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interactions with any biomaterial attached, which guide the design of antifouling

coatings. Interestingly, shark scales are with a wide variation in geometry both

across species and body locations, thereby displaying diversified antifouling :
capabilities. Inspired by the multifarious denticles, a stretchable shark scale- ,
patterned silica hollow sphere colloidal crystal/polyperfluoroether acrylate- \
polyurethane acrylate composite film is engineered through a scalable self- [ES
assembly approach. Upon stretching, the patterned photonic crystals feature
different short-term antibacterial and long-term anti-biofilm performances with a
distinguished color response under varied elongation ratios. To gain a better u

ABSTRACT: The stacked riblet-like shark scales, also known as dermal denticles,
allow them to control the boundary layer flow over the skin and to reduce

eleasing

understanding, the dependence of elongation ratio on antiwetting behaviors,
antifouling performances, and structural color changes has also been investigated in
this research.

KEYWORDS: shark scales, antifouling, self-assembly, photonic crystals, structural color

Bl INTRODUCTION which render low surface energies to prevent organisms from
attaching and to facilitate the release of fouling organisms.
Nevertheless, these hydrophobic surfaces are limited by low
moduli of elasticity and poor mechanical strengths. In
comparison with that, slippery surfaces with the use of highly
hydrated zwitterions (e.g, sulfobetaine and glycine betaine)
can remove water from attached organisms, thus deterring the
organisms responsible for biofouling.'”'® Unfortunately, the
design and scalable synthesis of zwitterions remain problematic
and the as-built coatings are not yet commercially available
until very recently. Accordingly, there is an imperative need to
develop environmentally friendly anti-biofouling materials.
Over more than 3.5 billion years of natural selection, living
creatures have created diversified architectures to survive in
diverse harsh environments. For instance, lotus (Nelumbo
nucifera) leaves, prickly pear (Opuntia) skins, nasturtium
(Tropaeolum) petals, bear cicada (Cryptotympana takasagona
Kato) wings, and Formosan subterranean termite (Coptotermes
formosanus Shiraki) wings are covered with waxy nano- and
microstructures.'”~>* The low surface energy of wax allows air

Biological fouling, commonly found on daily necessities,
medical devices and supplies, underwater instruments, marine
vessels, industrial equipment, etc., takes place as highly diverse
bacteria, fungi, algae, or any other unwanted living organisms
attach and grow onto the host surface where water is
present.'~* Take industrial equipment as an example, the
buildup of biofilm on membrane systems causes degradation to
the primary purpose of that, while the colonization of micro-
and macroorganisms in cooling water cycles or inside pipelines
carrying oils with entrained water even poses considerable
safety risks.””” To address the issues, a great variety of
antifouling strategies, including biocides, biodispersants,
thermal treatments, ultrasonic cleaning, and pulsed laser/
ultraviolet irradiation, are introduced to kill or prevent the
organisms from settling.gf]2 Although biocides (e.g., tribu-
tyltin) and organic deposit dispersants have been widely
utilized as antifouling agents, the chemical substances,
unfortunately, suffer from extensive toxicity to marine living
creatures. In contrast, the aforementioned energy methods
provide a nonchemical, antifouling solution by denaturing or
stunning the organisms with energizing of the water. However,
the methodologies require an increased power source use and
inevitably give rise to adverse environmental effects.

In recent years, a great deal of polymeric materials have been
developed to serve as nontoxic antifouling coatings.ls_16
Ecologically inert fluoropolymers are the most common ones,
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to be trapped between the hierarchical structures, bringing
about increased surface hydrophobicities and enhanced self-
cleaning properties. Nevertheless, the water-repellent architec-
tures are short of preventing the formation of slimes and
biofilms. The enlarged surface area, attributed to the increased
surface roughness, makes it more favorable for bacterial
colonization. Compared with these prototypes, some specific
dolphin or shark skins, covered with riblet-like scales, show
remarkable antifouling capabilities.”*** The inclined micro-
meter-scale structures not only offer poor anchor points for
organisms but can also control boundary layer flows to release
biofoulings. Bioinspired by the distinctive surface topologies,
numerous shark scale-patterned coatings have been designed
and built recently.”*"*® However, it remains a challenge to
maintain their self-cleaning and antifouling performances
either in stagnant water or without the presence of water.
Moreover, shark skin-inspired materials with adjustable surface
hydrophobicities and antifouling behaviors are rarely reported,
even though they have been considered as a promising
resolution to a wide range of technological applications, such
as biomaterial separation membranes, tissue cultures, medical
supplies, waste chemical recycling, etc.””™>'

Benefiting from the rapid progress of polymer synthesis and
nanofabrication technologies, polymer-based inverse opal
photonic crystals have gained increasing attention to tackle
incoming challenges. The flexible macroporous photonic
crystals consisting of periodically arranged nanostructures
possess an energy bandgap for the propagation of electro-
magnetic radiation with a particular frequency range.’”
Accordingly, the photonic surface exhibits a striking structural
color, which is determined by the lattice spacing and effective
refractive index of medium. Besides, the introduction of
nanostructures generates an increased surface roughness. It is
believed that the combination of inclined microstructures and
nanostructures could make the surface less favorable for
bacterial sorption, hence leading to extraordinary self-cleaning
and anti-biofouling performances under varying environmental
conditions.”>** Owing to the low Young’s modulus values of
polymeric materials, the patterned photonic crystals can be
easily contorted under external mechanical stimuli. Their
corresponding antifouling characteristics and optical properties
are therefore adjustable through structure deformation.
Unfortunately, most of the macroporous photonic crystals
suffer from poor mechanical stability and durability, which
considerably impede practical applications.”

To eliminate the issues, a number of robust and durable
colloidal crystal/polymer composites have been developed and
well-explored in the past decades.” The spontaneously
crystallized colloidal crystals function as scaffolds to maintain
temporarily deformed structures, accompanied by color
changes, in response to external mechanical forces. In
comparison with intricate and exorbitant lithography-based
technologies, the colloidal self-assembly methodologies render
a relatively simple and inexpensive strategy to fabricate
photonic crystals. However, the bottom-up approaches,
including gravitational sedimentation, capillary-force-induced
assembly, physical confinement, electric/magnetic-field-assis-
ted assembly, etc., are limited by time-consuming and
laboratory-scale productions.”” ™ Apart from that, the small
refractive index differences between commonly used colloids
and polymers generate low color saturation performances and
only allow translucent appearances. Facile and large-scale

fabrication of photonic crystals with reversible mechanochro-
mic responses thereupon remains an unmet yet urgent need.

Herein, a roll-to-roll compatible doctor-blade-coating
technology is developed to assemble hollow sphere colloidal
crystal/polymer composites onto a shark scale-patterned
negative replica. Thanks to its high-throughput coating
speed, a wide range of coating materials, and low coating
material wastage, the coating technology is even suitable for
industrial-scale mass production. Importantly, the elastic
polymer matrix allows mechanical deformation and shape
recovery under ambient conditions. In consequence, tunable
surface morphology and characteristics of the as-engineered
shark scale-patterned photonic crystals can be achieved by
applying external mechanical stimuli. The corresponding
structural color is therefore real-time altered under varied
elongation ratios, realizing perceivable monitoring by readable
optical signals.

B EXPERIMENTAL SECTION

Materials. A male shortfin mako shark specimen, reaching 120 cm
in length, is obtained from Pacific waters around Taiwan.
Glutaraldehyde aqueous solution (25%) and ethanol (95%) are
purchased from Merck. Sylgard 184 poly(dimethylsiloxane) (PDMS)
precursors containing base and curing agents are supplied by Dow
Corning. The chemicals and solvents applied to synthesize silica
hollow spheres, including styrene monomers (99%), potassium
persulfate (>99%), sodium dodecyl sulfate (>95%), anhydrous
ethanol (200 proof), ammonium hydroxide (28—30%), and tetraethyl
orthosilicate (98%), are provided by Thermo Fisher Scientific.
Deionized water (182 MQ cm) purified in a Milli-Q IQ 7003
ultrapure water system is directly used in the experiments.
Commercial UV-curable perfluoroether acrylate (PFA, UV-T)
oligomers and UV-curable urethane acrylate (UA, ETERANE 8928)
oligomers are acquired from Exfluor and Eternal Materials,
respectively. The photoinitiator, 2-hydroxy-2-methyl-1-phenyl-1-prop-
anone (Darocur 1173), is provided by BASF. Gram-negative
Escherichia coli (E. coli, ATCC 23501), employed as a model strain,
is obtained from the Food Industry Research and Development
Institute in Taiwan. The bacterial suspension buffer is acquired from
Gold Biotechnology. Commercial lactate dehydrogenase (LDH) kit,
including Triton X-100 (97%), phosphate-buffered saline (PBS, pH
7.4), sodium L-lactate (>99%), B-nicotinamide adenine dinucleotide
hydrate (S-NAD), diaphorase, bovine serum albumin (BSA, 98%),
sucrose (>99%), 2-(4-iodophenyl)-3-(4-nitrophenyl)-S-phenyltetra-
zolium chloride (INT, 98%), and sodium oxamate, is supplied by
Thermo Fisher Scientific. Tryptic soy broth (TSB), used as culture
media to support the growth of E. colj, is supplied by Cyrusbioscience.
The chemicals used to evaluate long-term antifouling properties,
including glucose, crystal violet (CV, 1%), and methanol (>99%), are
provided by Thermo Fisher Scientific and Merck, respectively. All of
the chemicals are of reagent quality and are used as received.

Instrumentation. Scanning electron microscopy is performed on
a JEOL JSM-7800F field emission scanning electron microscope and a
JEOL JSM-633SF field emission scanning electron microscope. The
specimens are coated with platinum by a Ted Pella Cressington 108
auto sputter coater prior to imaging the surface morphologies. Optical
reflection spectra in the wavelength range from 300 to 700 nm are
collected using an Ocean Optics HR4000 ultraviolet—visible—near-
infrared spectrometer with an Ocean Optics DT-MINI-2 light source.
Uniaxial tensile tests and cyclic tensile tests are carried out using a
Shimadzu Autograph AGS-X series universal testing machine. Water
contact angles are gauged using a KRUSS DSA100 drop-shape
analyzer with a droplet volume of 10 xL under ambient conditions.
The average of 10 measurements on different regions of each
specimen is reported. To evaluate short-term/long-term bacterial
attachments, the absorbances are measured spectrophotometrically at
490 and 590 nm, respectively, using a BMG LABTECH SPECTRO
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Figure 1. Experimental procedures for assembling photonic crystal-based superhydrophobic/antifouling structures using a doctor-blade-coating

technology.

star Nano microtiter plate reader. Optical density (OD) is served as a
rapid proxy measurement of the number of adherent bacteria.

Pretreatment of Shark Skins. Fresh shark skins are collected
from the flank region of shortfin mako shark, the dermal and
subcutaneous tissues of which are detached using a razor blade. After
rinsing with deionized water to eliminate any biological residue on
scales, the shark skins are sandwiched between glass slides and
immersed in an aqueous glutaraldehyde solution (2.5%) for 6 h to
maintain their shapes. Afterward, the skins are dehydrated through
successive ethanol washes (30, 50, 70, 85, 90, 95, and 100%) for 1 h
each, and then are air-dried at 37 °C for 12 h.

Fabrication of PDMS-Negative Replicas. The shark scale
patterns are replicated through conventional soft lithography using
PDMS. A mixture of PDMS precursors containing base/curing agents
at a weight ratio of 10:1 is degassed and then poured onto the shark
skin specimen. After being cured at 65 °C overnight, the solidified
PDMS-negative replica can be gently peeled off from the specimen.

Preparation of UV-Curable Silica Hollow Sphere Disper-
sions. The aqueous emulsion polymerization of styrene monomers is
carried out in the presence of potassium persulfate as an initiator and
sodium dodecyl sulfate used as an anionic surfactant under nitrogen
atmosphere at 85 °C for 12 h.* During the polymerization process,
negatively charged emulsions electrostatically repel each other to
maintain their monodispersity in size. The as-synthesized polystyrene
spheres are rinsed with anhydrous alcohol to eliminate any residual
chemical and then serve as sacrificial templates to develop silica
hollow spheres with controllable size and shell thickness.**** For the
hard-template synthesis strategy, polystyrene spheres are dispersed in
a mixture of anhydrous alcohol, deionized water, and ammonium
hydroxide, followed by swiftly injecting tetraethyl orthosilicate into
the mixture under vigorously stirring at 50 °C. In the sol—gel process,
the hydrolysates of tetraethyl orthosilicate are coupled to form silica
particulates on the polystyrene spheres. The stacked silica particulates
gradually transform into a uniform and smooth shell with the increase
of reaction period, while the surface morphology and shell thickness
are not significantly changed after 12 h. The as-fabricated polystyrene-
core/silica-shell spheres are cleansed with anhydrous alcohol in $
centrifugation and dispersion cycles and then calcined at 560 °C for 6
h to completely remove the polystyrene cores. The resultant silica
hollow spheres are collected and redispersed in an oligomer mixture
containing UV-curable PFA oligomers, UV-curable UA oligomers,
and 2-hydroxy-2-methyl-1-phenyl-1-propanone using a Thermolyne
vortex mixer.

Self-Assembly of Shark Scale-Patterned Composite Films
with Colloidal Crystals Embedded. The as-prepared silica hollow
sphere dispersion is doctor-blade-coated onto the PDMS-negative
replica at a coating speed of S mm/s using an Elcometer 4340
automatic film applicator, during which the blade offers a unidirec-
tional shear force to assemble the silica hollow spheres. The oligomers

are then photopolymerized under UV radiation in a drawer-type
OPAS XLite-500 UV curing chamber. On account of the low elastic
modulus and low surface energy of PDMS, the negative replica can be
easily deformed. After peeling off the PDMS mold, a shark scale
pattern-covered composite film with silica hollow sphere colloidal
crystals embedded is produced.

Tensile Tests. For the uniaxial tensile testing, dumbbell-shaped
specimens with the standard ASTM D412 size (100 mm (length) X 3
mm (width) X 3 mm (thickness)) are cut by a punch and examined
with a crosshead speed of 10 mm/min and an initial grip separation of
25 mm. Young’s moduli of the specimens are calculated to be the
slopes of initial linear regions (strain <50%) of the tensile curves. For
the cyclic loading—unloading tensile testing, dumbbell-shaped speci-
mens are stretched to on-demand strains (10, 20, 30, 40, and 50%)
and then retracted back to their initial lengths at a constant speed of
10 mm/min. The tensile tests of all of the specimens are performed
under ambient conditions.

Analysis of Antifouling Properties. The antifouling perform-
ance is investigated through evaluating short-term/long-term bacterial
attachments on the specimens. Escherichia coli (E. coli) are suspended
in a sterilized saline solution (0.85%) at neutral pH, in which the
concentration of bacteria is adjusted to be ~1 X 10° CFU/mL. In the
short-term bacterial attachment assessment, the bacterial suspension
is deposited onto the specimens and then incubated at 37 °C for 24 h.
Afterward, the specimens are rinsed with sterilized saline to eradicate
any unattached bacteria, while the attached ones are lysed by Triton
X-100 (0.5%) at 37 °C for half an hour. Each of the bacterial lysates is
mixed with a PBS solution containing sodium 1-lactate (12 mg/mL),
PS-NAD (1 mg/mL), diaphorase (0.9 mg/mL), BSA (0.1%), sucrose
(4 mg/mL), and INT (0.067 mg/mL), where the volume ratio of the
lysate to the PBS solution is controlled to be 1:1. The mixture is then
incubated at 37 °C for another 1 h to gradually release LDH from the
lysates. After terminating the reaction by applying a sodium oxamate
solution (16 mg/mL), the LDH present in the resulting mixture is
measured using a microtiter plate reader to determine the number of
adherent bacteria. For the long-term biofilm formation assessment, a
bacterial suspension (1 X 10° CFU/mL) containing glucose (1%) is
deposited onto the specimens and then incubated at 37 °C at a
shaking frequency of 85 rpm for 10 days. During the inoculation, the
culture medium is refreshed with TSB (1% glucose) every 2 days.
After rinsing with sterilized saline, the adherent biofilms are stained
with CV and solubilized in methanol for evaluating long-term
attachment of bacteria using a microtiter plate reader.

B RESULTS AND DISCUSSION

The experimental procedures for engineering shark scale-
patterned composite films with photonic crystals embedded
are schematically illustrated in Figure 1. Dehydrated shortfin
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Figure 2. (a) Photographic image of a piece of shortfin mako shark (Isurus oxyrinchus) skin. (b) Top-view SEM image of the specimen in (a); the
inset displays a higher-magnification SEM image. (c) Photographic image of a templated riblet-like structure-covered composite film with 280 nm
hollow sphere colloidal crystals embedded. The image is taken from the shark scale pattern-covered side of the specimen. (d) Top-view SEM
image, (e) magnified cross-sectional SEM image, and (f) magnified top-view SEM image of the specimen in (c).

mako shark skin specimens are utilized as templates to
fabricate PDMS-negative replicas. The negative replica can be
doctor-blade-coated with a silica dispersion, consisting of silica
hollow spheres, UV-curable PFA oligomers, UV-curable UA
oligomers, and 2-hydroxy-2-methyl-1-phenyl-1-propanone as a
photoinitiator. In the dispersion, the volume ratios of silica
hollow spheres, PFA oligomers, UA oligomers, and the
photoinitiator are controlled to be 74:8:17:1. The mono-
disperse silica hollow spheres, templated from 234 nm
polystyrene cores, are with an average diameter of 280 nm
and an average wall thickness of 23 nm (Figure S1). In the
coating process, the blade renders a unidirectional shear force
for aligning the suspended silica hollow spheres. The shear-
thinning behavior of the silica dispersion results in the
formation of close-packed silica hollow sphere colloidal
crystals. It is worth mentioning that the thickness of doctor-
blade-coated colloidal crystals can be determined through
adjusting the coating speed, the gap size, and the rheological
properties of dispersion.** After polymerization of the
oligomers under UV radiation, a shark scale pattern-covered
silica hollow sphere colloidal crystal/polymer composite film
can be easily peeled off from the PDMS-negative replica.
Figure 2a shows a photographic image of a dehydrated shark
skin specimen. Although distinct lumps or indentations are not
recognized by the naked eye, the skin is covered with highly
ordered transparent placoid scales (Figure 2b). The stacked

micrometer-scale riblet-like scales can be templated into a
flexible PDMS-negative replica (Figure S2), which is then
employed as a second-generation template to pattern the
structures onto a doctor-blade-coated composite film with 280
nm hollow sphere colloidal crystals embedded. The intrinsic
low surface energy of PDMS facilitates the replication of riblet-
shaped patterns without any surface modification. In contrast
to the appearance of shark skin, the as-templated riblet-like
structure-covered composite film exhibits a uniform yellow
color under white light illumination (Figure 2c,d). The
structural color is attributed to Bragg diffraction of visible
light from the three-dimensionally hexagonal close-packed
silica hollow spheres, which are surrounded by a PPFA-PUA
matrix (Figure 2e,f). It is worth noting that the diffraction peak
position of the crystalline structures can be correlated to the
effective refractive index (n) of the medium and the interlayer
lattice spacing (d) using Bragg’s equation™

_ 2 2 2 1/2
jLPeak =2X (fair X Mae +fsi1ica X Mgilica +fPPFA-PUA X "PPFA-PUA) xd

X sin 90°

where f; (043), ny (1), faica (031), ngica (142), forpapua
(0.26), and npppapys (1.48) represent the volume fractions

and refractive indices of air, silica, and polymer, respectively.
The estimated peak position (581 nm) locates within a
wavelength range of 570—590 nm, the yellow region of the
visible spectrum. Moreover, in comparison with the refractive
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Figure 3. Photographic images of a templated riblet-like structure-covered composite film with 280 nm hollow sphere colloidal crystals embedded
under varied elongation ratios. (a) Unstretched state; (b) elongation ratio = 0.1; (c) elongation ratio = 0.2; (d) elongation ratio = 0.3; (e)
elongation ratio = 0.4; (f) elongation ratio = 0.5. The images are taken from the shark scale pattern-covered sides of the specimens.
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Figure 4. (a) Normal-incidence spectral reflection spectra of a templated riblet-like structure-covered composite film with 280 nm hollow sphere
colloidal crystals embedded under varied elongation ratios from 0 (red curve) to 0.5 (pink curve). The arrows denote the corresponding reflection
peak positions estimated by Bragg’s law. (b) Dependence of the optical reflection peak position on elongation ratio.

index difference between ng, (1.42) and Mpolymer (~1.45), a
larger one between the gy, Hollow Sphere (1.14) and the
npprapua (1.48) leads to a higher reflection intensity.46 As a
result, the composite film displays a brilliant yellow color with
high color saturation. The reflection intensity can be even
enhanced through increasing the thickness of colloidal crystals.

Importantly, the PPFA-PUA matrix is with high elasticity
and can be temporarily deformed upon applying a force within
its elastic limit.*’ Owing to that, the elastic deformation of
silica hollow sphere colloidal crystal/PPFA-PUA composite

35315

film under longitudinal stretching allows the embedded silica
colloidal crystals to create a reduced interlayer lattice spacing
(d) (Figure S3), and hence brings about a blue shift of the
resulting bandgap position. The corresponding structural color
therefore shifts from yellow (unstretched state), chartreuse
(elongation ratio = 0.1), green (elongation ratio = 0.2), cyan
(elongation ratio = 0.3), and blue (elongation ratio = 0.4) to
violet (elongation ratio = 0.5) under varied elongation ratios
(Figure 3). Noteworthily, the composite film can temporarily
maintain the stretched structures without applying any contact
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Figure S. Cyclic tensile tests of (a) a PPFA-PUA film and (b) the riblet-like structure-covered silica hollow sphere colloidal crystal/PPFA-PUA

composite film under different strains.

force for a few seconds, and then gradually recovers its original
crystalline lattice. It is of great importance that the recovered
reflection peak position matches well with the initial one
(Figure S4), further demonstrating the restoration of the
crystalline lattice. As would be expected, the reflection peak
position can be reversibly switched for at least 25 cycles, while
the corresponding structural color is turned between yellow

and violet.

To comprehend the mechanochromic characteristics,
normal-incidence reflection spectra of the silica hollow sphere
colloidal crystal/PPFA-PUA composite film under varied
uniaxial elongation ratios are collected using an ultraviolet—
visible—near-infrared spectrometer and compared in Figure 4a.
It is evident that the reflection peak position of the unstretched
composite film locates at 580 nm (red curve), agreeing well
with the theoretical one (581 nm, red arrow) calculated
according to Bragg’s law. This finding even verifies the
hexagonal arrangement of doctor-blade-coated silica hollow
sphere colloidal crystals. It is worth noting that the reflectance
can be further improved though increasing the thickness of
silica hollow sphere colloidal crystals.”® Apparently, the
reflection peak progressively blue-shifts while the composite
film is stretched uniaxially. The peak position turns from 580
to 432 nm as the elongation ratio of the composite film reaches
50%. Interestingly, the peak position shift is in a nearly linear
relationship with the elongation ratio (Figure 4b). The
relationship can also be evaluated using the above-mentioned

Bragg’s equation

’

_ 2 2 2 1/2
jLpeak =2X (fair X Myge +fsilica X Ngilica +fPPFA-PUA X nPPFA-PUA) xd

X sin 90°

where d’ denotes the interlayer lattice spacing of the stretched
composite film with an elongation ratio of & (Figure S3). The
Saior Jfsiticor fPPEA-PUAY Mains Msilicar A0 fippra.pya Values are presumed
to remain unchanged during the uniaxial stretching process,

while d" can be expressed as follows.
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On account of that, the reflection peak position blue-shifts
with the increase of elongation ratio. As disclosed in Figure 4b,
the remarkable agreement between the calculated reflection
peak positions and the measured ones under varied elongation
ratios confirms the high crystalline quality of stretched
colloidal crystals and the faithful mechanochromic tunability.
It is worth mentioning that the introduction of larger silica
hollow spheres generates a larger interlayer spacing. Con-
sequently, it is valid to design and build a shark scale-patterned
composite film with a tunable structural color across the entire
visible spectrum.

The tensile behaviors of a PPFA-PUA film and a riblet-like
structure-covered silica hollow sphere colloidal crystal/PPFA-
PUA composite film are also evaluated in this study. It is
evident that the PPFA-PUA film possesses a remarkable
mechanical performance with a tensile strength of 3.6 MPa and
a strain to failure of 54.9%, while the Young’s modulus is
estimated to be approximately 12.5 MPa (Figure Sa). In
comparison with that, the introduction of silica hollow sphere-
embedded surface patterns undoubtedly improves the
mechanical properties in terms of permanent deformation
and initial modulus. The stress—strain curve of the patterned
composite film presents a tensile stress of 4.5 MPa, a tensile

B+ [(1 + E)D)

1/2

1/2
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Figure 6. (a) Static water contact angles (black solid square) and sliding angles (red hollow circle) of a templated riblet-like structure-covered
composite film with 280 nm hollow sphere colloidal crystals embedded under varied elongation ratios. The solid line indicates static water contact
angles (black hollow square) of a featureless polymer film under varied elongation ratios. (b) Experimental and theoretical projected area fractions
and static water contact angles of the specimen under varied elongation ratios. (c) Side-view SEM image of the specimen in an unstretched state.
(d) Side-view SEM image of the specimen in a stretched state (elongation ratio = 0.5).

strain of 71.6%, and a Young’s modulus of 13.4 MPa (Figure
Sb). To better comprehend the elasticity of the materials, we
perform cyclic tensile loading with a maximum strain of 10, 20,
30, 40, or 50%. Apparently, the hysteresis loop is enlarged as
the strain increases from 10 to 50%, resulting from the stretch-
induced dissociation of weak physical interactions between
polymer chains. Moreover, most of the specimens exhibit
negligible unrecoverable deformations, which further demon-
strate their high elasticities.

Static water contact angles (SWCAs) on the shark scale-
patterned silica hollow sphere colloidal crystal/PPFA-PUA
composite film under varied elongation ratios are subsequently
gauged using a drop-shape analyzer to assess their surface
hydrophobicities (Figure SS). As shown in Figure 6a, the
SWCAs stay almost the same (~110°, black hollow square) on
a featureless PPFA-PUA film against stretching. By contrast,
the SWCA on the unstretched shark scale-patterned composite
film can achieve 141°, which is obviously larger than the ones
either on a shark scale pattern-covered PPFA-PUA film (132°)
or on a silica/PPFA-PUA composite film with silica hollow
sphere colloidal crystals embedded (120°), respectively
(Figures S6 and S7). It is believed that the combination of
micrometer-scale patterns and nanometer-scale protuberances
(Figure 2d—f) considerably reduces interactions with water
droplets, thereby leading to a larger contact angle. The SWCA
on the shark scale-patterned composite film is further increased
upon longitudinal stretching (black solid square), and a
contact angle of 154° is acquired as the elongation ratio of the

35317

composite film reaches 50%. Owing to the diminished
interactions, nonwetting water droplets are apt to roll off the
composite film and eliminate any contaminating substance at a
low sliding angle, estimated by the difference between
advancing and receding water contact angles. In comparison
with the estimated sliding angles of the micrometer-scale
pattern-covered substrate and the nanometer-scale protub-
erance-covered substrate, the shark scale-patterned composite
film presents an even smaller sliding angle (Figures S8 and S9).
This sliding angle exhibits an opposite tendency with respect
to the elongation ratio (Figures S10 and S11), and a minimal
sliding angle of S° can be obtained (red hollow circle) (Figure
6a). Indeed, the surface hydrophobicity and self-cleaning
capability of the shark scale-patterned composite film can be
easily ameliorated through reducing its surface energy. The
experimental observations on the incomplete wetting behaviors
can be4gluantitatively described by adopting the Cassie—Baxter
model

cos@) =fXcosO — (1 —f)

where 0. and 6 stand for the SWCAs on structure-covered
surfaces and featureless surfaces, respectively, while f denotes
the solid projected area fraction. For the unstretched shark
scale-patterned composite film, the original solid projected area
fraction (f,) is determined as a result of cos 141° = f, cos 110°
— (1 = f,). Upon stretching longitudinally, the shark scale
pattern density is inversely proportional to the length of the
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Figure 7. (a) Counts of the bacteria colony forming units on a templated riblet-like structure-covered composite film with 280 nm silica hollow
sphere colloidal crystals embedded under varied elongation ratios. (b) Residual biofilms on a composite film with 280 nm silica hollow sphere
colloidal crystals embedded, an unstretched templated riblet-like structure-covered composite film with 280 nm silica hollow sphere colloidal
crystals embedded, and a stretched templated riblet-like structure-covered composite film with 280 nm silica hollow sphere colloidal crystals

embedded (elongation ratio = 0.5). The scale bar represents 100 ym.

composite film, thereby f can be computed using a simple
calculation as follows.

1

T2 0y

Afterward, the theoretically predicted SWCAs using the
Cassie—Baxter equation are compared with the experimental
ones in Figure 6b. It is found that the theoretical and
experimental results display similar tendencies, though the
experimental ones are slightly larger. This is reasonable as we
assume the solid—water contact area and the length of film are
directly proportional to the reciprocal of each other. In reality,
the shark scale-patterned composite film subjected to a
longitudinal extension in the direction of tensile force (Y
direction) undergoes a lateral contraction in the transverse
direction (Z direction) (Figure S3), which is known as the
Poisson effect. Even though the shark scale patterns are not
directly stretched by the tensile force, the foregoing
contraction causes directionally structural deformations in
the Z direction. As a result, the riblet-like structures tend to
slant upward in the longitudinal stretching process (Figure
6¢,d). The formation of upward-slanting structures generates
even smaller solid projected area fractions (f) and thus brings
about larger SWCAs and smaller sliding angles. This will move
the theoretical curves closer to the experimental results.
Importantly, it is evident that tunable superhydrophobic/self-
cleaning surfaces with visual color responses can be achieved
on the shark scale-patterned composite films. On the contrary,
SWCAs (black solid square) and sliding angles (red hollow
circle) of a silica colloidal crystal/PPFA-PUA composite film
are independent of elongation ratios (Figure S12), though its
color blue-shifts as the composite film is stretched uniaxially.

The integration of riblet-like structures and nanometer-scale
protuberances can even act as an antifouling coating. To
further evaluate its antifouling capability, short-term anti-
bacterial and long-term anti-biofilm performances of the shark
scale-patterned photonic crystals are challenged with E. coli.
After spraying an E. coli suspension (~1 X 10° CFU/mL) onto
the surfaces, the specimens are cultured for 24 h before
determining the equivalent CFU. As would be expected,
hydrophobic surfaces with greater SWCAs and smaller sliding
angles are less favorable for bacterial attachments. In
comparison with the 24 h bacterial attachment on an

unpatterned composite film (~6 X 10° CFU/mL), the number
of adherent bacteria on the shark scale-patterned composite
film is greatly reduced to ~1 X 10° CFU/mL (Figure 7a). To
put it simply, nearly 85% of bacteria are further removed from
the patterned specimen. Most of the bacterial suspension rolls
off the riblet-like structures, leading to the lowering of the
bacterial contamination. Importantly, the short-term anti-
bacterial characteristics can be easily enhanced through
stretching the specimen. The bacterial contamination is even
reduced by another 40% as the elongation ratio reaches 0.5.
The residual bacteria generate extracellular polymeric sub-
stances that facilitate attachment and biofilm formation
whereby the microorganisms irreversibly grow onto the
surface. For the biofilm formation assessment, biofilm attached
on the specimens as stated previously are incubated at a
constant shaking frequency for 10 days and then stained with
CV. As displayed in Figure 7b, the unpatterned composite film
exhibits a uniform deep-blue color, which identifies the
formation of dense biofilm. By contrast, only part of the
shark scale-patterned composite film is tinted with blue color,
while its optical density measured at a wavelength of 590 nm
(ODyy value) is decreased greatly. It is evident that the large
topography variation of micrometer-scale riblet-like structures
provides a physical barrier that prevents bacterial clusters from
expanding into large-area biofilms.’® Importantly, the upward-
slanting riblet-like structures on the stretched patterned
composite film (elongation ratio = 0.5) create an even smaller
friction drag to facilitate boundary layer flow over the structure
surfaces, which further hinders the biofilm formation during
the inoculation. The findings demonstrate that the antifouling
capability, and the corresponding structural color of the shark
scale-patterned photonic crystals can be adjusted through
longitudinally stretching the composite film.

B CONCLUSIONS

By drawing inspiration from shark scales, a roll-to-roll
compatible self-assembly technology is developed to engineer
riblet-like structure-covered photonic crystals, the hexagonally
close-packed silica hollow spheres of which are embedded in a
PPFA-PUA copolymer matrix. The combination of micro-
meter-scale riblet-like structures and nanometer-scale protu-
berances demonstrates an elegant design to reduce interaction
with water droplets and facilitate boundary layer flow over the
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structures. Upon stretching longitudinally, the temporarily
deformed structures bring about different surface hydro-
phobicities, self-cleaning properties, and antifouling capabilities
under varied elongation ratios. In addition, the reduced lattice
spacing of the embedded colloidal crystals allows a remarkable
color change with high color saturation. Such tunable
superhydrophobic/antifouling structures with a visual color
response will ultimately contribute to the next generation of
biomedical, industrial, and environmental biotechnology
applications.
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