
S oft matter can be generalized to encompass 
complicated systems, including colloids, poly-

mers, gels, nanoparticles and various biological ma-
terials. They generally assemble into mesostructures 
of dimensions between microscopic and macroscopic 
scales. Simultaneous small-angle and wide-angle 
X-ray scattering at beamlines TLS 23A and TPS 25A 
provides a powerful tool to capture information 
about self-assembled hierarchical structures of soft 
materials from angstrom to submicrometre scales. 
Understanding the relation between the character-
istics and interactions of the mesostructures could 
efficiently determine their applications. This section 
highlights four articles, in terms of polymer-based 
photonic crystals, self-assembled nanoparticles for 
applications of OLED displays, the compositional 
and conformational responses of membranes after 
calcium binding, and interactions between gold 
nanoparticles and lipids for the prevention of endo-
toxin-induced sepsis, extracted from publications of 
NSRRC users in 2018. The developments of the un-
derstanding about both the mesostructures and their 
functionality are presented for medical and pharma-
ceutical research, polymer engineering and optoelec-
tronic devices from the use of X-ray scattering and 
diffraction. (by Wei-Tsung Chuang)
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Ultra-Bright Perovskite Nanocrystals from a Novel 
Spray Synthesis
A spray-synthesis method to produce novel perovskite nanocrystals (NC) shows an unprece-
dentedly stable absolute quantum yield ≈ 100% for photoluminescence in both solution and 
neat solid films. The highly emissive NC films exhibited a pure green emission with Commis-
sion Internationale de I’Eclairage (CIE) coordinates (0.161, 0.769).

N anocrystals (NC) are nano-materials of length 
less than 100 nm in all three dimensions; their 

optical, electric and magnetic properties vary with 
their size. NC of many kinds emit bright light; their 
bandgaps can be tuned through a wide spectrum 
simply on modifying their size or composition during 
synthesis. NC technology has become popular for 
display and imaging because of the outstanding pho-
toluminescent quantum yields (PLQY), narrow width 
(full width at half maximum, FWHM) in the emission 
spectrum and widely tunable emission wavelengths.

Perovskite NC show promising optical properties and 
simple synthesis. The synthesis of organometallic 
lead-halide perovskite NC typically involves an injec-
tion of the precursors dissolved in an appropriate 
solvent into poor solvents; the perovskite NC then 
crystallize in the poor solvents. The NC formed with 
this method generally possess irregularly spherical 
shapes1 and non-ideal PLQY values. The group led by 
Hao-Wu Lin (National Tsing Hua University) reports 
a new perovskite NC spray-synthesis method (Fig. 1) 
utilizing a traditional perovskite NC synthesis in con-
junction with spray pyrolysis.2 The resulting organo-

Fig. 1:   Illustration of the spay-synthesis method. The droplets 
of precursor solution of micrometer size are sprayed 
into a poor solvent to increase the contact surface area 
between the precursor solution and the poor solvent, 
which synthesizes high-quality perovskite NC. [Repro-
duced from Ref. 2]

Fig. 2:  Schematic representation of the nanomorphology and 
crystal orientation of cubic-shaped NC thin films. [Repro-
duced from Ref. 2]

metallic lead-halide perovskite NC showed a highly 
crystallized cubic shape with absolute PLQY 100% in 
the solution form. In addition, negligible quenching 
was found in neat films, which showed a saturated 
green emission at 526 nm of narrow width and an 
absolute PLQY up to 100%. The morphology of the 
NC was investigated with images from a transmission 
electron microscope (TEM). These spray-synthesized 
NC showed an almost perfect cubic shape, which 
was previously observed in only high-performance 
Cs-based inorganic perovskite NC.3 Grazing-incidence 
wide-angle X-ray scattering (GIWAXS) at TLS 23A1 
was performed to reveal a single crystal-like NC film 
structure; with grazing-incidence small-angle X-ray 
scattering (GISAXS) an average size 14 nm of NC was 
determined. The high crystallinity and size range of 
NC are consistent with those observed in the TEM im-
ages and their fast-Fourier-transform (FFT) patterns. 
The structure and morphology of a film at varied 
scales are illustrated in Fig. 2.

Because of the excellent PLQY of NC films, Lin’s 
team applied them as color-conversion films for 
optoelectronic applications. The pixelated color con-
version was demonstrated utilizing the NC-organic 
light-emission display (ccNC-OLED) structure of col-
or-conversion type, which is shown in Fig. 3. The pix-
elated still image can be converted by the large-area 
NC thin films to green images with a highly saturated 
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color. The color gamut displayed a 15% increment 
compared with a state-of- the-art OLED display be-
cause of the saturated green emission, which corre-
sponds to a wide color gamut up to 119% National 
Television System Committee (NTSC) or 123% Digital 
Cinema Initiatives-P3 (DCI-P3) standard.

In conclusion, Lin’s group demonstrated a novel spray 
method to synthesize highly emissive cubic-shaped 
NC, which are not merely scalable, highly stable and 
extremely emissive even in neat solid films, but widely 

Human-Made Photonic Crystals Superior to a  
Butterfly’s Wings
Human-made bioinspired three-dimensional gyroid-structured photonic crystals reflect de-
sired visible light in a range over the full visible wavelengths, which is superior to a butterfly’s 
wings found in nature. Through novel trapping of structural coloration (TOSC), unique flexi-
ble gyroid-structured reflectors were first-time and efficiently fabricated, possessing diverse 
performance for applications as energy-efficient window, sensor and optical device.

U nlike typical colors from pigments, photonic crystals from self-assembled biomaterials can exhibit a fantastic 
and brilliant structural coloration due to coherent reflection by inner long- or short-range ordered periodic 

microstructures, which formed more than 500 million years ago. Three-dimensional (3D) network-structured 
photonic crystals such as single and double gyroids, single and double diamonds, as well as 3D rod-connected 
amorphous diamond (RCD) microstructures have attracted much attention because of the ease of achieving a 
complete photonic bandgap that can implement the complete reflection of incident light in a desired wave-
length range without angular dependence or iridescence. In theory, the reflectance wavelength of the photonic 
crystal is similar to the dimension of the inner microstructure. For this reason a visible-wavelength photonic 
crystal (400–800 nm) should have a periodicity of its microstructure ranging from 133 to 267 nm based on an 
efficient refractive index (neff) 1.5. This periodicity for the 3D network microstructure is difficult to make by top-
down optical interference or lithographic methods. Difficulties in fabricating such a network microstructure with 
a periodicity matching the visible wavelength have prompted scientists to replicate self-assembled network 
microstructures found in nature. For example, butterfly wings (Fig. 1(a)) and macaw feather bards have been 

Fig. 3:  Illustration of the hybrid ccNC-OLED display. The 
spray-synthesized NC film was bar-coated on a thin glass 
substrate and the substrate was attached onto a cellular 
telephone with an OLED screen. [Reproduced from Ref. 2]

applicable in ccNC-OLED hybrid devices. The stable 
and highly emissive thin films also have properties for 
useful applications in optical-type sensors, bioimag-
ing and luminescent solar concentrators. (Reported 
by Hao-Wu Lin, National Tsing Hua University)

This report features the work of Hao-Wu Lin and his 
co-workers published in Adv. Mater. 30, 1705532 
(2018).
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used as templates to prepare gyroid- 
and RCD-structured photonic crystals, 
respectively, by infiltration and back-
filling. This method is, however, mainly 
inefficient and incapable of preparing 
large-area photonic crystals for practi-
cal applications. 

Bioinspired from nature, Yeo-Wan 
Chiang and his group at National Sun 
Yet-Sen University thus conducted a 
bottom-up self-assembly method1 to 
fabricate bioinspired gyroid-structured 
block copolymer photonic crystals 
(Fig. 1(b)) that possess a functional, 
scalable and highly flexible nature, and 
have prospective use in displays, ener-
gy storage, waveguides, sensors and 
metamaterials. Using ultrasmall-angle 
X-ray scattering (USAXS) at TPS 25A 
allowed them to identify the bioin-
spired artificial gyroid microstructure 
from the self-assembly of block copo-
lymers (Fig. 1(c)). The periodicity of 
the gyroid microstructure was precisely 
determined with that USAXS, valuable 
for the design of a gyroid photonic 
bandgap. 

In general, to reflect visible light, block 
copolymers of ultra-large molecular 
mass (Mm) (Mm > 1,000,000 g/mol) 
having a periodicity corresponding 
to a visible wavelength must be syn-
thesized, but this chemistry is difficult. 
Also, achieving a varied reflectance 
wavelength requires synthesis of 
samples of variable ultra-high Mm, 
so being ineffective. Chiang first pro-

Fig. 1:  Gyroid microstructures found in (a) a natural butterfly’s wing and (b) an artificial block copolymer, polystyrene-block-poly(2-vi-
nyl pyridine) (PS-P2VP). (c) The corresponding SAXS profile of the gyroid microstructures (b) in the PS-P2VP sample, exhibiting 
gyroid reflections at q* ratios √6 : √8: √14. [Reproduced from Ref. 1]

Fig. 2:  TOSC to fabricate a solid gyroid PS-P2VP photonic crystal film exhibiting 
a structural coloration at a visible wavelength. (a) Initial colorless gy-
roid-structured film from spin casting. (b) Red solvated gyroid-structured 
film after immersion in ethanol. (c) Green solid gyroid-structured film after 
complete evaporation of ethanol. After the material is heated in state (c) 
at 110 °C, the green structural coloration disappears, exhibiting a revers-
ible and rapid structural color change. [Reproduced from Ref. 1]

posed a unique physical approach, different from chemical synthesis, 
namely the trapping of structural coloration (TOSC), through which 
solid-state 3D gyroid photonic crystals can be generated by self-as-
sembly (Fig. 2). Most importantly, only four simple steps, including 
preparing the block copolymer solution, fabricating an initial gyroid 
film with spin casting (Fig. 2), immersing the gyroid film as spun 
in ethanol (Fig. 2(b)) and evaporating that ethanol of the gyroid 
film into the atmosphere (Fig. 2(c)), are conducted in sequence to 
achieve this TOSC, revealing a facile and highly efficient method. In 
steps 1 and 2, the solvent is chosen to be neutral for both the PS and 
P2VP block so as to transfer a gyroid morphology of the bulk sam-
ple into the film state. When the initial PS-P2VP film is immersed in 
ethanol and becomes a solvated film as a result of the swollen P2VP 
chains, the periodicity of the gyroid microstructures in the solvated 
film is thus increased so as to reveal a red structural coloration (Fig. 
2(b)). The solvated film is eventually removed from the ethanol on 
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drying. When the ethanol concentration is sufficiently small during drying of the film, the solvated P2VP chains 
attain their glass-transition temperature and thus become glassy. Accordingly, the periodicity of the expanded 
gyroid microstructures of the solvated film can be fixed at a particular instant until drying is complete. The solid 
gyroid photonic crystal could consequently reflect green light (Fig. 2(c)). Moreover, this TOSC process is highly 
reversible. After the green gyroid film is heated at 110 °C, softening of the PS and P2VP chains causes a shrinkage 
of the gyroid periodicity, resulting in a reversion to an initial colorless hue (Fig. 2(c) and 2(a)). 

As mentioned, the duration to dry the ethanol is critical to trap the visible structural coloration. Through control 
of the diffusivity (Fig. 3(a)) and the diffusive distance (Fig. 3(b)) during evaporation, a gyroid block copolymer 
photonic crystal can exhibit a variable and desired structural coloration in the solid state with no need to intro-
duce an additive, which is already superior to a natural butterfly’s wing as we know. For example, an increased 
temperature (or diffusivity) and a decreased film thickness (or diffusive distance) for ethanol drying might 
promote the rate of evaporation of ethanol, giving smaller reflectance wavelengths. This human-made butter-
fly-shaped photonic crystal film made from a TOSC-featured PS-P2VP film also exhibited mechanical (bending) 
properties of great strength (Fig. 3(c)). This technique consequently appears to be promising for the fabrication 
of flexible optical materials.

In summary, Chiang and his co-workers developed this critical TOSC technique for the first time. TOSC facilitates 
the fabrication of a human-made solid gyroid photonic crystal featuring tunable and switchable structural co-
loration without a synthesis to alter the molecular mass. This concept should enable the mass production of 
large-area, visible-wavelength gyroid photonic crystal films; it appears to be applicable to the fields of optical 
communication, energy, light-emission, sensor and display. (Reported by Yeo-Wan Chiang, Nation Sun Yet-sen 
University)

This report features the work of Yeo-Wan Chiang and his co-workers published in ACS Nano. 12, 485, (2018).
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•  Materials Science, Biomaterials, Polymers, Chemistry, Condensed-matter Physics
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Fig. 3:  Reflectance spectra of TOSC-featured gyroid photonic crystal films (a) of thickness 1.6 μm after evaporation of ethanol at var-
ious temperatures, and (b) of varied thickness (0.6, 0.8, 1.6, 2.4 and 3.2 μm) after evaporation of ethanol at 25 °C. (c) Bending 
of a gyroid-structured photonic crystal thin film on a soft and transparent poly(ethylene terephthalate) (PET) substrate. [Repro-
duced from Ref. 1]
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Fig. 1:  Measurement of CMC and d-spacing for LPS in the absence and presence of various SAuNC. The top panels (a) show scattering 
intensities as a function of q, which are signals from nascent LPS aggregates (micelles or vesicles) at varied concentrations, in 
the absence or presence of SAuNC of four types. (b) Measurement of d-spacing of lipid A in the presence of various SAuNC. 
The table summarizes the d-spacing under each condition. (c) A simple model representing the packing density of lipid A in the 
presence of either SAuNC-M or SAuNC-E. [Reproduced from Ref. 1]

Adsorption of Lipid A by Nanogold Clusters Coun-
teracts Endotoxin-Induced Sepsis 
Chemists have succeeded in showing that sub-nanometer gold clusters (SAuNC) can bind an 
endotoxicity active site, which can deactivate endotoxicity for an early prevention of sepsis 
caused by gram-negative bacterial infection.
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T he endotoxin known as lipopolysaccharide (LPS), 
which can be obtained from gram-negative 

bacterial cell walls, is a potent inflammatory activator 
to induce immunological responses. The dangerous 
biological outcomes of endotoxicity, including ex-
cessive inflammation and even impaired immunity 
that can lead to potentially fatal sepsis and shock, are 
understood to be strongly associated with the molec-
ular conformation of lipid A of a lipopolysaccharide 
(LPS) through its influence on the binding affinity of 
the natural host-guest interaction between the endo-
toxin (i.e., LPS) and the toll-like receptor 4 (TLR4)-MD2 
complex. In biological environments the conforma-
tion of lipid A is, however, prone to form a smaller 
packing density because the LPS can spontaneously 
aggregate. 

Using small-angle X-ray scattering (SAXS) and graz-
ing-incidence wide-angle X-ray scattering (GIWAXS), 
Shu-Yi Lin (National Health Research Institutes) and 
her co-workers found two specific sub-nanometer 
gold clusters (SAuNC-M and -E) that can efficiently 
block endotoxin activity by targeting lipid A and 
compacting its intramolecular hydrocarbon chain-
chain distance (d-spacing).1 Direct evidence showed 
an increased critical micelle concentration (CMC) of 
LPS; the d-spacing values of lipid A decreased from 
4.19 Å to either 3.85 Å or 3.54 Å (Fig. 1), indicat-
ing increased packing densities in the presence of 
sub-nanometer gold clusters. In terms of biological 
relevance, the concentrations of key pro-inflamma-
tory NF-κB-dependent cytokines, including plas-
ma TNF-α, IL-6 and IL-1β, and CXC chemokines, in 
LPS-challenged mice showed a noticeable decrease. 

Fig. 2:  Rates of survival of mice with LPS-induced sepsis (25 
mg/kg BW) subjected to treatment with SAuNC of two 
kinds (75 mg/kg BW). The dashed line represents the 
half-percentage survival. M and E indicate SAuNC-M and 
SAuNC-E, respectively. [Reproduced from Ref. 1]

Fig. 3:  Simple model representing the possible correlation between the packing density 
of lipid A of LPS and sepsis progression in the presence of SAuNC. The blue rectan-
gle indicates the formation of a sub-nanometer gold cluster inside a dendrimer, 
in which steps 1 and 2 include the synthesis and alkyl-motif modification of gold 
nanoclusters, respectively, to form anti-endotoxin SAuNC. Please note that the 
conformation of lipid A is depicted as being conical (left side) and then cylindrical 
(right side) in shape to correlate with the change of CMC as well as the difference 
in endotoxicity. [Reproduced from Ref. 1]

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering 
•  SAXS, GIWAXS
•  Soft Matter, Biomedical Materials, Medicine
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(2018).

The treatment of anti-endotoxin 
gold nanoclusters was demon-
strated to prolong significantly the 
survival duration in LPS-induced 
septic mice (Fig. 2), which would 
effectively protect patients from 
systemic inflammatory response 
syndrome (SIRS), septic shock and 
sepsis-induced lethality. Lin and 
her co-workers hope that this find-
ing will be translated into industry 
to address the clinical problem 
(Fig. 3). (Reported by Shu-Yi Lin, 
National Health Research Insti-
tutes)

This report features the work of 
Shu-Yi Lin and her co-workers 
published in Nano Lett. 18, 2864 
(2018).
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Effect of Calcium Adsorption on the Properties of 
Phospholipid Bilayers 
Small-angle X-ray scattering (SAXS), UV-Vis absorption and refractive-index detection are 
integrated to probe the compositional and conformational responses of membranes in nano-
discs after calcium binding.

C alcium ions (Ca2+) play important 
roles in many cellular processes. 

As a messenger, Ca2+ regulates diverse 
signaling processes through interac-
tions with membrane proteins or di-
rectly with cellular membranes.1 Up to 
the present, the corresponding mecha-
nisms of these Ca2+-involved biological 
processes await resolution. Especially, 
how membranes respond to direct 
Ca2+ adsorption remains elusive. Part 
of the difficulty arises from the lack of 
a well defined membrane platform 
and no single tool sensitive enough 
to elucidate the small structural and 
compositional changes in membranes 
after calcium adsorption. Phospholipid 
vesicle bilayers were previously com-
monly adopted as model membranes 
for studies of calcium-membrane in-
teractions, but the instability of vesicle 
membranes towards environmental 
stimulations and high polydispersity of 
size and curvature resulted in scattered 
or inconsistent experimental results.

The rapidly increasing nanodisc technique provides 
stable and highly monodisperse model membranes 
for structural and functional characterizations 
of membrane proteins.2 Nanodiscs are disc-like 
phospholipid bilayers surrounded with membrane 
scaffold protein (MSP) belts; they consist of a lipid 
bilayer of 100–300 phospholipids depending on 
the lipid type and the sequence of amphipathic 
MSP. The planar lipid bilayers in nanodiscs are more 
stable and monodisperse in size than convention-
al vesicle bilayers, allowing an observation of the 
structural changes with decreased complexity in 
structural analysis. The research team led by U-Ser 
Jeng (NSRRC) and Tsyr-Yan Yu (Academia Sinica) 
used MSP1D1(-)- dimyristoylphosphatidylcholine 
(DMPC) nanodiscs as a model membrane system 
and developed a unique approach to probe quanti-
tatively the membrane compositional and structural 
changes upon calcium adsorption at TLS 23A1. 

Fig. 1: Profiles of IUV, IRI, Io-SAXS and Rg extracted from the HPLC/SAXS/UV-Vis/RI 
data of a DMPC nanodisc with CaCl2 (25 mM). The three sets of data were 
measured along one sample elution path at 13 °C. The UV absorption signal 
at 280 nm and the SAXS data were measured at the same sample position. 
The RI profile was measured at a later sample position, but was corrected to 
retrieve the peak profile at the sample position of IUV and Io-SAXS via a calibra-
tion measurement with cytochrome c. [Reproduced from Ref. 3]

Specifically, high-performance liquid chromatogra-
phy (HPLC), SAXS, UV-Vis absorption and differential 
refractive index (HPLC/SAXS/UV-Vis/RI) were inte-
grated to provide full-scope measurements for nano-
discs in calcium solution.3 Figure 1 shows the profiles 
of Io-SAXS, IUV and IRI measured over one HPLC sample 
elution of the DMPC nanodiscs with CaCl2 (25 mM). 
Also shown is the profile of the radius of gyration (Rg) 
extracted from corresponding SAXS data, demon-
strating a highly monodisperse Rg = 43.9 ± 0.1 Å. 
From the peak values of the three overlapped profiles 
of Io-SAXS, IUV and IRI, Nl (number of lipids per nanodisc) 
= 178 and Nc (number of absorbed Ca2+) = 18.8 were 
deduced independently of a model. This result yields 
a substantial calcium-lipid binding with ratio χb (= Nc/
Nl) 0.106. The authors found also that χb increases 
with the calcium concentration, and saturates to χb = 
0.12 at CaCl2 (75 mM), corresponding to a calcium:lip-
id binding ratio 1:8 for the Ca2+-nanodisc complex.
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To unveil the corresponding structural changes in the 
nanodisc upon the significant Ca2+ binding observed, 
Jeng’s group analyzed the SAXS scattering profiles 
shown in Fig. 2(a) using an elliptical cylinder model 
(Fig. 2(b)) to fit the SAXS data. In this model, the 
phospholipid bilayer is represented with a stack of el-
liptical cylinders, with the core cylinder of the bilayer 
lipid chains sandwiched by the top and bottom slabs 
of the lipid heads, and laterally surrounded with a 
shell of MSP. As shown in Fig. 2(a), all features of the 
SAXS data for the case CaCl2 (25 mM) were adequate-
ly accounted with this model. The authors observed 
systematically increased SLD of the lipid head zone, 
ρH, through increased calcium adsorption into the 
phospholipid head region as the CaCl2 concentration 
increased. This effect is accompanied with a swelling 
of the bilayer lipid chain zone (dC altered from 27.5 to 

28.0 Å). The charge interactions between bound cal-
cium ions and the zwitterionic lipid heads inside the 
nanodisc also slightly contracted the area per lipid Al, 
leading to more stretched acyl chains with stronger 
van der Waals interactions for tighter chain packing. 
The observed decreased roughness σ of the phospho-
lipid bilayer is likely a consequence of the enhanced 
lipid-chain packing.

In summary, Jeng’s group developed an integrated 
analytical scheme to reveal the compositional and 
structural changes of the DMPC nanodisc developed 
by Yu’s group after calcium binding based on inte-
grated measurements of HPLC-SAXS/UV-Vis/RI. The 
results reveal the detailed structure of the nanodisc 
and the substantial calcium-lipid binding ratio that 
leads to delicate nanodisc charging and swelling. 
The substantial calcium-lipid binding ratio and leaflet 
potential of the Ca2+-nanodisc complex support a 
possible signaling path via direct calcium-membrane 
interactions. The developed method would greatly 
promote the use of highly monodisperse and stable 
nanodiscs as a promising membrane platform to 
study structural changes and composition reconstitu-
tion of membranes upon incorporation of membrane 
proteins or small ions. (Reported by Orion Shih)

This report features the collaborative work of U-Ser 
Jeng’s and Tsyr-Yan Yu’s groups published in J. Phys. 
Chem. Lett. 9, 4287 (2018).
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Fig. 2: (a) SAXS data measured for a DMPC nanodisc in solutions 
of indicated CaCl2 concentrations at 13 °C. Selectively 
shown is the fitted curve (black) for the data with CaCl2 

(25 mM) using the model shown in (b). Inset: enlarged 
details of the broad hump zone. (b) A core-shell cylin-
der model for SAXS fitting of the Ca2+-DMPC nanodisc 
complex, with core radius R, core cylinder height dC 
(scattering length density ρC) for the bilayer hydrophobic 
alkyl chains, and the top and bottom discs of the same 
slab thickness dH and scattering length density ρH for 
the hydrophilic lipid head-group zone. The shell cylin-
der of width dbelt represents the two MSP that stabilize 
the nanodisc. Small red circles are bound calcium ions. 
[Reproduced from Ref. 3]




