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S oft matter includes liquids, colloids, polymers, 
foams, gels, liquid crystals and various biological 

materials. These soft materials generally assemble 
into mesostructures that are much larger than the mi-
croscopic scale of the arrangement of molecules but 
smaller than the macroscopic scale. The physical be-
havior of mesostructures is difficult to predict, directly 
from their atomic or molecular units, in particular, for 
liquid crystals and polymers. Soft matter is, therefore, 
generalized to a complicated system. The character-
istics and interactions of the mesostructures could 
determine the applications of soft matter. Simulta-
neous small-angle and wide-angle X-ray scattering 
at TLS 23A1 provides a powerful tool to capture 
information about these hierarchical structures from 
angstrom to nano scales for soft materials. 

This section highlights five articles, in terms of 
DNA-dendrimer complexes, lipids, starch, conjugated 
oligomer and polymers, extracted from publications 
of the NSRRC users in 2016. The developments of the 
understanding about both the mesostructures and 
the functionality of those soft materials are presented 
for food science, structural biology, memory and op-
toelectronic devices from the use of X-ray scattering 
and diffraction. (by Wei-Tsung Chuang) 
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M emories of organic field-effect transistor (OFET) type have recent-
ly attracted extensive research interest for their use in wearable 

devices because of their structural flexibility, low cost and ease of process-
ing. Based on an OFET architecture, polymer electret-based memory de-
vices involve one charge-storage layer, prepared from polymer electrets, 
between the gate contact and the organic semiconductor channel (Fig. 
1(a)).1 Memory functionalities typically operate by electrical switching 
from trapped charges in the polymer electret upon applying program-
ming or erasing the gate voltage. The charge-storage capability is hence 
extensively determined by the chemical nature of the polymer electrets.

Donor (D)-acceptor (A) polymers have been widely explored for OFET 
applications, because they can enhance the charge storage through an 
induced intramolecular charge transfer from the donor to the acceptor 
moiety under an applied electric field. It is generally accepted that the 
electrical properties of the fabricated OFET devices are critically depen-
dent on nanostructured layers of polymer electrets. Understanding of 
the crystalline morphologies of D-A polymers and their correlations in 
the device performance would provide decisive notions to design new 
advanced OFET materials for memory devices. Grazing-incidence small- 

and wide-angle X-ray scattering 
(GISAXS and GIWAXS) at TLS 
23A1 is able to capture the nano-
structures of D-A polymers in the 
corresponding memory devices.

An international collaborative 
team led by Wen-Chang Chen 
(National Taiwan University) and 
Toshifumi Satoh (Hokkaido Univer-
sity) has reported a detailed study 
of transistor-type memory appli-
cations from a structural point of 
view of how the D-A block chain-
length ratio of D-A blocks affects 
the performance of memory 
devices.2 In their work, poly(3-hex-
ylthiophene)-block-poly(pendent 
isoindigo)  P3HT-b-Piso with var-
ied chain length of Piso, a new 
D-A rod-coil block copolymer, was 
designed to be the charge-trans-
porting and charge-storage lay-
er for an OFET memory device. 
Distinct phase-separated P3HT 
(donor) and Piso (acceptor) do-
mains respectively function as the 
hole-carrier transport and electron 
trapping, and efficiently prevent a 
charge recombination in the P3HT 
channels. 

Growing fibrillar-like nanostruc-
tures with increasing coil length 
of the Piso block was revealed 
with an atomic-force microscope 
(AFM) and GISAXS (Fig. 1(b)). The 
orientation of molecular packing 
directly dominates the electrical 
properties of the D-A polymers.  
Figure 1(c) shows 2D GIWAXS 
patterns of P3HT-b-Piso thin films 
after annealing. Three diffraction 
signals at (100), (200) and (300) 
along the out-of-plane direction 
and the in-plane diffraction of 
(010) according to the π-π stack-

Fig. 1: (a) Schematic molecular structure of P3HT-b-Piso. (b) AFM image of P3HT44-b-Pi-
so20. (c)-(d) 2D GIWAXS patterns of P3HT44-b-Piso20  and  P3HT44-b-Piso100. [Repro-
duced from Ref. 2]

Generating Digital Signals from Donor-Acceptor 
Block Copolymers
Structural characteristics of donor-acceptor polymers dominate the capability of data storage.

(a)

(c)

(b)

(d)
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Fig. 2: (a) Reversible current response to a write-read-erase-read cycle of a P3HT44-b-Piso20 memory device. (b) Proposed mechanism 
of a P3HT-b-Piso memory device under a voltage bias and illustration of energy levels of P3HT rod and Piso coil. [Reproduced 
from Ref. 2]

A high-pressure/low-temperature (HPLT) system installed to the 
SWAXS endstation of TLS 23A1.

ing indicate an edge-on packing orientation of P3HT 
crystals of the copolymers, but the edge-on orien-
tation of P3HT crystals gradually alters to a flat-on 
orientation as the Piso block length is increased (Fig. 
1(d)). This transition demonstrates that the Piso chain 
length can influence the orientation of molecular 
packing and even the charge-carrier transport. 

From the memory characteristics of P3HT-b-Piso films 
with varied Piso chain length, the storage layer of the 
copolymer with a greater ratio of Piso block exhib-
ited a large memory window but a poor field-effect 
mobility of the devices, because of the destroyed 
charge-transport network of P3HT domains with an 
increased Piso length. When the Piso length is small, 
the hole carrier can pass through a highly crystalline 
P3HT channel with an effective mobility; only few 
electrons can be trapped in the Piso domains, result-
ing in a poor stability of charge-storage retention. 
They found that P3HT44-b-Piso20 at an optimal D/A 
ratio features an appropriate memory window and a 
large mobility. Figure 2(a) shows the switching stabil-
ity between ON/OFF states of a P3HT44-b-Piso20 device 
that was evaluated based on the measurement of a 
write-read-erase-read cycle. In Fig. 2(b), during the 
writing, a positive electric field triggered many elec-
trons at the level of the lowest unoccupied molecular 
orbital (LUMO) of Piso, leading to a positive threshold 
voltage (Vth) shift because the electrons generated 
in the Piso (accepter) domains would induce extra 
holes that accumulated in the P3HT (donor) channels 
before scanning. In contrast, a negative voltage bias 
erased trapped electrons at the Piso domains; Vth then 
returned to the initial state. The results demonstrat-
ed that the device using the P3HT44-b-Piso20 electret 

performed a memory (on/off) ratio about 105 over 
100 cycles and has great potential for OFET memory 
applications. 

This work significantly enhances our understanding 
of the mechanisms of these OFET memory devices 
using the new donor-acceptor P3HT-b-Piso block 
copolymer, advancing our knowledge about how the 
D/A ratio influences the hole mobility and electron 
affinity. Such findings enable us to design new device 
configurations for OFET memories. (Reported by Wei-
Tsung Chuang)

This report features the work of Wen-Chang Chen, To-
shifumi Satoh and their co-workers published in Adv. 
Funct. Mater. 26, 2695 (2016).

TLS 23A1  IASW–Small/Wide Angle X-ray Scattering
• SAXS 
• Materials Science, Thin Films, Soft Matter

(a)
(b)
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D onor-acceptor (D-A) conju-
gated molecules have been 

the main character in the devel-
opment of organic optoelectron-
ics for the past 15 years. Above 
the length scale of a molecule, 
the solid-state morphology acts 
as an important intermedium 
to transfer molecular properties 
into useful device performance. 
Although synthetic chemistry of 
D-A molecules has been vigor-
ously developed, the key factors 
that affect the assembly behavior 
and the lattice structures of D-A 
molecules have been only sparsely 
discussed. 

D-A molecules require accessi-
ble thermodynamic and kinetic 
paths to assemble into an ordered 
solid-state structure. According 
to the Hunter-Sander principle, 
aromatic units in the edge-to-face 
or displaced face-to-face arrange-
ments have favorable π-π inter-
action. As a result, conjugated 
molecules typically have a thermo-
dynamic driving force to assemble 
into ordered phases. Nevertheless, 
D-A molecules are complicated in 
their chemical structures, because 
the molecules possess a (linear 
or curved) conjugated backbone, 
terminal substituents and lateral 
substituents. The easily distorted 
geometry of the conjugated back-
bone and the incommensurate 
packing dimensions of the back-

Packing Principles for Donor-Acceptor Conjugated 
Molecules
Simple packing principles are found in lattices of structurally complicated D-A conjugated 
molecules.

Fig. 1: (a) Packing principles of D-A conjugated molecules. (b) GI-XRD. (c) Electron 
density map of a DTS-F2BT D-A molecule. [Reproduced from Ref. 1 and 2]

fied from the lattices of the con-
jugated molecules with straight 
backbones, whereas scaly packing 
and intercalated packing were 
found in the lattices of those with 
curved backbones. In addition to 
the backbone curvature, terminal 
substituents were observed to 
influence the tilt angle of conju-
gated molecules in the plane of 
the tilted arrangement. Notably, 
because the lateral substituents 
prevent edge-to-face packing of 
the backbones, the (brick wall or 
staircase) face-to-face π-stack-
ing was found in crystals of the 
laterally substituted conjugated 
molecules.  

| References |
1. Y. H. Chou, H. C. Chang, C. L. Liu, and W. C. Chen, 

Polym. Chem. 6, 341 (2015).

2. J. T. Wang, S. Takashima, H. C. Wu, Y. C. Chiu, Y. 
Chen, T. Isono, T. Kakuchi, T. Satoh, and W. C. Chen, 
Adv. Funct. Mater. 26, 2695 (2016).

bone and the substituents make 
the assembled structure not only 
unpredictable but also kinetically 
difficult for the D-A molecules to 
assemble.  

Chien-Lung Wang, Wei-Tsung Ch-
uang and their colleagues at Na-
tional Chiao Tung University and 
NSRRC, summarized more than 
40 crystal lattices of conjugated 
oligomers to identify the packing 
principles for D-A conjugated mol-
ecules1,2. By analyzing the packing 
models of the conjugated mol-
ecules in the crystal lattices, the 
morphological influences of the 
backbone curvature, terminal sub-
stituents and lateral substituents 
of D-A molecules were revealed 
as illustrated in Fig. 1(a). Import-
ant packing models including a 
perpendicular arrangement and 
a tilted arrangement were identi-

(a)

(b) (c)
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Elucidating the DNA-Histone Interaction in a Nu-
cleosome from the DNA-Dendrimer Complex
Using a DNA-dendrimer complex as a model system, synchrotron small-angle X-ray scatter-
ing revealed that the interaction between DNA and the histone protein in a nucleosome is 
beyond electrostatics, as additional specific interactions must exist to fix the DNA superhelix 
around histone and to select the favored DNA sequence to form the nucleosome core particle.

Through scrutiny of the lattices, packing disorder 
was also found in the lattices of D-A molecules. The 
presence of disorder in the lattices implies that attain-
ing a total long-range solid-state order is difficult for 
D-A molecules that are structurally complicated and 
readily distorted. When applied to optoelectronics 
in particular, a short processing time increases the 
possibility of forming thin films of D-A molecules with 
structural disorder. To identify the exact thin-film 
morphology of D-A oligomers, they further under-
took a in situ GI-XRD experiment to identify the phase 
development of a DTS-F2BT D-A molecule, and devel-
oped techniques to transfer the information in the 
GI-XRD pattern (Fig. 1(b)) into a real-space packing 
model of the molecule (Fig. 1(c)). So far, the phase 
behavior of D-A molecules in the formation of active 
thin films remains difficult to comprehend. The work 
of Chuang and Wang represents an important step 
forward in the continuous advances in methods of 
characterization to attain a true structure-property 
relation of D-A molecules in optoelectronic applica-

T he genome of eukaryotic organisms contains 
many genetic codes carried by DNA. The longest 

DNA in a chromosome can extend to as much as 2 m 
in a fully stretched length. As the cell nucleus in which 
the chromosomal DNA is accommodated has di-
mension about 10 μm, the long DNA chains must be 
hierarchically compacted with several levels to fit into 
the limited space of the nucleus. This problem, known 
as chromatin folding, is still under intensive study, as 
the detailed hierarchical structure associated with the 

DNA compaction has not been resolved complete-
ly.1 Chromatin is composed of a basic building block 
called a nucleosome core particle (NCP), which is in-
terconnected by the linking DNA to form the so-called 
beads-on-string (BOS) structure. NCP contains a his-
tone octamer (HO) and the nucleosomal DNA (~147 
bp) that wraps around the HO with a left-handed 
1.75 turn superhelix of which the pitch length is 25.6 
Å. According to the intrinsic charges of DNA and HO, 
NCP can be regarded as an electrostatic complex of a 

tions. (Reported by Chien-Lung Wang, National Chiao 
Tung University)

This report features the work of Chien-Lung Wang, 
Wei-Tsung Chuang and the colleagues at National 
Chiao Tung University and NSRRC published in Chem. 
Mater. 28, 5175 (2016) and Chem. Mater. 28, 8980 
(2016).

TLS 01C2  SWLS – X-ray Powder Diffraction
TLS 17A1  W200 – X-ray Powder Diffraction
TLS 13A1  SW60 – X-ray Scattering
TLS 23A1  IASW – Small/Wide Angle X-ray Scattering
• X-ray Diffraction, Grazing-incidence X-ray Scattering, 

High/Low-temperature Phase Transition, Solution 
and Thin Film Characterization

• Materials Science, Chemistry, Condensed-matter 
Physics, Soft Matter,  Alloy and Inorganic Chemistry, 
Polymer Science

| References |
1. C.-F. Huang, S.-H. Huang, C.-T. Hsieh, Y.-H. Chao, 

C.-H. Li, S.-L. Wu, Y.-F. Huang, C.-Y. Hong, C.-S. Hsu, 
W.-T. Chuang, and C.-L. Wang, Chem. Mater. 28, 
8980 (2016).

2. C.-F. Huang, S.-L. Wu, Y.-F. Huang, Y.-C. Chen, S.-T. 
Chang, T.-Y. Wu, K.-Y. Wu, W.-T. Chuang, and C.-L. 
Wang, Chem. Mater. 28, 5175 (2016). 
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DNA polyanion and a HO macrocation. Using an electrostatic complex of 
DNA with poly(amidoamine) (PAMAM) G6 dendrimer (called dendriplex) 
as a model system, a research team led by Hsin-Lung Chen (National Tsing 
Hua University) has resolved that the attractive interaction between DNA 
and HO is beyond electrostatics. This conclusion was formed on compar-
ing the key structural features of the dendriplex with those of the nucleo-
some array revealed by synchrotron small-angle X-ray scattering (SAXS) at 
TLS 23A1.2 

Dendrimers are a tree-like hy-
perbranched macromolecule 
of a unique type with perfectly 
symmetric branching beginning 
from a central core. PAMAM G6 
dendrimer of diameter ca. 67 Å is 
geometrically similar to HO. When 
one-third of the amine groups are 
protonated, PAMAM G6 dendrim-
er carries approximately the same 
charge as HO; the complex of 
this specific dendrimer with DNA 
might hence serve as a simplified 
model system to facilitate an un-
derstanding of the fundamental 
problems associated with chroma-
tin, including DNA-HO interaction, 
linking DNA formation, and chro-
matin folding.3,4

In the first part of this work, the 
authors investigated the structure 
of the dendriplex formed through 
a pure electrostatic interaction 
between DNA and PAMAM G6 
dendrimer. They found that DNA 
was able to wrap onto the den-
drimer to form the BOS structure, 
of which the pitch was compara-
ble with that in the nucleosome. 
The wrapping trajectory in the 
dendriplex system was, however, 
loose and fluctuating; the dis-
tance between adjacent beads 
(the DNA-wrapped dendrimer) 
was near the diameter of a single 
PAMAM G6 dendrimer, indicating 
that the linking DNA between the 
beads was short, as shown in Fig. 1. 

Fig. 1:  (a) Calculated and experimental SAXS profiles of PAMAM G6 dendriplex. qd 
and qp denote characteristic scattering vectors associated with the interparticle 
distance between the beads and the pitch length of the DNA superhelix, respec-
tively. (b) Coarse-grain model of the BOS structure of PAMAM G6 dendriplex. P 
and d denote the pitch length of DNA superhelical trajectory and the interpar-
ticle distance between the beads, respectively. Rh is the local radius of the DNA 
superhelix. [Reproduced from Ref. 2]

(a) (b)

Fig. 2: (a) Calculated (from nucleosome crystal and coarse model) and experi-
mental SAXS profiles of single NCP. (b) Coarse-grain model of single 
NCP. P denotes the pitch length of the DNA superhelix wrapping 
around HO. [Reproduced from Ref. 2]

(a)

(b)
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Fig. 3: (a) Calculated and experimental SAXS 
profiles of 12-mer nucleosome array. (b) 
Coarse-grain model of 12-mer nucleosome 
array used to calculate the SAXS profile. 
[Reproduced from Ref. 2].

TLS 23A1  IASW – Small/Wide Angle   
   X-ray ScatteringChen’s group proceeded further to resolve the 

structures of NCP and the 12-mer nucleosome array 
prepared by Lars Nordenskiöld’s group at Nanyang 
Technological University, Singapore. The SAXS profile 
of NCP was found to agree satisfactorily with that 
calculated from the crystal structure of NCP, indicat-
ing that DNA wraps around HO through a sustained 
trajectory with limited fluctuations (Fig. 2). The glob-
al conformation of the 12-mer nucleosome array was 
eventually identified through a comparison of the 
experimental SAXS profile with that calculated from 
the coarse-grain model.  The result demonstrates 
that the NCP in the array were well separated with a 
long linking DNA, as shown in Fig. 3.

This work has thus disclosed that both dendrimer 
and HO have the ability to attract a DNA chain to 
wrap around them with a comparable pitch length, 
but the wrapping trajectory in the dendriplex system 
in which only the electrostatic interaction is oper-
ative is loose and fluctuating, whereas DNA wraps 
around HO through a sustained trajectory with lim-
ited fluctuations. Furthermore, the dendrimers in 
the dendriplexes were gathered closely by DNA to 
achieve a minimum Gibbs energy by means of over-
charging, whereas the NCP in the nucleosome array 
were well separated with a long linking DNA. The 
results indicate the existence of additional specific 
interactions beyond electrostatics between HO and 

(a) (b)

DNA in nature to fix the DNA superhelix around HO 
and to select the favored DNA sequence to form the 
NCP. (Reported by Yen-Chih Huang, National Tsing 
Hua University)

This report features the work of Hsin-Lung Chen and 
his collaborators published in Macromolecules 49, 
4277 (2016).

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering 
•  SAXS
•  Materials Science, Soft Matter
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Fig. 2: Schematic representations of 
membrane conformations (a) 
bilayer structure, and (b) stalk 
structure. [Reproduced from  
Ref. 1]

Revisiting the Correlation between Elastic  
Mechanics and the Fusion of Lipid Membranes
Probing the causing of diseases by X-ray scattering.

L ipid membrane fusion is a process whereby two membrane-bound 
entities merge into a single entity, with the initially discrete mem-

branes and their enclosed contents mixed together (Fig. 1). This biolog-
ical process is vital for living organisms. Many cellular events, such as the 
release of neurotransmitters, the invasion of enveloped viruses and the 
conception for sexual reproduction, involve membrane fusion. Given the 
ubiquity and importance of fusion in cellular activities, any abnormality in 
fusion can be pathogenic. Understanding the mechanism of fusion hence 
bears a biomedical relevance, whether it is to develop therapeutic means 
to target diseases related to fusion abnormality or to improve the preven-
tive measures against viral invasions. 

A fusion entails lipid membranes undergoing several structural transfor-
mations. Before fusion, lipid membranes assume a planar conformation 
known as a bilayer structure (Fig. 2(a)). After an initiation of fusion, lipid 
membranes transform through complicated, curved conformations in a 
series (such as the stalk structure illustrated in Fig. 2(b)) before resuming 
the bilayer structure at the end of the process. Effecting these structur-
al transformations consumes energy. The energy required for fusion, 
and thus the fusion potency of a lipid membrane, can be diminished or 
increased on tuning the lipid composition. This compositional depen-
dence is widely believed to arise from the compositional dependence of 
the spontaneous curvature (C0), an elastic property of a lipid membrane 
quantifying its tendency to form curved conformations (a larger C0 indi-
cates a stronger tendency). The currently prevalent view is that increasing 
C0 by tuning the lipid composition decreases the energies of the curved 
structures, and thus depresses the energies required for fusion and boosts 
the fusion potency of a lipid membrane. Whereas the effect of varying C0 
on fusion has been confirmed and extensively studied, the notion that 
varying C0 decreases the energies of the curved structures remains specu-
lative. More strikingly, another key elastic property of a lipid membrane, 

Fig. 1: Schematic representation of 
fusion of a lipid membrane.

the bending modulus, Kcp (which measures the stiffness of a membrane), had rarely been investigated for its 
influence on fusion, even though it plays a key role in determining the energy required to transform lipid mem-
branes.

In a recent article published by Yi-Fan Chen1 (National Central University) and his colleagues investigated the 
correlations among C0, Kcp and the fusion potency of lipid membranes, seeking to address the lingering questions 
regarding the fusion mechanism. The team began the investigation by measuring C0 and Kcp for membranes 
composed of various lipid species. The measurements were performed with small-angle X-ray scattering and 
diffraction (SAXS and SAXD, respectively) techniques. With the high-quality X-rays delivered at TLS 13A1 and 
TLS 23A1 and the method developed in other work of the group,2 the authors obtained high-quality SAXS and 
SAXD data, determined the detailed structures of the membranes under varied conditions and thereby inferred 
the values of the two elastic properties. Based on these C0 and Kcp data for various lipid species, the authors 
prepared mixed lipid membranes (i.e., membranes composed of more than one lipid species) in two series: one 
series comprised membranes with disparate Kcp but essentially identical C0, whereas the other series consisted 
of membranes with disparate C0 but marginally different Kcp. By fixing either elastic property, investigating the 

(a)

(b)
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variation in the fusion potency within a series allowed 
the authors to differentiate the contribution of one 
elastic property from that of the other.

For the membranes in the series in which C0 was 
varied significantly, the authors observed the expect-
ed correlation between C0 and fusion potency, i.e., 
a larger C0 led to an increased fusion potency (Fig. 
3(a)), but close thermodynamic analysis of the data 
revealed that what promoted fusion when C0 was 
varied was not the decreased energy of the curved 
structures but the energetic elevation of the bilayer 
structure before fusion. Rather than stabilizing the 
curved structures to facilitate fusion, raising C0 hence 
destabilized the bilayer structure before fusion, and 
consequently made fusion more energetically appeal-
ing. This finding transcended conventional wisdom 
and shed new light on the roles of proteins in coordi-
nating fusion in cells.

A more astonishing observation arose when lipid 
membranes in the other series were examined for 
their fusion behavior. As expected, varying Kcp sig-
nificantly affected the fusion potency of a lipid mem-
brane; this experimentally observed correlation was 
the first of its kind, to the best of the authors’ knowl-
edge. Instead of promoting fusion as one might 
expect, making lipid membranes softer (i.e., decreas-
ing Kcp), however, counterintuitively suppressed fu-
sion substantially; in some cases, fusion even ceased 
completely (Fig. 3(b)). A profound thermodynamic 
analysis of the data indicated that the suppression 
in the fusion potency did not arise from changes in 
any known factor considered to be crucial for fusion. 
The result therefore pointed to the existence of a 
yet-to-be-recognized mechanism that was, at least, 
as equally important for fusion as the known factors, 

(b)

Fig. 3:  Correlations among C0, Kcp and fusion potency for (a) the series of membranes with C0 varying significantly, and (b) the series of 
membranes with very different Kcp. [Reproduced from Ref. 1]

and revealed the necessity to modify the decades-old 
view on fusion, which evolved around C0 and the 
associated energies for fusion.

Overall, the two key findings of this work have re-
shaped both our understanding of the fusion mecha-
nism and the biological functions of proteins involved 
in fusion. This progress would eventually lead to a 
new perspective on the fusion processes occurring in 
living organisms and thereby facilitate the develop-
ment of drugs to treat or to prevent human diseases 
associated with fusion. (Reported by Yi-Fan Chen, 
National Central University)

This report features the work of Yi-Fan Chen and his 
co-workers published in Scientific Reports 6, 31470 
(2016).

TLS 13A1  SW60 – X-ray Scattering
TLS 23A1  IASW – Small/Wide Angle X-ray Scattering
• SAXS, WAXS
• Soft Matter, Biological Physics, Membrane Biophysics 
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Soft Matter 11, 4041 (2015).
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F ood spoilage due to microbial growth or lipid 
oxidation occurs commonly in our daily life. The 

spoilage not only decreases the shelf life of foods 
but causes serious sickness if toxins are produced by 
microorganisms and ingested by consumers. The ad-
dition of preservatives and antioxidants is the most ef-
ficient way to prevent food spoilage from the growth 
of microorganisms and lipid oxidation. Currently, the 
direct addition of more than adequate amounts of 
preservatives and antioxidants in foods is commonly 
applied, but the spoilage of foods is a gradual pro-
cess occurring over time during storage; the initial 
addition of more than necessary amounts of preserva-
tives or antioxidants might be not the best way from 
concerns about safety, effectiveness and economics. 
Active package techniques, such as the inclusion of 
active compounds to prevent microbial growth and 
to retard lipid oxidation, have hence attracted great 
attention. A pH-responsive material can not only play 
the role of a carrier to carry the active compounds 
but also a controlled release of active compounds 
when the pH in foods alters during storage. In prac-
tice, the minimum dose of antioxidants carried by an 
active coating of starch film becomes released only 
when the pH decreases resulting from free fatty acids 

Designing a Starch-Based Active Coating with a 
pH-Responsive Property
Starch serves as a smart material for food preservation.

released through lipid hydrolysis. How to make the 
active compounds release from the starch matrix 
when really needed is a critical technique for the de-
velopment and applications of a starch-based active 
coating with pH-responsive property. 

Hsi-Mei Lai at Department of Agricultural Chemistry 
in National Taiwan University is famous in the field of 
starch chemistry and applications in both academia 
and food industry. Lai’s group sought to design a 
pH-responsive starch-based thin film that can promise 
a quick response upon pH altering in food systems.1-3 
Charges on the modified starch molecules interact 
with the negative charges on the additive (citric acid 
in this case). In detail, the positive charges on the 
cationic starch (CS) interact with the negative charges 
on the citrate, which has three carboxyl groups (pKa 
3.14, 4.77 and 6.39), depending on the pH in the 
food systems. 

As Fig. 1 shows, there is no significant difference in 
the size of starch granules embedded in a CS thin film 
between pH 3.0 and 5.5 in NaCl solution (0.01 M) 
(Figs. 1(a) and  1(b)). Once citric acids are added to 
the CS starch film forming a solution, the citrate-CS 

Source: Swiss Institute of Bioinformatics 
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starch thin film shows a swelling or collapsing tran-
sition across pH 3.0 in NaCl solution (0.01 M) in a 
swelling test. At pH 3.0, the swollen CS granules were 
investigated due to few negative charges available 
for attraction to the opposite charges (Fig. 1 (c)), 
whereas at pH 5.5 the starch granules embedded in 
the citrate-CS starch thin film shrank because much 
negative charge on the citrates plays the role of 
cross-linker to bring the chains of starch molecules 
together (Fig. 1(d)). This mechanism explains how 
the citrate-CS starch thin film possesses a pH-respon-
sive character. To incorporate the active compounds 
in a starch-based thin film, the active compounds 

Fig. 1:  (a)-(b)Morphology of swollen CS (R = ∞); (c)-(d) citrate-CS (R = 2); (a) and (c) thin films at pH 3.0; (b) and (d) pH 5.5. R is the 
number ratio of positive charge to negative charge. [Reproduced from Ref. 3]

Fig. 2:  Observed (open squares) and calculated (solid line) SAXS profiles of CS (a) and citrate-CS thin films with R = 2 (b) after swell-
ing tests in solutions of pH 3.0 and pH 5.5. The main structural change responsive to pH in citrate-CS thin films depends 
whether large aggregates are formed or not. [Reproduced from Ref. 3]
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can be initially added into the film forming solution. 
The starch granules with a greater degree of swelling 
thus retain greater amounts of active compounds in 
the film. During releasing test, the active compounds 
entrapped in the swollen starch granules become 
released only when the swollen starch granules 
collapse. In practice, for a fresh food with pH great-
er than pKa1 of citrate, an electrostatic interaction 
between cationic groups on CS and the pH-tunable 
anionic groups of citrate (carbonyl groups) occurs 
so that the swollen starch granules are protected 
and prevented from collapsing. When the pH of the 
stored food falls below the pKa of citrate, the protec-

(a)

(c)

(b)

(d)

(a) (b)



A
CTIV

ITY
 REPO

RT  2016

Soft M
atter

041

tion of the swollen starch granules from the citrate 
disappears; the active compounds are thus released 
from the collapsed starch granules. 

Small-angle X-ray scattering (SAXS) is a powerful tool 
to determine, on a nanometre scale, the mesh size of 
soft matter, such as starch and its derivatives. SAXS 
at TLS 23A is used to examine how the citrate con-
strains the network inside swollen CS starch granules. 
The small-q scattering exponent (n) attributed to 
scattering from aggregated CS chains in a network of 
size exceeding the resolution of SAXS (> 200 Å given 
by 2π/q) from the SAXS data is fitted with a correla-
tion-length model (Fig. 2). The largest n found in the 
swollen citrate-CS thin films at pH 5.5 is due to the 
ionic crosslinking. At pH 3.0, as the protonated citrate 
can no longer interact with the charged CS chains; n 
is similar to that in CS thin films (Fig. 2 (a)). The shoul-
der-like feature about 0.03 Å-1 in all SAXS patterns 
characterizes the correlation length (L = 41-44 Å) in 
the starch network. Regarding the hierarchical struc-
ture of starch, the calculated L is much smaller than 
the gyration radius (312 nm) of corn starch amylo-
pectin.4 In the semi-dilute starch concentration, the 
correlation length is recognized as the mesh size of 
amylopectin. The reason that the thin film with a less-
er degree of swelling forms a larger mesh size (larger 
L) and aggregate (larger n) (Fig. 2, pH 5.5) is attribut-
ed to the uneven distribution of cationic charges on 
amylopectin during cationization.2 The amylopectin 
clusters embedded in crystalline regions are the least 
reactive regions that remain neutral, and the meshes 
(polymer-poor region) lie inside the neutral part of 
one amylopectin.1 As the intermolecular attractive 
forces (ionic crosslinking) among amylopectin mole-
cules are introduced, an intermolecular aggregation 
occurs, responding to the enlarged mesh size within 
one expanded amylopectin molecule. The contrary 

findings are, as expected, that the mesh size decreas-
es under repulsion by the repulsive forces among the 
amylopectin molecules, which occurs in either the 
fully ionized quaternary amine in CS or ionic crosslink-
ing-free citrate-CS thin films at pH 3.0.

This work shows us the possibility to prepare a pH-re-
sponsive coating with citrate and cationic starch. 
Most of all, SAXS helps us to unveil how the cat-
ionic starch structure alters in the presence of ionic 
crosslinking. There is no doubt that SAXS will be an 
important tool to probe the structural changes of a 
starch network in related research work, including 
active compounds in loading and releasing exper-
iments. (Reported by Hsi-Mei Lai, National Taiwan 
University)

This report features the work of Hsi-Mei Lai and Shing-
Yun Chang published in Food Hydrocolloids, 56, 254 
(2016).

TLS 23A  IASW – Small/Wide Angle X-ray Scattering
• SAXS
• Materials Science, Chemistry, Condensed-matter 

Physics, Soft Matter
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