldehyde (GA), is introduced for
templated crosslinking of the chitosan to give the feasi-
bility for multiple pore-filling process for achieving
complete-filled chitosan to preserve the template struc-
ture. Subsequently, after removal of the PS template,
nanoporous nanonetwork chitosan with gyroid texture
can be fabricated. To our knowledge, this would be the
first example to fabricate well-ordered nanonetwork
chitosan, giving single-gyroid-like photonic behaviors.
The suggested photonic behaviors for the optical per-
formance of nanonetwork-structured chitosan with sin-
gle gyroid-like optical characters are demonstrated by
using finite-difference time-domain (FDTD) simulations
and evidenced by optical measurements.

Methods and materials
Materials
PS-b-PDMS (Mn

PS= 51,000 gmol−1, Mn
PDMS= 35,000

gmol−1, Đ= 1.03, fPDMS
v ~ 0.42 where fPDMS

v is the
volume fraction of PDMS) was prepared by anionic
polymerization as described in previous publication44,45.
To prepare bulk sample with gyroid texture, PS-b-PDMS
was dissolved in toluene at a concentration of 10 wt% in a
vial, and then sealed well by aluminum foil with punch
holes for evaporation of the solvent. Solution-cast sample
was acquired by drying at ambient condition, following by
drying in vacuum oven at 60 °C to remove residual sol-
vent. To acquire nanoporous template, the gyroid-
structured PS-b-PDMS was immersed in HF aqueous
solution (HF/methanol= 1/3 by volume) for a week to
ensure complete degeneration of PDMS block. After
rinsing the HF-etched sample with a mixture of distilled
water and methanol, nanoporous PS template with
gyroid-structured nanochannels was obtained.

Fabrication of gyroid-structured chitosan with multiple
pore-filling process
Chitosan was dissolved in pure acetic acid at a con-

centration of 2 wt% to form a solution with pH < 6 and
filtrated through a filter with pore size of 0.45 μm to remove
impurities. For pore-filling of chitosan, the nanoporous PS
template was immersed in the chitosan solution with
methanol as a surfactant for 30min. The sample was then
rinsed with ethanol to remove residual chitosan solution on
sample surface. The rinsed sample was dried and trans-
ferred into solution of crosslinking agent, glutaraldehyde
(GA), for 30min to crosslink the chitosan molecules. Pore-
filling process was completed after following the procedure

above for multiple times. To remove PS template, the PS/
chitosan nanocomposites were immersed in styrene solu-
tion for 12 h to ensure complete dissolution of PS template.
Consequently, well-ordered gyroid-structured chitosan was
obtained after drying in vacuum over night to remove
residual styrene in the sample.

Transmission Electron Microscopy (TEM)
For the morphological observations by TEM, gyroid-

structured PS/chitosan was prepared by microtoming.
After OsO4 staining for one day, a JEOL JEM-2100 LaB6
transmission electron microscope was used at an accel-
erating voltage of 200 kV.

Field-Emission Scanning Electron Microscope (FESEM)
For the morphological observations by FESEM, gyroid-

structured chitosan was prepared after removal of PS
template. A HITACHI SU8010 scanning electron micro-
scope was used at accelerating voltages of 10–15 kV.

Small-angle X-ray Scattering (SAXS)
SAXS experiments were conducted at the synchrotron

X-ray beam-line BL23A at the National Synchrotron
Radiation Research Center (NSRRC) in Hsinchu to
examine the forming gyroid structure of chitosan.

Optical measurements of gyroid-structured chitosan
To precisely control the thickness of the sample, Leica

Ultramicrotome was used to acquire the microsections
from bulk and the thickness was confirmed by single-spot
thickness measurements. The film thickness was measured
by a reflectometer (Filmetrics F20) which is available for
thickness ranging from 15 nm to 70 μm. The microsections
were transferred onto quartz substrate after microsection-
ing followed by UV degradation for 24 h for complete
removal of the PS template as evidenced by FTIR mea-
surements. The optical property of the fabricated gyroid-
structured chitosan film was measured using a balanced
deuterium halogen source (Ocean Optics DH-2000-BAL)
as a broadband optical source with wavelength ranging
from 230 nm to 2500 nm and a spectrometer (Ocean
Optics USB 4000) coupled with a fiber (F600-UVVIS-SR)
as a detector. The substrate with microsections of gyroid-
structured chitosan was clamped on a substrate holder
which was mounted on the XYZ linear translation stage
and located between the light source and detector. The
transmittance spectra were recorded by Ocean Optics
Spectrasuite software with a 120ms integration time.

Results and discussion
Gyroid-structured nanoporous chitosan via multiple pore-
filling process
Following the well-established methods developed by

our laboratory, gyroid-structured PS-b-PDMS could be
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obtained from lamellae-forming PS-b-PDMS by casting of
toluene (a PS-selective solvent) solution44. Nanoporous
PS with gyroid-structured nanochannels could be fabri-
cated after etching of PDMS in the PS-b-PDMS by using
hydrofluoric aqueous solution (see Fig. S1 and SI for
details), and then used as a template for templated
crosslinking reaction of chitosan. Owing to the low
solubility of chitosan, it is reasonable to expect that only
small amount of chitosan could be crosslinked by glu-
taraldehyde. To increase the amount of chitosan pore-
filling into the PS template, a multiple pore-filling process
was introduced. After pore-filling of chitosan aqueous
solution, the sample was transferred into dilute GA
solution for crosslinking. Subsequently, the sample was
rinsed to remove the residual crosslinked agent. This
process was repeated several times until the PS template
was fully pore-filled. After completion of crosslinking
reaction, the pore-filled chitosan can thus be firmly
formed within the template for the next cycle. The
functional groups of NH2 will partially convert to imine
groups (C=N) after crosslinking, leading to the deposi-
tion of the chitosan within the PS template. Furthermore,
unreacted NH2 group can be used as a reactive site for
crosslinking reaction in the consecutive pore-filling pro-
cess (see Fig. S2 for the details of the crosslinking reac-
tion). Figure S3 shows the TEM micrograph of PS/
chitosan nanocomposites after different pore-filling cycles
followed by templated crosslinking at which the bright
microdomain is the PS and the dark microdomain refers
to stained chitosan (C-O-C bond) by OsO4. As shown in
Fig. S3a, only a thin layer of chitosan could be found in
the micrograph, indicating that only a small amount of
chitosan deposited on the inner wall of the nanochannels.
After five pore-filling cycles with templated crosslinking
reaction (Fig. S3b), the formation of chitosan nanonet-
works can be partially recognized. With the pore-filling
cycles more than ten, as the one after fifteen cycles
(Fig. S3c), a gyroid [110] projection with the connecting
nanonetwork texture can be found, reflecting the forma-
tion of the gyroid-structured PS/chitosan nanocompo-
sites. For comparison, the PS/chitosan nanocomposites
were fabricated without using crosslinker. As shown in
Fig. S4, only a small amount of chitosan could be
deposited in the template. The morphological results
indicate that the suggested multiple pore-filling process
with the use of crosslinker indeed provides the feasibility
for the fabrication of PS/chitosan nanocomposites.
The formation of gyroid-structured nanocomposites

was further evidenced by 1D SAXS profiles. As shown in
Fig. 2, characteristic reflections of a double gyroid struc-
ture at the relative q values of √6:√8:√16:√32:√40:√52 can
be identified, suggesting the formation of gyroid-
structured nanochannels in the PS. The inter-domain
distance of (211) plane (d211) of the gyroid was calculated

to be 61.2 nm from the primary peak, giving the lattice
constant of 150 nm for a unit cell. After multiple pore-
filling process, the reflections of the PS/chitosan nano-
composites at the relative q values of √6:√8:√40:√52 can
then be identified, suggesting well preservation of double
gyroid morphology after pore-filling followed by tem-
plated crosslinking reaction. In contrast to the PS/chit-
osan nanocomposites, an additional reflection at the low q
region can be found after removal of PS template, giving
the reflections at the relative q values of √2:√6:√8 for
nanoporous chitosan. According to previous study, the
appearance of the additional reflection (√2) is mostly
attributed to the shifting of two coherent networks after
removal of the template, resulting in the breaking of
inversion symmetry of double gyroid phase39. The resul-
tant structure in the sample thus leads to the similar X-ray
scattering profile from single gyroid. To verify the sug-
gested shifting network structure based on the diffraction
results, the nanoporous chitosan fabricated was directly
observed by FESEM. As shown in Fig. 3, chitosan nano-
networks can be found in the FESEM micrograph but
unlike the typical double gyroid texture. Instead, the
reposition of two frameworks both with trigonal planar
networks can be clearly observed, giving a shifting

Fig. 2 1D SAXS profiles of the fabricated samples. 1D SAXS profiles
of nanoporous PS template, gyroid-structured PS/chitosan
nanocomposites, and chitosan nanonetworks after removal of PS
template.
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network structure. As shown in Fig. S5a, significant
shifting of the dual networks can be found at which the
red and blue trigonal planar junctions are lean by each
other that breaks the inversion symmetry of double
gyroid. On the other hand, Fig. S5b shows the shifting
behavior of the nanonetworks along different direction,
revealing that there are different degrees of shifting in
various directions after removal of the PS template due to
numerous grain boundaries in self-assembled BCP.
Namely, the overall shifting behavior can be viewed as
random shifting, resulting in the diffraction results similar
to the one from single gyroid structure, which is in line
with the SAXS results39. Unlike the butterfly wing struc-
ture (nanoporous chitin), which required specific enzymes
for fabrication of nanonetworks followed by a series of
chemical reduction to give single gyroid texture; in this
study, a simple method was proposed to fabricate the one
with single-gyroid-like structure by templated synthesis of
chitosan followed by physical shifting after removal of the
template. By taking advantage of the well-defined struc-
ture of the nanoporous PS template with the multiple
pore-filling process for templated crosslinking reaction,
this would be the first example to fabricate well-ordered
chitosan with single-gyroid like nanonetworks. Following
our previous study, interesting photonic crystal behaviors
(i.e., partially-opened bandgap) can be acquired by using
this shifting network structure for optical devices39.

Photonic properties of chitosan nanonetworks
For the optical application of the well-ordered nano-

porous chitosan fabricated, the first requirement is to
have a low degree of absorption for the materials used.
Figure S6a shows the transmittance spectrum of a chit-
osan film with a thickness of 1.5 μm from UV to visible
region. Despite the fringe print profile due to thin-film
interference, the chitosan film gives a transmittance level
above 95% in a broad wavelength range above 230 nm to
visible region; there is a significant decrease on the

transmittance below 230 nm, which is attributed to the
n → σ* transitions of the auxochrome from the lone pair
of amine group46. The high transmittance character
indicates that chitosan is applicable to be a widely-used
optical material, especially in UVC region. To further
examine the expected performance as high reflectivity, the
extinction coefficient and the refractive index of chitosan
were measured by ellipsometer. As shown in Fig. S6b, the
extinction coefficient of chitosan is below the order of
10−3 in the wavelength region from 230 nm to the visible
region, implying an extremely low level of absorption.
Below 230 nm, the absorption dramatically increases,
which is in line with the transmittance measurements.
The refractive index of chitosan exhibits a normal dis-
persion relation with wavelength, ranging from 1.55 at
360 nm to 1.61 at 235 nm. Note that the performance of
reflection is strongly dependent upon the refractive index
contrast (i.e., the dielectric constant contrast) with air. As
a result, it is appealing to exploit the well-ordered chit-
osan nanonetworks fabricated as high reflective films in
the UVC region. To demonstrate the feasibility of using
the gyroid-structured nanoporous chitosan fabricated for
optical applications, in particular for the performance
of high reflective materials in UVC region, a series of
simulations were carried out. The corresponding reflec-
tion spectra were simulated by using the software package
of Lumerical Solutions based on the finite-difference
time-domain (FDTD) method47. The analytical equation
of the gyroid surface can be approximated by using fol-
lowing expression.

sinXcosYþ sinYcosZþ sinZcosX ¼ t

where X= 2πx, Y= 2πy, Z= 2πz, ∣t∣ ≤ 1.413. In this
simulation, the volume fraction of the double gyroid is
set to be 37% according to the fabricated sample,
constructed by two intertwined single gyroid networks
with a volume fraction of 18.5% (t= ±0.958). To system-
atically examine the optical properties of the shifting-
gyroid networks, the double gyroid structure with
different relative displacements between the two inter-
twined networks were constructed by applying a coordi-
nate transformation to above equation. One network of
the double gyroid networks is fixed while the other
network is shifted along each axis in a Cartesian
coordinate system. Figures S7a–c are the illustrations of
the shifting networks with the displacements along x, y,
and z-coordinates, respectively; note that the simulated
results should be scalable. Structures with different
amounts of shifting were acquired by setting different
displacements in the range of ±0.5a. In our previous
work, a random-shifting double gyroid structure with
breaking symmetry can be achieved by subgroup sym-
metry operation, leading to the opening of bandgaps39.

Fig. 3 Morphological characterization of the fabricated sample.
FESEM micrograph of the gyroid-structured chitosan nanonetworks
after removal of the PS template by using styrene monomer.
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Similar behaviors were also reported in a shifting double-
diamond titania scaffold48. Therefore, it is of great interest
to examine the evolution of reflection properties when
breaking the structure symmetry by introducing a
displacement between two networks. Meanwhile, the
fabricated nanonetwork chitosan films may consist of
multiple domains with different orientations. Note that
even without highly ordered structures, high reflection
could still be achieved in an otherwise multi-domain
structure from multiple grains with specific crystal
orientations, similar to the scenario of coloration in many
species10–12. For a gyroid-structured thin film from
the self-assembly of BCPs, double gyroid with (211) plane
parallel to surface is commonly found due to surface
energy consideration49,50. Also, the gyroid-structured thin
film with (111) plane can be frequently found in the
examination of the structural coloration of butterfly
wing51,52. We therefore simulated the reflection spectra
of a finite gyroid slab along [211] and [111] directions as
model systems for expected optical properties. Note that
the coordinate of the above equation could be simply
rotated by applying a 3D rotation matrix for the
construction of double gyroid structure along arbitrary
directions.
To yield high reflection along [211] and [111] directions,

we first inspected the band structure without shifting to
look for possible frequency ranges with high reflection in
common. Figure 4a shows the band structure and the
corresponding reflection spectrum along [111]. We found
that there is a Bragg bandgap between the 3rd and 4th
bands at 0.99 < ωa/2πc < 1.11 (denoted by ★), yielding a
high reflection of ~100% in the spectrum. Figure 4b shows
the band structure and reflection spectrum along [211]
direction. There is a high reflectance band around the
normalized frequencies of 0.95 ~ 1.05 (denoted by ▲). By
comparing the reflection spectra in Fig. 4, a band of

interest around a normalized frequency of 1.02 can be
identified at which a high reflection band will be exhibited
in both directions. A lattice parameter of 280 nm was
used to demonstrate the feasibility of using the fabricated
chitosan nanonetworks for high reflection band in the UV
regime. Next, optical properties of the shifting double
gyroid networks were examined. The reflection spectra
were simulated with a thickness around 2 μm. Figure S8a
shows the reflection spectra of [111] direction in which
the shift is along x direction within a maximum shifting
extent of ±0.2a. The high reflection band arising from
Bragg resonance is centered around 265 nm, and only a
slight change of bandwidth can be found under different
shifting amounts. Figures S8b, c are the reflection spectra
for shifting along y and z-directions, respectively. In
general, the high reflection band can be maintained
regardless of the displacement (degree of shifting) and
shifting direction, suggesting that the reflection band
along [111] is quite robust against the shifting of the
network. Figures S8d–f show the reflection spectra of
[211] with shifting along the x, y, and z-directions,
respectively. A high reflection band centered at 280 nm
with a bandwidth around 30 nm could be observed in all
cases except for +0.2a shifting of x-direction, and only a
slight change of bandwidth was found under different
degrees of shifting amounts. The results indicate that the
high reflection bands are quite robust in spite of the
physical shifting after removal of the PS template, giving
feasibility to achieve expected optical properties. To
exemplify conditions of expected optical properties, a
scenario where two domains with different orientations
are adjacent in space was proposed for simulation. As
shown in Fig. S9a, the simulated reflection spectra along
(211) and (111) planes were presented separately, indi-
cating that the reflection bands from these two planes
locate at slightly different wavelength ranges. When these

Fig. 4 Simulated photonic bandgap of gyroid-structured nanonetworks. The band structures and reflection spectra of fabricated gyroid-
structured nanonetworks along a [111] and b [211] directions. The bandgap and corresponding high reflection areas are denoted by ★ and ▲,
respectively. The inset figures are the illustrations of the double gyroid structures with specific orientations.
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two domains are weighted by different compositions
(volume ratios), as shown in Fig. S9b, reflection spectra of
a slab consisting of two domains shows the collective
optical response with the highest reflectance occurred at
the wavelength where the original reflection spectra of
these two planes overlap. It can also be inferred that the
optical properties of the slab are mainly governed by
the domain with a larger volume fraction. Consequently,
the reflection properties of the shifting double gyroid
slab could thus be tailored by domain spacing and
orientation accordingly.

Optical measurements of gyroid-structured nanoporous
chitosan
The thin-film samples with single-gyroid-like struc-

tured chitosan were characterized by optical measure-
ments for examination of simulated photonic behaviors
(see experimental section in detail). For the optical signal
in UVC region, transmittance measurements with higher
reliability were carried out using a broadband light
source available at the current stage with a wavelength
range down to 240 nm. As shown in Fig. 5, the trans-
mittance levels were recorded for the nanonetwork
chitosan fabricated with a thickness ranging from 200 to
500 nm. For the film with a thickness of 200 nm, the
transmittance result exhibits a pronounced dip around
260 nm. With the increase of film thickness, the results

show that the transmittance dip can still be persistently
identified for the chitosan films though it becomes less
pronounced due to increasing scattering level inevitably
from grains with different orientations and boundaries of
the fabricated samples. Note that by subtracting and
scattering background and negligible absorption of
chitosan, the transmittance dip can be viewed as reflec-
tion peak. To validate the photonic behaviors of chitosan
with single-gyroid like structure from the observed
transmittance dip at 260 nm, FDTD simulation was
carried out for the fabricated samples. Given the lattice
constant of 150 nm, as calculated from the SAXS results,
the desirable high reflection bands attributed to [211],
[111], and [110] directions are located at approximately
150 nm as predicted (Fig. S10a), which is outside the
range of the device that could be reached at the current
stage. On the other hand, the reflection bands at 220 nm
and 260 nm can also be found, referring to the partially
opened bandgaps of (211) and (110) planes at lower
frequency (longer wavelength), respectively. Moreover,
as shown in Fig. S10b, the reflection band of [110] at
260 nm can be tuned through various degree of network
shifting, resulting in the enhancement of the reflectance.
Consequently, the observation of transmittance dip at
260 nm is referred to the partially opened band gap along
[110] direction whose Bragg bandgap located at nor-
malized frequencies of 1.09 ~ 1.15, which is close to the
high reflection bands of (211) and (110) planes. Note that
the (110) plane may not be a predominant plane normal
to the incident light in the nanonetwork chitosan fabri-
cated; as a result, the reflectance result will be less sig-
nificant than the simulation one with the scenario by
assuming a monograin sample.
As evidenced by the expected optical signal and multi-

domain scenario, it is promising to derive highly
reflective chitosan nanonetworks with the character of
low absorption in UVC region with appropriate tuning
of the dimension of forming gyroid. By virtue of the low
loss nature of chitosan in the UV region, the high
reflection bands at lower wavelength could be red-
shifted to desired wavelength range by further increasing
the lattice constant of the gyroid-structured chitosan
networks5,52,53. Some advanced approaches have been
developed to control the domain spacing of gyroid block
copolymer photonic crystal by solvent vapor annealing
and selective solvent evaporation54. By tailoring the
domain spacing and featuring the optical characteristics
of the gyroid morphologies with different structural
properties, the high-reflection wavelength range could
be freely scaled to the band of interest. Such scalability
of gyroid-structured chitosan networks provides a ver-
satile route to achieve high reflection in the UV region
and might find broad applications in optical devices for
UV applications.

Fig. 5 Transmittance measurement of nanonetwork chitosan thin
films. Transmittance spectra of gyroid-structured nanoporous
chitosan monoliths fabricated with thickness ranging from 200 to
500 nm.
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Conclusions
In conclusion, gyroid-structured nanoporous chitosan

could be successfully fabricated for the first time by
using a nanoporous polymer from the self-assembly of
PS-b-PDMS followed by hydrofluoric acid etching of
PDMS block as a template for templated crosslinking
reaction. A process using multiple pore-filling cycles
with the use of crosslinking agent was developed to
achieve the fabrication of the well-ordered chitosan
from templating. Bio-mimicking from the structural
coloration of butterfly wing structure, the fabricated
nanoporous chitosan with shifting gyroid-structured
nanonetworks and extremely low absorption gives rise
to the appealing applications as UV optical devices for
high reflectance, in particular, in the deep UV region for
the development of optical devices such as UV light
emitting diodes (LEDs).
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