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Biomimetic of Nature: Stimulus-
Responsive Structural Coloration in
Polymeric Photonic Crystals

Photonic crystals, such as butterfly wings,

opals and bird feathers, are commonly observed
in nature. They all exhibit fantastic and shiny
colors that cannot be acquired on simply mixing
pigments. This effect is attributed to the arrange-
ments of long-range order of the self-assembled
microstructures on a sub-micrometer scale.
Because of the ordered arrays with varied refrac-
tive indexes, visible light traveling through such
microstructures might encounter an inhibiting
band that causes visible light to be reflected out,
namely a photonic band gap. For light transport
in photonic crystals with structures of long-range
order, multiple Bragg reflections result in compli-
cated photonic band gaps between photonic band
structures, providing opportunities to control the
light propagation. Many frontier and practical ap-
plications such as optical communication, highly
reflecting materials, laser cavities and display
pixels have been proposed. Biomimetic of nature,
photonic crystals have drawn intensive attention
of scientists. In 2015, a research team of Yeo-Wan
Chiang (National Sun Yat-Sen University) report-
ed an efficient and convenient means to fabricate
polymeric photonic crystals of large microdomain
through “bottom-up” methods, in particular from
the self-assembly of block copolymers (BCP).
They discovered an interesting red- and blue-
shifting reflectance with stimulus-responsive

and reversible optical properties in these BCP

photonic thin films.

According to their recent reports,l’2 this team de-
veloped a facile, rapid and robust self-assembled
technique to fabricate one-dimensional photonic
crystal thin films of large area from polystyrene-

block-polyisoprene (PS-PI) BCP of large molecu-
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lar mass and featuring highly oriented lamellar
microstructures. They found that unique red-
and blue-shift reflective bands depending on
solvatochromism could be produced in films
of PS-PI BCP gels using a non-selective neutral
solvent as an external stimulus. As the internal
microstructures have size hundreds of nanome-
ters, it is impractical to determine the morphol-
ogy and packing structure of the microdomains
using a regular microscopy and light-scattering
methods. To investigate the mechanism of the
color change of the photonic gel films associated

with the microstructural orientation and solvent

concentration, Chiang and co-workers hence con-

ducted advanced ultra-small-angle X-ray scattering

(USAXS) and grazing-incidence ultra-small-
angle X-ray scattering at BL23A1. With a well
controlled beam quality via
careful calibration of the
size, direction and intensity
of the beam, information
about the internal micro-
structures of size hundreds
of nanometers in a visible
photonic crystal became
resolved in the ultra-small
angle region, in which

the distance between the
sample and the 2D detec-
toris S m, much larger than

that in typical SAXS.

Microphase-separated
morphologies of the
PS-PI BCP as cast with
molecular mass large but

variable were then exam- .
from Ref. 1]
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Fig. 1: TEM micrographs and 1-D USAXS profiles of photonic PS-PI BCP. (a)
PS/PI1-260/278, (b) PS/P1-340/363 and (c) PS/P1-505/520 BCP. [Reproduced

ined with a transmission electron microscope
(TEM) and USAXS. The TEM micrographs
show well ordered lamellar microstructures in
PS/P1-260/278, PS/PI1-340/363 and PS/PI-
505/520 BCP (Figs. 1(a)-1(c)). In Fig. 1(d), the
USAXS profiles show reflections at relative g*
ratios 1:2:3, confirming the formation of lamellar
microstructures in these PS-PTBCP. A progressive
shift of the first reflection maximum to smaller
galso indicates an extension of the long periods
with increasing BCP molecular mass. In general,
the reflective color from a one-dimensional

(1D) photonic crystal depends strongly upon
the microstructural spacing. Accordingly, as the
long period of the BCP lamellar microstructures
expands, the wavelength of reflective electromag-
netic waves also increases because of the increased
optical thickness. Notably, the initially clear PS-P1
solution (i.e, a homogeneous disordered phase)
transforms into a colorful PS-PI gel phase after
solution casting (see insets in Fig. 1). The appear-
ance of color depends on the concentration and

molecular mass of the PS-PI BCP.

For practical applications, a highly aligned BCP

(d)

Log(l) —

3[{“ Sq*

PS/P1-260/278
1 T E 7 T ¥ T 7
000 00S 010 015 020 025 030
q(nm')

T T

(a) (b) (c)
t0
|
|
’ I
a jo%
Y s}
] = g
2 g £
£ 2 2
. = [
2 5 2
5 2 P
-4
400 450 00 ss¢ s SO 700 7Se 400 43¢ 00 8¢ 65 C T £ 450 06 S50 &0 850

W avelength (nm)

W avelength (nm)

W avelength (nm)

Fig. 2: Time-dependent optical photographs and corresponding reflectivity profiles for shear-aligned (a) PS/P1-260/278, (b) PS/PI1-340/363, and (c) PS/P1-505/520 BCP photonic

gel films. Here t, denotes the initial time of measurement of the reflectance after shearing [Reproduced from Ref. 1]



Fig. 3: Cross-sectional TEM micrographs of shear-aligned PS/PI-340/363 films
after complete evaporation of the solvent. The inset shows the corresponding USAXS

pattern. [Reproduced from Ref. 1]

photonic film is critical and necessary. For instance, with varied viewing angles,
one can see varied coloration of butterfly wings or opals, i.e, reflective light of var-
ied wavelength because of distinct structural orientations. This team performed a
facile process, oscillatory shearing, to generate 1D BCP photonic crystals of large
area with highly aligned microstructures, which can give more uniform reflec-
tance with narrow bandwidth. After shearing, the optical properties of the BCP
photonic gels were examined with a spectrometer microscope equipped with an
optical spectrometer. In Fig. 2, the shear-aligned PS-PI BCP photonic gel films

all exhibit uniform and strongly reflective colors over the entire area in the state

as sheared (£,). Most interestingly, the time-dependent reflectivity spectra show
that the red-shift reflective bands are obtained first and blue-shift reflective bands
arise subsequently during the evaporation of the solvent or with elapsed time. The
reason is a consequence of the variation of the BCP lamellar long period resulting
from the competition between the swelling due to increased segregation strength

and the contraction due to solvent evaporation for the BCP long period.

Through the observation of reflective colors for the PS-PI BCP gels, the effect of
molecular mass on the reflected wavelength is also significant. With increasing
molecular mass, reflective bands are found at longer wavelength. As observed, the
maximum positions of the reflective bands for shear-aligned PS/PI-505/520, PS/
PI-340/363 and PS/P1-260/278 are 666, 509 and 460 nm. Interestingly, these
PS-PI BCP films can still exhibit uniform reflective colors for the entire area even
though time is protracted (f=£, + 120 h), indicating that highly aligned lamellar mi-
crostructures of large area are preserved after evaporation of the solvent. The cross-
sectional TEM micrograph and anisotropic 2D USAXS pattern confirmed the
long-range and highly aligned lamellar microstructures to be oriented parallel to the
shear direction (Fig. 3(a)), which differs significantly from the disoriented lamellar
morphology in the unsheared sample (Fig. 3(b)). As aresult, PS-PI BCP photonic

crystals of large area can be implemented using an oscillatory shear stress.

Taking advantage of the photo-induced cross-linking characteristics of PS and PI
blocks toward UV irradiation, a well defined photopatterned thin- film photonic
crystal can be generated via masking, The exposed region can exhibit either a
lower red-shift reflectivity or an unresponsiveness toward an external stimulus
(i.e, solvent) through control of its duration of exposure to UV irradiation. This
approach appears to be a facile and efficient means to design patterns for stimulus-

responsive thin-film photonic reflectors. (Reported by We-Tsung Chuang)

This report features the work of Yeo-Wan Chiang, Edwin L. Thomas and their co-
workers published in Macromolecues 48, 4004 (2015).
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Charged Lipid Exchange
Between Oppositely
Charged Bicelles

I YOS

Rﬁcent work in National Tsing Hua University yielded the results

of the first study on charged lipid-exchange kinetics using novel disc-
shaped bicelles (lipid bilayer micelles). Lipid transport and lipid
exchange are important biological processes to maintain the lipid
composition. Defects in lipid trafficking and an incorrect lipid distribu-
tion in membranes can result in severe disease, but knowledge oflipid
transport or exchange kinetics is limited; it is essential to understand
the lipid-exchange mechanisms. The movement of lipids among
various bilayers is diversified. Intra-bilayer lipid transfer includes lateral
diffusion and flip-flop between the two leaflets of the bilayer. For
inter-bilayer lipid exchange, several paths include monomer diffusion
through the aqueous phase, inverse flip-flop via transient contact, lateral
diffusion when hemifusion occurs and direct insertion. Several factors
are also found to affect significantly the lipid-exchange kinetics, such as
concentration, temperature, ionic strength and lipid species, as well as

the presence of other molecules.

In conventional experiments, the lipid exchange is monitored using
vesicles or supported lipid bilayers. Using time-resolved neutron scatter-
ing with deuterated lipids, the evolution of scattering intensity due to the
exchange of the protonated and deuterated lipids between the originally
protonated and deuterated vesicles can reveal the lipid exchange and flip-
flop kinetics. Apart from investigating the movement of zwitterionic lip-
ids using neutron scattering, the present work with time-resolved small-
angle X-ray scattering (SAXS) that monitors the structural evolution

of mixed oppositely charged bicelle complexes extracts only the inter-
bilayer exchange of charged lipids. Because of the symmetric structure
of the disc bilayer, the effect of flip-flop on the lipid exchange becomes
eliminated. Unlike using vesicles, the planar structure of the disc bilayer
also eliminates the effect of curvature on the lipid-exchange kinetics. The
disc-shaped bicelles of diameter about 20 nm are large enough to mimic
the lipid membrane, which is ideal for study of the lipid-exchange kinet-
ics. The bicelles can be doped with charged lipids to control their surface
charge density for study of the charged-lipid exchange kinetics.

When the prepared bicelles of equal concentration but oppositely
charged were mixed at equal volume, they immediately formed one-
dimensionally stacked bicelle aggregates, with the positively charged
and negatively charged bicelles in alternating order; the solution
became slightly opaque. Figure 1 shows transmission electron micro-
scope (TEM) images of 15 % charged cationic and anionic bicelles,
before mixing and the mixture of cationic and anionic bicelles a few
minutes after mixing. The anionic and cationic bicelles are doped with
1,2-dipalmitoyl-sn-glycero-3-phospho-(10-rac-glycerol) (DPPG) or
cationic cholesterol 3b-[N-(NO,NO-dimethylaminoethane)-carbam-
oyl] (DC-cholesterol) respectively. The bicelles in the aggregate are in
close contact with each other because of the strong electrostatic attrac-
tion between the oppositely charged bicelles. The exchange of charged
lipids between the oppositely charged bicelles gradually decreases the

net bicelle surface charge density and weakens the electrostatic attrac-
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Fig. 1: Top: TEM images and photos of both negatively and positively charged bicelles

(15 % charge doping with DPPG and DC-cholesterol, respectively) before mixing, and
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the mixture a few minutes after mixing, Bottom: Time-resolved SAXS profiles from

amixture of oppositely charged bicelles as a function of the interval after mixing. The

schematic of structural evolution is shown also to illustrate the gradual dissociation of

the bicelle stacks into free bicelles as a result of gradual neutralization of the charged

bicelles due to exchanging the charged lipids. [Reproduced from Ref. 3]

tion between the oppositely charged bicelles;

as a result, the bicelle stacks become shorter.

The bicelles in a stack also become less tightly
bound, resulting in an increasing d-spacing (repeat
distance of the bicelles in the stack). Eventually,

all bicelles become free isolated bicelles with a net
charge about zero. The dissociation of the bicelle
stacks is detectable with SAXS. The SAXS profiles
showed that the lamellar diffraction peaks of the
bicelle stacks gradually disappear into the form
factor structure of isolated free bicelles. Figure

1 shows the SAXS profiles for the case of 15 %
doping charge at several intervals together with

schematics of the structural evolution.

By carefully model-fitting the SAXS profiles, the
number of stacked layers, d-spacing of bicelles in
the stack and the fraction of free bicelles can all be
derived, as shown in Fig. 2. The number of stacked
layers decreases with increasing time because

of the gradual neutralization of the bicelles. The
d-spacing gradually increases with time, which
indicates that the average water gap between
bicelles in the stack gradually becomes larger due

to the weakening electrostatic attraction between

the oppositely charged bicelles in contact. The
fraction of free bicelles gradually increases as the
bicelle stacks gradually dissociate. The exchange
of charged lipids was found to possess exchange
kinetics of two kinds; a rapid mode dominates at
the beginning and a slow mode succeeds at a later
stage. Initially, at a large density of surface charge
with almost no free water layer, only bound water,
between the bicelles in the stack, rapid exchange
dominates. At a later stage with a smaller surface-
charge density and wider water gaps, with a free
water layer between the bicelles in close contact,
slow exchange ensues. Such two-stage exchange
kinetics has here been observed in lipid bilayer
systems for the first time. Exchange modes of
these two kinds fit well with the lipid exchange
models of transient hemi-fusion for the rapid

mode and monomer exchange through the aque-

ous phase (the free water layer) for the slow mode.

The hemi-fusion is a much more rapid process;
its time scale is tens of minutes. The monomer
exchange mode would have a much longer time
scale of order hours as the lipids must first escape
from the bilayer, then diffuse through the water

phase and enter the other bicelles again. Both
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Fig. 2: Plots of deduced d-spacing, mean bicelle stack number and fraction of free

bicelles as a function of time after mixing, [Reproduced from Ref. 3]

the water gap with or without a free water layer
and electrostatic interactions are critical factors

to determine the charged-lipid exchange kinetics
between lipid membranes in close contact. The
present observations can be useful for under-
standing mechanisms of membrane fusion and
lipid exchange during vesicle collisions. This work
could be extended to include the role of proteins
in inducing membrane fusion, at which proteins
are thought to decrease the distance between two
bilayers during vesicle contact. The bicelle interac-
tions investigated here should also be useful in
applying bicelles to study various membrane
interactions with antimicrobial peptides and amy-

loid peptides. (Reported by We-Tsung Chuang)

This report features the work of Po-Wei Yang, Tsang-
Lang Lin and U-Ser Jeng published in Soft Matter
11,2237 (2015).
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Developing Piezophototronic Materials
for a Lab-on-a-Chip and Wearable

Electronic Systems

Anewly developed smart and soft material,
composed of photoconductive nano particles and
a piezoelectric polymer, is designed for three-way

piezo-phototronic applications.

The utilization of ferroelectric properties of
polymers has attracted much interest because of
their flexibility, which enables portable electro-
mechanical applications, such as tactile sensors,
non-volatile memories and actuators. Moreover,
piezoelectric polymers facilitate mass production,
and are compatible with standard moulding and

lamination.

To design this newly-developed three-way piezo-
phototronic system, shown in Fig. 1, Wen-Ching
Ko (Industrial Technology Research Institute)
and his Ph.D. adviser Prof. Chih-Kung Lee (Na-
tional Taiwan University) examined the piezo-
phototronic effect. They developed a technique
to apply a piezopotential to modulate the carrier
activities and to adjust the performance of opto-

. . 1
electronic devices.

To improve the sensitivity and light emission of
piezo-phototronics, it is important to understand

the underlying mechanisms. Can the photo-

sensitive carrier activities tune the piezo—electric
property? Can alocal piezopotential control bulk

piezo-tronic devices? What are the kinetics?

E-Wen Huang (National Chiao Tung University),
Wei-Tsung Chuang (NSRRC), and Yu-Hsiang
Hsu (National Taiwan University) developed a
new method to answer the aforementioned ques-

. 2
tions.

They applied, in situ, X-ray diffraction experiments
at BLO1C2 for SWLS - X-ray powder diffrac-
tion and BL13A1 for SW60 - X-ray scattering.
The team works closely with Chung-Kai Chang
of BLO1C2 and Ming-Tao Lee of BLI3AL.

The major diffraction signals corresponding to
photoconductive nano particles and piezoelectric
polymer, respectively, are identified with greater
energy at BLO1C2. The advanced detector of
BL13A1 enables the team to resolve timely the

kinetics.

They systematically investigated the micro-struc-
tural-photon responses of this piezo-phototronic
material subjected to external voltages at a lattice
level. Figure 2(a) shows a conceptual experi-

mental setup. Their results reveal the correlation

S
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between microstructure and bulk performance.

The team demonstrated that the bulk photon-in-

duced piezoelectric responses under illumination

I YOS

are nearly twice those in conditions without light
energy. The direct comparisons are shown in Fig,
3(a) for P(VDF-TYFE) without TiOPc and Fig.
3(b) for (VDF-TYFE) with TiOPc, respectively: In
Fig. 3, the two ordinate axes show lattice informa-
tion on the left and bulk responses on the right.
The blue stars denote the lattice strain on the b-
axis; the red stars indicate the results of bulk strain
(dy;). The solid and empty stars are data measured

with and without illumination, respectively.

Qualitatively, in Fig. 3(a), both bulk and lattice
strains of samples without TiOPc are not influ-
enced by illumination with visible light. In Fig,
3(b), in contrast there is a significant effect on
subjection to visible illumination in both lattice
and bulk levels. Further, both bulk and lattice
strains of P(VDF-TYFE) without TiOPc are
greater than those of P(VDF-TYFE) with TiOPe.

The bulk piezoelectric responses of P(VDF-
TrFE) with TiOPc are decreased on the addition
of TiOPc nano-particles, which implies a weaker
piezoelectric effect, but, when this sample is
illuminated, the bulk piezoelectric responses of
P(VDF-TrFE) with TiOPc become twice those
without light. The lattice responses shown in
Fig. 3(b) (solid @ vs.empty O blue circles) are
much greater than that of the bulk responses, d;;,

(solid @ vs.empty O red circles) subjected to
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Fig. 1: Conceptual ideas to blend (a) photo-conductive nano titanium oxide
(TiOPc) particles with (b) semi-crystalline poly(vinylidene fluoride-co-
trifluoroethylene) piezoelectric polymer (PVDE-TYFE) for (¢) PVDF-TrFE

+ TiOPc composite. [Reproduced from Ref.2]

()

b[y “&lI0

Fig. 2: X-ray diffraction experiments in situ: (a) visible light source; (b) power supply; (c)
illuminated sample; (d) diffraction rings; () light-modulating TiOPc light absorbance spectra; (f)

distortion of PVDF-TYFE lattice corresponding to piezoelectricity. [Reproduced from Ref.2]
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Fig. 3: (a) Macro with light ( % ), macro without light ( ¥ ), b-axis lattice with light

(¥ ), and b-axis lattice without light ( 3% ), strain evolution of P(VDF-TYFE) subjected
to an applied voltage; (b) macro with light (@), macro without light (O), b-axis lattice
with light (@), and b-axis lattice without light (O) strain evolution of P(VDF-TiFE) /
TiOPc subjected to an applied voltage. [Reproduced from Ref. 2]

illumination. The reason is that a bulk specimen containing TiOPc has no

piezoelectric effect.

We followed the method of Huang et al”* to estimate the effective dielectric
evolution based on the lattice response; the normalized dielectric values

are shown in Fig, 4. A lattice-level decay was found during the initial stage of
charging, which differs from a linearly increased bulk strain subjected to an

applied voltage.

These experimental findings allow us to tune and to control a piezopotential-
induced strain for bio-related applications. With further improvement in the

composite fabrication, the piezo-phototronic effect can be tailored. In view
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Fig. 4: Normalized lattice-dielectric evolution subjected to applied voltage: (a) P(VDEF-
TrFE) with TiOPc with light (@) and without light (O); (b) P(VDF-TYFE) without
TiOPc with light (% ) and without light (3% ). [Reproduced from Ref. 2]

of the flexible soft piezo-phototronics, the present results demonstrate the
potential of composites in this new class for photon-modulated piezoelec-

tronics. (Reported by We-Tsung Chuang)

This report features the work of E-Wen Huang, Yu-Hsiang Hsu, Wei-Tsung
Chuang, Wen-Ching Ko, Chih-Kung Lee and their co-workers published in Adv.
Mater. 27,7728 (2015).
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How Do Spinning Processes Affect Nano-Scale Silk
Properties in Nutritiously Stressed Spiders?

Spider major ampullate (MA) silk has excep- bioengineering’”.
tional strength (gram-for-gram greater than
steel), extensibility, and toughness (gram-for-
gram greater than Kevlar®). It is produced within
an aqueous solution at room temperature and is
biocompatible. Hence the commercialization of a
biomimic system to spin fibers that resemble the

natural properties of MA silk is the “holy grail of

It is known that the expressed ratio of two pro-
teins (spidroins), called Major ampullate Spidroin
1 (MaSp1) and Major ampullate Spidroin 2
(MaSp2), can influence MA silk mechanical
properties, and the spidroins expressed can vary

according to a spider’s nutritional uptake. For

instance, spiders on protein poor diets generally
downregulate their expression of MaSp2. The
reason for this is thought to be because MaSp2 is
more metabolically expensive to synthesize than
MaSp1. However, because of the complexities of
silk spinning, changes in MaSp1 and/or MaSp2
expression alone are not necessarily enough to

influence MA silk mechanical properties.1 Thus
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Fig. 1: Representative X-ray diffraction profiles of M silk of N. pilipes that was (a) fed
the protein rich (P) solution and (b) deprived of protein (NP). (c) Mean # s.e. relative
crystalline intensity ratio for the (02 0) and (2 1 0) reflection vectors for silk from
spiders fed either a protein rich (P) or protein deprived (NP) solution. [Reproduced
from Ref. 2]

the mechanisms by which MA silk mechanical properties are affected when the

nutritional intake of a spider changes has been, until recently, uncertain.

In an article recently published in Biomacromolecules Sean Blamires and
colleagues from Australia, Taiwan and the USA systematically tested the influ-
ence of spidroin expression and nano-structural variations as a consequence
of spinning processes on silk mechanics when the giant wood spiders, Nephila
pilipes were fed or denied protein.” Upon completing the feeding experiments
at Tunghai University, silk was extracted from the spider’s spinnerets using a
mechanical spool and subjected to amino acid analysis using reverse phase

liquid chromatography, native state (i.e. dry) mechanical testing at the Indus-

750

5004

Stress (MPa)

Strain (mm/mm)

Fig. 2: Three representative stress-strain curves of native state Nephila pilipes MA silk
from pre-treatment (PT), protein fed (P) and protein deprived (NP) spiders (1,2 and
3) and typical supercontracted (or “ground state”; GS) silks of protein-fed and protein
deprived spiders. [Reproduced from Ref.2]

trial Technology Research Institute, supercontraction (i.e. wet) mechanical
tests at the University of Akron (USA), and wide-angle X-ray diffraction
analyses at BLO1C2.

The shift in amino acid compositions found in the silks of spiders under

the two diets suggested there was down-regulation of MaSp2. However,
there was no correlation between proline composition, an amino acid only
present in MaSp2, and any mechanical property other than the silk's capacity
to shrink when wet. Thus, MaSp2 down-regulation does not explain any of
the variability in mechanical properties found. Figures 1(a) and 1(b) show
representative wide-angle X-ray diffraction profiles of N. pilipes silks across
the two experimental treatments. Further analysis of the wide-angle X-ray
diffraction data showed greater relative crystalline intensities (1,,,/L,,,) in the
silks of the protein fed spiders (Fig. 1(c)). There was also evidence of a greater
amorphous halo in the silks of the protein fed spiders.

Since supercontracting silks in water removes protein alignment in amor-
phous region,3 the supercontraction mechanical tests were done to test the
influence of amorphous protein chain ahgnment on the variations in native
state mechanical properties found between treatments. Since the mechani-
cal properties did not differ between the silks of spiders on the two feeding
treatments when in a supercontracted state but they did when in a native
state (Fig. 2), it was concluded that variations to protein chain alignments in
the amorphous region had a greater influence over silk mechanical property
variations than did any nano-scale variations in the crystalline region. The
study effectively showed that processes acting during spinning influence
amorphous alignment and crystalline density at nano-scales and these have
a greater influence over silk mechanical properties in nutritiously stressed

spiders.

This study significantly enhances our understanding of the mechanisms by
which MA silk mechanical properties change when a spider’s nutritional
intake changes, thus advancing knowledge about how spider silks are spun
and how they achieve their desirable properties. Such findings take us closer
to the goal of developing biomimic systems to spin fibers that resemble natu-
ral MA silk. (Reported by Sean J. Blamires, University of New South Wales,
Australia)

This report features the work of Sean Blamires, I-Min Tso and their co-workers
published in Biomacromolecules 16, 1218 (2015).
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