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This special issue is focused on the nanoscale or micro/nanoscale structures similar to the biological features in
multilevels or hierarchy and so on. Research by mimicking biological systems has shown more impact on many
applications due to the well-designed micro-/nanostructures
inspired from the biological surfaces or interfaces; thus,
the materials may achieve the fascinating functionality. The
bioinspired functional materials may be fabricated by developing novel technology or methods such as synthesis, selfassembly, and soft lithography at micro- or nanolevel or
multilevels and, in addition, the multidisciplinary procedures
of physical or chemical methods and nanotechnology to
mimic the biological multiscale micro-/nanostructures onto
one-/two-dimensional surface materials.
This issue collected these researched works from biological to bioinspired materials as follows.
J. Meng et al. revealed the microstructure of a novel
fibrous protein: solenin from Solen grandis ligament and
identified the protein by MALDI-TOF-TOF-MS and LCMS-MS analyses and found that the protein fiber has no
hierarchical structure and is homologous to keratin type
II cytoskeletal 1 and type I cytoskeletal 9-like, containing
“SGGG,” “SYGSGGG,” “GS,” and “GSS” repeat sequences; the
𝛽-sheet structure and those repeat sequences which form
“glycine loops” may give solenin excellence elastic and flexible
properties to withstand tensile stress caused by repeating
opening and closing of the shell valves in vivo. This paper
contributes a novel fibrous protein for the protein materials
world.
S. Kashyap et al. reported the in situ visualization
of a novel acidic bacterial recombinant protein, MamC,

commonly present in the magnetosome membrane of several
magnetotactic bacteria, including Magnetococcus marinus,
strain MC-1. The findings provided an insight into the selfassembly of MamC and point to formation of the extended
protein surface, which is assumed to play an important role in
the formation of biotemplated inorganic nanoparticles. The
self-organization of MamC is compared to the behavior of
another acidic recombinant iron-binding protein, Mms6.
Z. Cao et al. reviewed the article on scaffolding biomaterials for cartilage regeneration. The use of tissue engineering
approach in which scaffolds play a vital role to regenerate
cartilage has become a new research field. Investigating the
advances in biological cartilage scaffolds has been regarded as
the main research direction and has great significance for the
construction of artificial cartilage. Native biological materials
and synthetic polymeric materials have their advantages and
disadvantages. The disadvantages can be overcome through
either physical modification or biochemical modification.
Additionally, developing composite materials, biomimetic
materials, and nanomaterials can make scaffolds acquire
better biocompatibility and mechanical adaptability.
S. Hou et al. reported a new alumina membrane with
hour-glass shaped nanochannels by using the double-side
anodization method and the subsequently in situ pore opening procedure, which is applied to develop the tunable ionic
current rectification devices that were modulated by ions
gradient. By regulating the pH gradient, tunable ionic current
rectification properties which are mainly dependent on the
asymmetric surface charge density or polarity distribution
on the inner walls of the nanochannels can be obtained.
Such specific alumina nanochannels would be considered as
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a promising candidate for building bioinspired artificial ion
channel systems.
M. I. Hassan et al. reported the bioactivity assessment of
poly (𝜀-caprolactone)/hydroxyapatite electrospun fibers for
bone tissue engineering application. The fiber diameter is
entangled by the concentration of PCL with some adjustment of parameters during electrospinning process. PCL
with lower concentration had bead structure while higher
concentration had smooth fiber. The fiber diameter of PCL
was increased with the addition of nHA. The immersion of
PCL/nHA fiber in simulated body fluid (SBF) had bonelike
apatite layer on its surface while PCL showed no results.
PCL/nHA showed high water uptake and had improved
wettability compared to PCL alone, suggesting that PCL/nHA
fibers were more hydrophilic than PCL fiber.
T. Zhao et al. presented the preparation of phase-change
polymer colloidal photonic crystals (PCs) by assembling
hollow latex spheres encapsulated with dodecanol for the first
time. The monodispersed hollow latex spheres were obtained
by phase reversion of monodispersed core-shell latex spheres
in the n-hexane, which dissolves the PS core and retains the
PMMA/PAA shell. The as-prepared phase-change colloidal
PCs show stable phase-change behavior. This fabrication of
phase-change colloidal PCs would be significant for PC’s
applications in functional coatings and various optic devices.
M. Park et al. reported a method of creating a biomimetic
functional biointerface which was introduced to enhance
human neural stem cell (hNSC) adhesion. The hNSCcompatible biointerface was prepared by the oxidative polymerization of the neurotransmitter norepinephrine, which
generates a nanoscale organic thin layer, termed poly (norepinephrine) (pNE). The pNE-coated biointerfaces provided
a highly favorable microenvironment for hNSCs, with no
observed cytotoxicity. The adhesive properties of pNE interfaces led to micropatterns of cellular attachment, thereby
demonstrating the ability of the interface to organize the stem
cells. This highly facile surface-modification method using a
biomimetic pNE thin layer can be applied to a number of
suitable materials that were previously not compatible with
hNSC technology.
N. Wang et al. reported variable responsive wettability
films via electrospinning induced by solvents. The three kinds
of interesting distinct wettability films are fabricated by a
facile electrospinning technique. The films are composites of
poly(N-isopropylacrylamide) and polystyrene but different
precursor solvents. By taking advantage of the conformational changes of poly(N-isopropylacrylamide) chains and
polystyrene chains in different solvents, the films exhibit
responsive wettability variation to temperature.
M. Gonzalez et al. reported the effect of silver nanofibers
on the deformation properties of blood vessels: towards the
development of new nanotechnologies to prevent rupture
of aneurysms. They proposed an innovative approach to
prevent the rupture of an aneurysm based on the use of
nanotechnology to improve the strength of the blood vessel.
They presented results on the effect of silver nanofibers
on the resistance toward deformation of blood vessels. The
silver nanofibers are grown on the surface of the blood
vessels. Treatment of blood vessels with silver nanofibers is
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a potential translational clinical tool for preventing rupture
of aneurysms in a clinical setting.
W. Zhao et al. prepared the preparation of aminomodified PAN fibers with triethylenetetramine as aminating
reagents and their application in CO2 adsorption. The aminomodified polyacrylonitrile (AMPAN) fiber was synthesized
by the reaction of polyacrylonitrile (PAN) fiber and triethylenetetramine (TETA) in the presence of water. The effect
of water amount, reaction temperature, and time on the
weight increase degree and alkali content of the AMPAN
fiber was investigated in detail. The characterization results
indicated that TETA could be grafted onto the surface of PAN
fiber by this method.
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Completely repairing of damaged cartilage is a difficult procedure. In recent years, the use of tissue engineering approach in which
scaffolds play a vital role to regenerate cartilage has become a new research field. Investigating the advances in biological cartilage
scaffolds has been regarded as the main research direction and has great significance for the construction of artificial cartilage.
Native biological materials and synthetic polymeric materials have their advantages and disadvantages. The disadvantages can
be overcome through either physical modification or biochemical modification. Additionally, developing composite materials,
biomimetic materials, and nanomaterials can make scaffolds acquire better biocompatibility and mechanical adaptability.

1. Introduction
Articular cartilage belongs to hyaline cartilage which is
avascular and low metabolic. So repairing of cartilage damage
resulting from trauma or degeneration has been a thorny
clinical issue [1]. Current treatments used in small cartilage
defects repairing include multiple drilling, abrasion arthroplasty, mosaicplasty, and autogenous and allogeneic chondrocyte transplantation. Several disadvantages of allograft use
include disease transmission, immune reaction, and slower
remodeling. Likewise, autograft also has its disadvantages for
its requirements of the patient to undergo many surgeries [2].
The rise of tissue engineering in which three basic elements
are cells, biodegradable scaffolds, and growth factors provides
a new choice for the repair of articular cartilage [3].
In cartilage tissue engineering, scaffolds can provide
three-dimensional structure for cartilage cells and be in favor
of cell adhesion and proliferation [4]. More importantly,
they mediate cell-cell signaling and interaction. However,
the physical and biochemical properties are crucial for the
scaffolds on the entire cartilage repair process [5].

2. Current Classification and
Basic Requirements of Scaffolds
Currently matrix materials suitable for cells can be divided
into native biological materials and synthetic polymeric
materials [6]. Collagen is a kind of native biological materials with excellent tissue compatibility, little toxicity, and
facile biodegradation; meanwhile its degradation products
are absorbed facilely without inflammation. Fibrin originates
from blood without immunogenicity. So it is widely applied
in clinical treatment. Besides its excellent biocompatibility,
fibrin can effectively promote the adhesion of chondrocytes.
But their common drawbacks, such as weak mechanical
properties and unstable degradation rate, limit its application
in tissue engineering. Synthetic polymeric material can be
molded easily whose microstructure, mechanical properties
and degradation can be designed. With its fine biocompatible
property, poly (lactic-co-glycolic acid) (PLGA) and polymer
of lactic acid (PLA) are widely used in tissue engineering for
cartilage. However, as synthetic materials, they are expensive and have weak cell adhesive ability. Polycaprolactone
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(PCL) can maintain phenotype and promote chondrocytes
proliferation. The most significant advantages of PCL are
slow degradation rate and high drug permeability. But it
also has drawbacks such as poor hydrophilicity and acidic
degradation products which may cause inflammation [7].
Ideal scaffolds for cartilage tissue engineering should
be satisfied with the following basic requirements: biocompatible, biodegradable, highly porous, suitable for cell
attachment, proliferation and differentiation, osteoconductive, noncytotoxic, flexible and elastic, and nonantigenic [8].
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3. Material Modification and Process
The characteristics of native biological materials and synthetic polymeric materials have been described above. Composite materials are currently applied to overcome the disadvantages of single materials [9]. The materials can also
be modified by physical and biochemical methods to retain
their advantages and overcome their shortcomings [10, 11].
According to recent studies, the scaffold processed into
biomimetic materials and nanomaterials is the new trend [12–
15] as shown in Figure 1.
3.1. Physical Modification. Physical modification refers to
modification of scaffolds by physical methods such as
compression, filtration, and ultraviolet light irradiation to
improve the porosity and biomechanical property of materials and ultimately contribute to cartilage repair. Cartilagederived matrix (CDM) scaffold that mimics chondroinductive environment is a type of acellular matrix material [21].
But it is disappointing to find the scaffolds contract during in
vitro culture, thus affecting the results of tissue engineering
cartilage repair. After treated with dehydrothermal (DHT)
or ultraviolet light irradiation (UV), CDM scaffold not only
can prevent cell-mediated contraction but also can support
cell attachment [16]. Collagen gel as matrix scaffold has
become a clinically applicable treatment for focal defects of
articular cartilage. However, its biomechanical property is
still not satisfying [22]. Compression and filtration make it
acquire a higher force carrying capacity. Meanwhile, condensed collagen gel is also suitable for three-dimensional
autologous chondrocyte implantation [17]. Another study
found that different collagen scaffold structures may provide
different immunogenicity. And hydrogels that can avoid
severe immune rejection were found to be a promising
scaffold structure [23]. Due to the excellent biocompatibility
and suitability for cell attachment, alginate scaffold has been
applied in cartilage tissue engineering. Recently, Wang et al.
[18] produced a highly organized alginate scaffold to improve
interconnected porous structure and porosity by microfluidic
device. They seeded chondrocytes in the scaffold and found
that cells can maintain normal phenotypes, highly express
aggrecan and type II collagen, and secrete a great deal of
extracellular matrix. The structure of a cartilage scaffold is
required to mimic native articular cartilage, which has an oriented structure associated with its mechanical function. Oriented extracellular matrix- (ECM-) derived scaffolds enhance
the biomechanical property of tissue engineering cartilage and oriented poly PLGA scaffolds efficiently promotes

Scaffold

Process

Nanomaterials

Biomimetic
materials

Figure 1: The materials can be modified by physical and biochemical
methods and processed into biomimetic materials and nanomaterials to retain their advantages and overcome their shortcomings.

cell migration thus probably contributes to improving tissue
regeneration [19, 20]. An overview of the physical modification on scaffolds is shown in Table 1.
3.2. Biochemical Modification. The weak mechanical property is the most serious problem of native biological materials.
As for synthetic polymeric material, its drawbacks are poor
hydrophilicity and weak cell adhesive ability [37]. However,
scaffolds can be combined with biological modifier which is
called biochemical modification to overcome the problems
above. In other words, biochemical modification is introduced in the original material to make scaffolds have better
tissue compatibility and provide appropriate microenvironment for cell growth and proliferation as shown in Table 2.
3.2.1. Surface Peptide. Peptide is a promising bioactive
molecule to improve chondrogenesis in porous biomaterials. Mesenchymal stem cells- (MSCs-) affinity EPLQLKM
peptide (E7) was covalently conjugated onto PCL which is
implanted into a cartilage defect site of rat knee joints with
endogenous MSCs. After 7 d of implantation, the results
suggested that the E7 peptide sequence has a high specific
affinity to MSCs and enhances the MSCs recruitment of
PCL in vivo [24]. Another study investigated the generation
of tissue engineering cartilage in TATVHL peptide-grafted
polyethylene oxide/chitin/chitosan scaffold in which bovine
knee chondrocytes were seeded. The results demonstrated
that TATVHL peptide-grafted construct improved the proliferation of chondrocytes in constructs, the secretion of
glycosaminoglycans, and the production of collagen [25].
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Table 1: Physical modification on scaffolds.
Scaffolds

Methods

Cartilage-derived matrix
scaffolds

Dehydrothermal treatment
ultraviolet light irradiation

Collagen type-I gel

Compression and filtration

Alginate scaffold

Microfluidic technology

PLGA

Scaffold orientation

Cartilage extracellular matrix

Scaffold orientation

Effect
Make chondrocytes to produce higher
glycosaminoglycan and collagen
contents and support cell attachment
Improve the biomechanical and
biochemical properties of scaffold
Enable the scaffold to have a regular
interconnected porous structure and
high porosity
Promote cell migration and improve the
mechanical property of engineered
cartilage
Enhance the biomechanical property of
engineered cartilage

References
Rowland et al., 2013 [16]
Mueller-Rath et al., 2010
[17]
Wang et al., 2011 [18]

Zhang et al., 2012 [19]
Jia, et al., 2012 [20]

PLGA: poly(lactic-co-glycolic acid).

Table 2: Biochemical modification on scaffolds.
Modifier

Scaffolds
PCL

Surface peptide

Polyethylene
oxide/chitin/chitosan
PEO/chitosan scaffolds

Bioglass

Agarose scaffolds

PHBV

Silk fibroin scaffolds
Hyaluronic acid
Gelatin-methacrylamide
PLGA
Collagen scaffolds
PLCL
Chitosan
PLCL
Silk fibroin scaffolds
Gelatin scaffolds

Effect
Enhance the MSCs recruitment and
provide a high specific affinity to MSCs
Enhance the adhesion and proliferation
of bovine knee chondrocytes
Stimulate chondrogenesis with enhanced
quantities of BKCs, glycosaminoglycans
(GAGs), and collagen
Improve the biochemical and mechanical
properties of a tissue-engineered cartilage
layer
Improve the hydrophilicity of scaffolds
and promote cell migration into the inner
part of the constructs
Protect the chondral phenotype and
improve the structural and physical
properties of scaffolds
Enhance the natural functions of
scaffolds in cartilage mechanical and
geometrical properties
Provide appropriate mechanical and
structural properties of scaffolds for cells
Improve cellular infiltration and
promotes early-stage chondrogenesis
Improve cells compatibility and form
better quality cartilage tissue
Promote cell adhesion and proliferation
and enhance excretion of aggrecan and
type-II collagen
Serve as excellent carrier for stem cells to
repair cartilage defects
Enhance the cartilage regeneration in
vitro and in vivo

References
Shao et al., 2012 [24]
Kuo and Wang, 2012 [25]
Kuo and Wang, 2011 [26]

Jayabalan et al., 2011 [27]

Wu et al., 2013 [28]

Foss et al., 2013 [29]

Schuurman et al., 2013 [30]
Chang et al., 2013 [31]
Matsiko et al., 2012 [32]
Yang et al., 2012 [33]
Li et al., 2012 [34]
Deng et al., 2013 [35]
Whu et al., 2013 [36]

PCL: polycaprolactone; MSCs: mesenchymal stem cells; PEO: polyethylene oxide; PHBV: polyhydroxybutyrate valerate; PLGA: poly(lactic-co-glycolic acid);
PLCL: poly l-lactide-co-𝜀-caprolactone.
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Surface CDPGYIGSR was grafted via cross-linking onto polyethylene oxide (PEO) and chitosan scaffold. After seeding of
bovine knee chondrocytes (BKCs) in the scaffolds, the constructs were cultured in a spinner system, indicating that the
adhesion of BKCs and the maintenance of phenotypic chondrocytes were more efficient [26].
3.2.2. Bioglass. Bioglass is a sort of glass which possesses particular biological and physiological functions. After
implanted into osteochondral defects, bioglass directly combines with the host tissue, playing the role of tissue repairing and restoring. When used as a subchondral substrate,
bioactive glass (BG) 13–93 did not improve biochemical
properties of scaffolds. However, as a culture medium supplement, BG 13–93 improved the biochemical and mechanical
properties of a tissue-engineered cartilage layer. BG 13–93
may be suitable as a medium supplement for neocartilage
formation [27]. Another research compared the effects of
PHBV scaffolds and PHBV/BG composite scaffolds on the
properties of engineered cartilage in vivo. The results showed
that the incorporation of BG into PHBV efficiently improved
both the hydrophilicity of the composites and the percentage
of adhered cells and promoted cell migration into the inner
part of the constructs [28].
3.2.3. Hyaluronic Acid. As a sort of acidic mucopolysaccharides, hyaluronic acid displayed a variety of important physiological functions due to its unique molecular structure and
physicochemical properties such as lubricating joints, regulating vascular permeability, and promoting repair in trauma.
More importantly, hyaluronic acid called natural moisturizing factor has such special role of water retention that it has
important applications in cartilage tissue engineering scaffolds. Among biomaterials proposed for cartilage repair, silk
fibroin (SF) has been recently proposed as a material template
for porous scaffolds cultured with chondrocytes and investigated under static and dynamic conditions. The combination of hyaluronic acid (HA) with silk fibroin scaffolds can
protect the chondral phenotype and improve the structural and physical properties of scaffolds [29]. Gelatinmethacrylamide (gelMA) hydrogels were shown to support
chondrocyte viability and differentiation. However, incorporation of HA allows gelMA to match the natural functions
of scaffolds in cartilage mechanical and geometrical properties [30]. Another group fabricated gelatin/hyaluronic acidtreated PLGA (PLGA-GH) sponge scaffolds for articular cartilage tissue engineering. The results showed that cells attachment ratio, proliferation, and extracellular matrix secretion
on PLGA-GH scaffolds were superior to those of PLGA
scaffolds [31]. Collagen-glycosaminoglycan (CG) scaffolds
have been extensively applied in a range of tissue engineering
successfully. It is well known that there are two types of glycosaminoglycan: chondroitin sulphate (CS) and hyaluronic
acid. Compared to collagen-CS scaffolds, collagen-HA scaffolds showed significant acceleration of early-stage gene
expression of SOX-9 and collagen type II as well as cartilage
matrix production. The results demonstrated that collagenHA scaffolds own great potential as appropriate matrices for
promoting cartilage tissue repair [32].
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3.2.4. Chitosan. Because of the excellent biocompatibility,
chitosans have been widely utilized in the field of biomedical
materials, such as artificial skin [38], absorbable sutures,
hemostatic sponge, and antiadhesion agent. Moreover, chitosans not only can provide appropriate microenvironment
for cartilage regeneration but can also stimulate cell proliferation and promote tissue repairing through varieties of ways. A
porous elastomeric poly l-lactide-co-𝜀-caprolactone (PLCL)
was generated and cross-linked at the surface to chitosan to
improve its wettability. Bone marrow-derived mesenchymal
stem cells (BMSCs) were seeded in the constructs to evaluate attachment, morphological change, and proliferation.
The results showed that chitosan modification of the PLCL
scaffold improved cell compatibility without significant alteration of the physical elastomeric properties of PLCL and
resulted in formation of cartilage tissue with better quality
[33]. Coincidentally, another study fabricated chitosan-modified poly PLCL scaffolds to simulate the main biochemical
components of cartilage, which revealed that the chitosanmodified PLCL scaffolds not only could promote cell adhesion and proliferation, but also could significantly enhance
excretion of aggrecan and type-II collagen [34]. In addition
to synthetic scaffolds, chitosans can also improve natural materials such as gelatin and silk fibroin scaffolds. BMSCs were
seeded in a three-dimensional scaffold of SF and chitosan to
repair cartilage defects in the rabbit knee, which indicated
that SF/chitosan scaffold can serve as excellent carriers for
stem cells to repair cartilage defects [35]. In addition, chitosan-gelatin (1 : 1) complex scaffolds cross-linked by watersoluble carbodiimide (WSC) may enhance cartilage regeneration [36].
3.3. Nanomaterials. Nanomaterials have recently attracted
considerable attention because of its high surface-to-volume
ratio. Nanomaterials provide a new space for seed cells with
a wide range of applications in cartilage tissue engineering.
The annulus fibrosus comprises concentric lamellae that can
be damaged due to intervertebral disc degeneration. Electrospun nanofibrous scaffolds of polycaprolactone are fabricated
in random, aligned, and round-ended configurations to
support the growth of annulus fibrosus cells. Primary porcine
annulus fibrosus cells are grown on the scaffolds and the
results demonstrated that the scaffolds are favorable to attachment, proliferation, and production of extracellular matrix
of cells. In addition, the scaffold consisting of round-ended
nanofibers substantially outperforms the random and aligned
scaffolds on cell adhesion while aligned nanofibers strongly
effect the orientation of cells [43]. The menisci are crescentshaped fibrocartilaginous tissues whose structural organization consists of dense collagen bundles that are locally aligned
but show a continuous change in macroscopic directionality.
A novel electrospinning method to produce scaffolds composed of circumferentially aligned (CircAl) nanofibers was
developed. The results showed these novel scaffolds, with
spatially varying local orientations and mechanics, enabled
the formation of functional anatomic meniscus constructs
[44]. Aligned nanofibrous scaffolds can dictate cell and
matrix organization. However, their widespread application
has been hindered by poor cell infiltration due to the
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Table 3: Proteins, drugs, or cytokine embedded in biomimetic scaffolds.

Embedding
Antiangiogenic drug
Parathyroid
hormone-related
protein

Scaffolds
Fibrin/hyaluronan
Collagen-silk

Transforming growth
factor-𝛽1

Poly(L-lactide)

Cadherin-11

Collagen type II
sponges

Effect
Block host vessels ingrowth and enhance
constructs survival rate
Inhibit terminal differentiation of
chondrocytes and enhance
chondrogenesis
Induce an anabolic stimulus on AFCs and
mimic the ECM three-dimensional
environment of AF tissue
Promote adhesion of chondrocytes and
stimulate chondrogenic differentiation

References
Centola et al., 2013 [39]
Zhang et al., 2013 [40]

Vadalà et al., 2012 [41]
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tight packing of fibers during fabrication. Containing two
distinct fiber fractions: slow-degrading poly (𝜀-caprolactone)
and water-soluble, sacrificial poly (ethylene oxide) can be
selectively removed to increase pore size; tunable composite
nanofibrous scaffolds are produced. It is found that increasing
the initial fraction of sacrificial poly (ethylene oxide) fibers
enhanced cell infiltration and improved matrix distribution
[45].
Biochemical modification of nanomaterials will make
scaffolds more biocompatible and bioactive. A new functionalized peptide RLN was designed containing the bioactive
motif link N and the amino terminal peptide of link protein.
A link N nanofiber scaffold (LN-NS) was self-assembled by
mixing peptide solution of RLN. This designer functionalized
nanofiber scaffold exhibited little cytotoxicity and promoted
nucleus pulposus cells (NPCs) adhesion. Besides, it also stimulated the biosynthesis of ECM by NPCs [46]. Biodegradable
nanofibrous membrane was prepared from poly-L-lactic
acid by electrospinning and used as a scaffold for cartilage
tissue engineering. In order to improve cell attachment and
growth, nanofibrous membrane was subject to direct current- (DC-) pulsed oxygen plasma treatment, followed by
acrylic acid grafting and collagen coating by covalent binding
of collagen to carboxylic moieties of the polyacrylic acid.
Primary chondrocytes seeding into the membrane proliferated well and maintained high viability according to previous
study [47].
3.4. Biomimetic Materials. Biomimetics refers to the structure and function of tissue-engineered cartilage similar to
the cartilage extracellular matrix which provides an ideal
microenvironment for chondrocytes. Fibrous scaffolds offer a
template for cartilage extracellular matrix production. However, the utilization of homogeneous scaffolds is limited by
their inability to mimic the cartilage’s zone-specific organization and properties. Trilaminar scaffolds were fabricated
by sequential electrospinning and varying fiber size and
orientation in a continuous construct, to create scaffolds
that can mimic the structural organization and mechanical
properties of cartilage’s collagen fibrillar network on which
bovine chondrocytes proliferated and produced a type II
collagen and a sulfated glycosaminoglycan-rich extracellular

matrix. The results demonstrated that trilaminar composite scaffolds mimicked key organizational characteristics of
native cartilage, supported cartilage formation in vitro, and
had superior mechanical properties [48]. Tissue engineering
strategies for the intervertebral disc (IVD) have traditionally
focused either on the annulus fibrosus (AF) or the nucleus
pulposus (NP) in isolation or have simply compared AF cells
(AFCs) and NP cells (NPCs) under identical culture conditions. One group developed biomimetic circumferentially
orientated polycaprolactone fibres (AF analogue) and seeded
them with cells (porcine chondrocytes) and then coagulated a
cell-agarose solution in the centre (NP analogue). The results
demonstrated that the composite IVD scaffolds had higher
modulus and cells were viable and well-distributed around
the interface between the NP and AF regions [49]. Besides,
a three-layered wedge shaped silk meniscal scaffold system
was engineered to mimic native meniscus architecture, which
were seeded with human fibroblasts and chondrocytes in a
spatial separated mode similar to native tissue in order to
generate meniscus-like tissue in vitro. This multiporous silk
construct is a useful micropatterned template for directed
tissue growth with respect to form and function of meniscuslike tissue [50].
Besides mimicking the structure of extracellular matrix,
embedding proteins, drugs, or cytokine in scaffolds to mimic
the function of ECM is also a biomimetic method as suggested in Table 3. In the process of cartilage repaired with tissue engineering, blood vessel ingrowth and macrophage migration may endanger graft stability of immature constructs.
So, control of angiogenesis was proposed as an adjuvant for
the treatment of cartilage defects. A clinically compatible
fibrin/hyaluronan scaffold with nasal chondrocytes (NC) and
functionalized with an FDA-approved antiangiogenic drug
(bevacizumab) sequestrates vascular endothelial growth factor from the surrounding environment. The proposed pharmacological control of angiogenesis by a therapeutic drug
released from a scaffold might enhance constructs survival
rate and cartilage regeneration [39]. The repair of cartilage defects can be enhanced with scaffolds but is often
accompanied with undesirable terminal differentiation of
bone marrow-derived mesenchymal stem cells. Parathyroid
hormone-related protein (PTHrP) has been shown to inhibit
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aberrant differentiation [51]. Combining PTHrP administration with collagen-silk scaffold is an effective strategy for
inhibiting terminal differentiation and enhancing chondrogenesis, thus improving cartilage repair and regeneration
[40]. Transforming growth factor- (TGF-) 𝛽1 plays an important role in chondrogenesis [51]. A bioactive microfibrous
poly (L-lactide) scaffold was synthesized by electrospinning,
with a direct incorporation of TGF-𝛽1 into the polymeric
solution, on which bovine AFCs were cultured up to 3 weeks.
Results demonstrated that AFCs cultured on PLLA/TGF
deposited a significantly greater amount of glycosaminoglycans and total collagen with higher neo-ECM thickness [41].
In cartilage tissue engineering, cell adhesion is commonly
promoted through the use of polypeptides; however, due
to their lack of complementary or modulatory domains,
polypeptides must be modified to improve their ability to
promote adhesion. According to the principle of matrixbased biomimetic modification, our team utilized a recombinant protein, which spans fragments 7–10 of fibronectin
module III (heterophilic motif) and extracellular domains 12 of cadherin-11 (rFN/Cad-11) (homophilic motif), to modify
the interface of collagen type II (Col II) sponges. The results
suggested that the rFN/Cad-11-modified collagen type II
biomimetic interface has dual biological functions of promoting adhesion and can stimulate chondrogenic differentiation
[42].

4. Challenges and Perspectives
Currently, the main research directions of biomaterials are
as follows: the first one is modifying the surface of scaffolds
though physical and chemical methods improve the bioactivity of materials for seed cells adhesion and distribution.
The second one is making use of new technology to modify
the morphology and spatial structure of the materials to
compensate the insufficiency in order to build ideal scaffolds.
The last one is combining natural materials with synthetic
materials to fabricate composite materials with good biocompatibility and mechanical adaptability. With the emergence
of new preparation techniques such as 3D fibre deposition
and three-dimensional printing, research on cartilage tissue
engineering scaffolds has made considerable progress. In
addition, as an advanced detecting and monitoring method,
biosensors are essential to the development of biotechnology.
Electrochemical biosensors can be used for the detection of
microRNAs [52]. And electrochemical immunoassays could
be used in cancer diagnosis, prognosis, and therapy monitoring [53]. So, the combination of biosensing techniques with
biomaterials would vigorously promote the development of
tissue engineering. However, with either natural or synthetic
materials there exists some problems, such as degradation
rate and poor biocompatibility. There is still a great gap
to the clinical application of tissue engineering cartilage.
Notably, besides scaffolds, other elements of cartilage tissue
engineering, cells, and growth factors cannot be ignored.
Future research priorities of tissue engineering scaffolds are
to improve existing materials and fabrication techniques
and to further develop the composite materials, biomimetic
materials, nanomaterials, and modified materials. In the near
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future, artificial cartilage might show its full potential for the
treatment for cartilage injury.
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Electrospinning is useful for fabricating nanofibrous structure with different composition and morphologies. It offers great
advantages through its geometrical structure and biomimetic property, which can provide a suitable environmental site for cell
growth. The fiber diameter is entangled by the concentration of PCL with some adjustment of parameters during electrospinning
process. PCL with lower concentration had bead structure while higher concentration had smooth fiber. The incorporation of
nanoparticle hydroxyapatite (nHA) into poly(𝜀-caprolactone) fiber was studied. The fiber diameter of PCL was increased with the
addition of nHA. Composition of fiber at lower concentrations of PCL and nHA into the polymer produced fiber with a homogenous
distribution of nHA in PCL fiber with less agglomeration. The immersion of PCL/nHA fiber in simulated body fluid (SBF) had bonelike apatite layer on its surface while PCL showed no results. PCL/nHA showed high water uptake and had improved wettability
compared to PCL alone, suggesting that PCL/nHA fibers were more hydrophilic than PCL fiber.

1. Introduction
Bone is a nanostructured biomaterial with unique biological
and mechanical properties. It consists of inorganic hydroxyapatite crystal, organic type I collagen fibers, and other
proteins [1]. However, at some time bone may damage and
lose its function because of disease or accident. Thus, there
is a clinical need for the replacement of the damaged bone.
Current trend in clinical practice to overcome the problem
is tissue engineering. The purpose of tissue engineering is to
regenerate and restore damaged tissue with the combinations
of biomaterials, cells, and bioactive agents [2]. In tissue
engineering, commonly biodegradable and biocompatible
scaffold is used to replace the defect providing a platform for
cell function, adhesion, and transplantation.
Nanofibrous scaffold offers great advantages such as
the large surface area to volume ratio, with pore structure
characteristic, and it can mimic the natural extracellular
matrix which is beneficial for cell growth. Among the various
techniques of scaffold fabrication, electrospinning can be
described as simple and most reliable for producing long and
continuous fibers [3–5]. A wide range of polymers can be
fabricated using this technique. In addition, the diameters

of the fibers can be controlled from a few micrometers to a
few nanometers, depending on the optimization during the
electrospinning process and parameter such as solvent used
[6].
The scaffold may come from natural and synthetic
materials. Synthetic polymer poly(𝜀-caprolactone) (PCL) has
been widely used as biomedical materials such as suture
material and drug delivery device. It is semicrystalline and
bioresorbable aliphatic polyester. It has been intensively
explored as tissue engineering scaffold because of its slow
biodegradable property (2–4 years) [7, 8]. Due to the low
melting temperature at 55–60∘ C, the PCL can be easily
molded into the desired scaffold design from different fabrication techniques. However, PCL is hydrophobic in nature
which results in lack of wettability and poor cell attachment
compared to hydrophilic material [9]. One way to modify the
surface properties of hydrophobic PCL is by blending with
bioresorbable ceramics, such as calcium phosphates, hydroxyapatite (HA), and tricalcium phosphate (TCP). HA exists
as a major composition of materials in human bone. The
presence of HA in the polymer/composite is advantageous for
osteoblast proliferation [10–12].
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In this study, nanoparticle hydroxyapatite (nHA) incorporation into PCL fiber was investigated through the dispersibility of nHA within the fiber. The surface of the fiber
was modified by immersion in a simulated body fluid (SBF) to
mimic the mineral of native bone. PCL is a synthetic polymer.
So, it may be extremely difficult to induce mineralization
because PCL had very few ionic molecular groups compared
to natural polymers such as chitosan and collagen. The
existence of HA within PCL polymer fibers could improve the
surface mineralization process.

2. Materials and Methods
2.1. Materials. PCL with molecular weight 70,000 to 90,000
and acetone (99.8%) were purchased from Sigma-Aldrich.
Nanoparticle HA was synthesized by nanoemulsion technique produced in-house from the previous study [13, 14].
2.2. Methods
2.2.1. Preparation of the Solution. PCL was dissolved in acetone solvent at a concentration of 7.5% (w/v) and 12.5% (w/v)
at 40∘ C. HA powder was suspended into the solution at a
concentration of 10% (w/w) and 20% (w/w), respectively. The
mixed solution was stirred at room temperature for 24 h
and homogenized using homogenizer (IKA T25, IKA works,
Germany).
2.2.2. Electrospinning Fibrous Scaffold. The prepared solution
was transferred into a 5 mL syringe, with 18 and 22 G
blunt-end needle. The electrospinning was conducted using
electrospinning unit (NaBond, China). The distance between
the needle tip and aluminium collector was adjusted at 10 cm.
High voltage of 15–22 kV was applied to the needle. The
solution was ejected at a feeding rate of 3 mL/h using infusion
pump (Veryark TCV-IV, China). The resulting fiber was dried
overnight to remove any solvent left on its surface.
2.2.3. Bioactivity Test. The bioactivity test was done by
immersing the fibers in SBF. The SBF was prepared in accordance with Kokubo et al. [15] with ion concentration (in mM:
Na+ 142.0, K+ 5.0, Mg2+ 1.5, Ca2+ 2.5, Cl− 147.8, HCO3 −
4.2, HPO4 2− 1.0, SO4 2− 0.5) almost similar to human blood
plasma with initial pH 7.4 at 37∘ C in a water bath (Memmert,
Schwabach, Germany). The fiber was cut into (1 × 1) cm2 , left
in SBF, and was extracted at 3, 7, and 14 days.
2.2.4. Microstructure Characterization. The morphology of
the fibers was observed under SEM (Hitachi TM 3000, Japan)
at an accelerating voltage of 15 kV and FESEM (Hitachi
SU 8020, Japan). The fibers immersed in SBF analyzed by
FESEM were gold-coated prior to analysis. The diameter of
single fiber was measured at random location using image
analysis software (Image J, NIH, USA). Energy dispersive Xray (EDX) was used to confirm the presence of HA in the PCL
polymer.
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2.2.5. Contact Angle. Water contact angle was measured by
dropping deionized water (3 𝜇L) onto the surface using 28
gauge blunt tip needle on different areas on the surfaces
to determine the wettability of the fibers using a contact
angle instrument (VCA-Optima, AST Inc., USA). Water was
dropped on 5/6 places on each sample surface and the average
and standard deviation was calculated.
2.2.6. Water Uptake. Water uptake of the fiber was measured
to see how much water can be absorbed, which mainly
depends on the hydrophilicity of the fiber. The fiber before
immersion in SBF was cut into (2 × 1) cm2 and immersed
in deionized water. The fiber was removed at the interval of
1 min, wiped gently with clean tissue paper, and weighed. The
process was repeated for 10 min. The water uptake of the fiber
after immersion in SBF was measured similarly at different
intervals of 3, 7, and 14 days. The water uptake was calculated
using the following equation [16]:
% Water uptake = 100 ×

𝑊wet − 𝑊𝑜
,
𝑊𝑜

(1)

where 𝑊wet is the weight of the wet fiber and 𝑊𝑜 is the starting
dry weight of the fiber.

3. Results and Discussion
3.1. Morphology of Electrospun Fibrous Scaffold. Figure 1
shows the morphologies of fibrous scaffolds produced from
7.5% (w/v) PCL, 12.5% (w/v) PCL, 10% nHA incorporated
7.5% (w/v) and 12.5% (w/v) PCL, and 20% nHA incorporated
7.5% (w/v) and 12.5% (w/v) PCL (Figures 1(a)–1(f)). Electrospun nanofibrous PCL at lower concentration had the disadvantage. There were many unwanted beads with spindlelike structure which was observed (Figure 1(a)). Meanwhile, smooth fiber was obtained at higher concentration
(Figure 1(b)). However, there was an increased size of fiber
from nanometer into micrometer in range. Incorporation of
nHA into PCL fibers was also examined. The addition of
10% (w/w) nHA into 7.5% (w/v) PCL and 12.5% (w/v) PCL
was found to have smooth fiber structure (Figures 1(c) and
1(e)). Increased fiber diameter was also observed. The nHA
was well-dispersed into the fiber and only small agglomeration was found. In a recent study, it was described that
the agglomeration of nanoparticles resulted in large size and
low mechanical properties of fiber [17]. This was related to
the increased content of loading nanoparticles. In our study,
no apparent change in the size of the fiber was observed.
It proves the successful incorporation of nHA nanoparticles
homogeneously in the fibers. On the other hand, the addition of 20% (w/w) nHA into 12.5% (w/w) PCL resulted in
increasing the size of the fiber. This was in agreement with
another study where the addition of nanoparticle increased
the diameter of fiber [18]. However, many agglomerations
were found within the random fiber (Figures 1(d) and 1(f)).
Another study showed higher agglomeration at 20% HA into
different polymer of poly(D,L-lactide-co-glycolide) (PLGA)
had broken fiber, but in this study no broken fiber was
identified [19].
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Figure 1: SEM micrographs of fibers at different compositions: (a) 7.5% (w/v) PCL; (b) 12.5% (w/v) PCL; (c) 7.5% (w/v) PCL with 10% (w/w)
nHA; (d) 7.5% (w/v) PCL with 20% nHA; (e) 12.5% (w/v) PCL with 10% (w/w) nHA; (f) 12.5% (w/v) PCL with 10% (w/w).

3.2. Bioactivity Evaluation of Fibers in SBF. The ability of
forming apatite onto the fiber was evaluated through soaking
them in SBF for 3, 7, and 14 days using a sample of
7.5% (w/v) PCL and 7.5% (w/v) PCL with 10% (w/w) nHA.
When the sample was immersed into SBF, PCL fiber was
floated suggesting that high hydrophobic surface prevents
water absorption. Meanwhile, composite fiber settled down
to the bottom dish suggesting the fiber was high in density.
It also showed faster absorption of water into the fiber.
From Figure 2, it was observed that the composite fiber
started to nucleate hydroxyapatite at day 3 and showed full
mineralization after 7 days. After 14 days, some parts of
fibers were completely covered by the apatite layer and the
interfaces of fibers were blocked by apatite layer. Meanwhile,

no noticeable bone-apatite layer was observed on PCL fibers
even after seven days. A scaffold material should possess
porous structure with high percentage of porosity and good
interconnectivity. The fiber should maintain the pore shape
to provide better connectivity as a scaffold. Thus, the fibers
after immersing for 7 days in SBF had good property as a
scaffold as it showed better interconnectivity of the pores
while preserving its microstructure. EDX analyses at different
locations of composite electrospun fibers also confirmed
the presence of nHA particles that were well mixed with
polymer fiber surfaces (Figure 3(a)). The distribution of Ca
in 10% nHA in PCL nanofiber matrices after immersing in
SBF was further confirmed by the elemental mapping of Ca
(Figure 3(b)).
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Figure 2: FESEM micrographs of 7.5% (w/v) PCL fiber immersed in SBF after (a) 3 days, (b) 7 days; (c) 7.5% (w/v) PCL with 10% (w/w) nHA
immersed in SBF after 3 days, (d) 7 days, and (e) 14 days.
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Figure 3: (a) An EDX spectrum and (b) Ca distribution on PCL with 10% (w/w) nHA immersed in SBF after 7 days.
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over time (days).

Table 1: Contact angle measurement of fibers at different PCL and HA concentration.
Composition

0% HA/7.5% PCL
127.3 ± 2.4

10% HA/7.5%
PCL
112.7 ± 3.1

20% HA/7.5%
PCL
106.3 ± 4.5

0% HA/12.5%
PCL
120.5 ± 2.2

10% HA/12.5%
PCL
115.1 ± 4.1

20% HA/12.5%
PCL
93.7 ± 3.6

Contact angle

3.3. Contact Angle Measurement. The wettability of the fiber
was determined using contact angle. The desired scaffold
property for cell interaction is hydrophilic surface. Table 1
shows the contact angle of different composition of HA/PCL
fibers. The change in contact angle was observed. With
an increasing amount of 10% (w/w) and 20% (w/w) nHA,
some decreases of contact angles were observed. This is
due to the incorporation of hydrophilic nHA. This shows
that the incorporation of nHA as a second-phase material
with hydrophilic property reduced the contact angle of pure
PCL fiber. Also surface roughness had influence on this
property [19, 20]. These results indicated that PCL/nHA fibers
had better hydrophilicity. A change in contact angle of the
fiber can give early prediction of successful blending and
surface modification. However, it also depends on the surface
roughness of the fiber. This is because when the surface
roughness is high, only a small quantity of water may come
in contact with the surface of the fiber. So, the interaction
between fiber and water becomes low and the interaction
of water and air becomes high. This will cause increase in
contact angle for rougher surface. It was also reported that the
surface roughness increased with increasing of fiber diameter
and increasing with the incorporation of nHA [21, 22]. Since
PCL is hydrophobic polymer, adding nHA into the polymer
can alter the properties into more hydrophilic and rougher
surface. Rougher surface may cause slightly higher contact
angle of fiber. However since HA is hydrophilic, there was
only a slight change of lower contact angle with the increasing
amount of nHA. The contact angle of PCL/nHA fiber after

7 days in SBF was 84.4±3.5. The deposition of apatite on fiber
surface rendered them into more hydrophilic one.
3.4. Water Uptake. Figure 4(a) shows water uptake of
7.5% (w/v) PCL and 7.5% (w/v) PCL with 10% (w/w) nHA
fiber at different time interval after soaking in deionized
water. It showed that PCL/nHA fiber had higher water uptake
while PCL had lower water uptake properties. Initial water
uptake of PCL fiber was 0.4% and had the highest water
uptake at 35.5%. Meanwhile, PCL/nHA fiber had initial water
uptake of 25% and the highest water uptake of 175%.
The water uptake of the fiber immersed in SBF was measured as in Figure 4(b). PCL fiber showed a lower percentage
of water absorbed (11.94%) at day 3 due to hydrophobic
property. From day 3 to day 7, it was slightly decreased by
9.72%. Up to day 14, it was gradually increased to 15.95%.
PCL/nHA fiber showed faster water absorption at day 3
with 36% water uptake. From day 3 to day 7, it showed an
abrupt increase by 75%. The water uptake gradually increased
until reaching a final value of 90% at day 14. The results
showed PCL/nHA exhibits better hydrophilicity than PCL
fiber. After 20 days, no significant increase in water uptake
was observed, indicating the saturation state. The water
uptake properties are very important for porous materials
to study the mechanism. After an initial period of time, all
the materials exhibit an equilibrium state [4]. After longer
time, when the polymers start to degrade or the HA starts to
dissolute, weight loss can be observed for composite scaffolds
or fibers.

6

4. Conclusion
Using the electrospinning technique, beadless HA/PCL
nanofiber was obtained. Immersion in SBF showed 7.5% (w/v)
PCL with 10% (w/w) nHA fiber had good bioactivity up to
seven days compared to PCL fiber. Contact angle and water
uptake showed that the composite PCL/nHA fibers were
more hydrophilic than PCL fiber. The water uptake property
was also greater in the composite fibers than pure PCL fiber.
The composite electrospun fiber of PCL with osteoconductive
nHA is expected to be conducive for osteoblast growth for
bone tissue regeneration.
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Fibrous proteins, which derived from natural sources, have been acting as templates for the production of new materials for decades,
and most of them have been modified to improve mechanical performance. Insight into the structures of fibrous proteins is a key
step for fabricating of bioinspired materials. Here, we revealed the microstructure of a novel fibrous protein: solenin from Solen
grandis ligament and identified the protein by MALDI-TOF-TOF-MS and LC-MS-MS analyses. We found that the protein fiber
has no hierarchical structure and is homologous to keratin type II cytoskeletal 1 and type I cytoskeletal 9-like, containing “SGGG,”
“SYGSGGG,” “GS,” and “GSS” repeat sequences. Secondary structure analysis by FTIR shows that solenin is composed of 41.8% 𝛽sheet, 16.2% 𝛽-turn, 26.5% 𝛼-helix, and 9.8% disordered structure. We believe that the 𝛽-sheet structure and those repeat sequences
which form “glycine loops” may give solenin excellence elastic and flexible properties to withstand tensile stress caused by repeating
opening and closing of the shell valves in vivo. This paper contributes a novel fibrous protein for the protein materials world.

1. Introduction
Fibrous proteins have attracted much attention for a long time
because of their excellent tensile strength, elastic properties,
biocompatibility, and implication for fabricating biomaterials. The most common fibrous proteins include collagen,
elastin, silk fibroin, and keratin, whose microstructures,
composition, primary structures, and mechanical properties
have been studied in detail [1–3]. Mussel byssal thread,
a fibrous biomaterial from bivalve mollusc, has also been
investigated for decades. This hair-like fiber can be divided
into three regions: an elastic proximal thread, stiff distal
thread, and adhesive plaque regions, and it was found to
contain collagenous and elastin-like domains that play a
key role in the extraordinary mechanical properties [4–6].
Although these proteins have been studied in detail; however,
the knowledge about fibrous proteins in bivalve ligaments is
still limited.
Bivalve ligament is an elastic calcified structure which
connects two shell valves dorsally and functions like a coil
spring to open the valves when adductor muscles relax.

Most of bivalve ligaments are divided structurally into an
outer uncalcified protein layer and an inner calcified layer
made up of aragonite and matrix proteins [7]. They have
attracted the interest of materials scientists as elastic biocomposite materials with particular structure presenting excellent
mechanical properties [8]. Generally, an intact ligament is
composed of about 40% protein and 60% calcium carbonate
[9]. These proteins have been studied for decades. Earlier
studies were carried out mainly on amino acid composition
analysis. For instance, Kelly and Rice [10] and Kahler et al.
[9] reported that ligament proteins contain high contents of
glycine and methionine but are devoid of hydroxyproline and
hydroxylysine. Later, Kikuchi et al. [11] confirmed the results
and identified two components desmosine and isodesmosine
acting as cross-link in ligament protein. More recent studies
have revealed insights into gene cloning and secondary
structure analysis of the rubber-like protein: abduction of
scallop and the synthetic peptides inspired by abduction [12,
13]. Besides, few studies have been given to proteins, especially fibrous proteins in other bivalve ligaments. Recently,
we found two novel fibrous proteins from Siliqua radiata
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Figure 1: Optical photos and SEM image of the experiment sample. (a), (b) Optical photos of S. grandis and ligament fibrous protein,
respectively, and (c) SEM image of the fibrous protein.

and Solen grandis ligaments. The former, named as K58, was
found homologous to keratin type II cytoskeletal 1 [14, 15]; the
latter, which has never been studied, is composed of protein
fibers with diameter of about 120 nm (Figure 1) [16].
This paper aims to observe the microstructure of the
fibrous protein (FP), identify it by MALDI-TOF-TOF-MS and
LC-MS-MS analyses, and reveal its secondary structure by
FTIR analysis.

2. Materials and Methods
2.1. Sample Preparation and Observations. S. grandis
(Figure 1(a)) was freshly collected from Beihai city of
Guangxi in southern China. After removing the soft body,
ligaments were separated from shells mechanically, washed
with deionized water, and air-dried. Then, we stripped away
the outer layer and took an optical photo of the protein
(Figure 1(b)) using a microscope equipped with a CCD
camera. To obtain the SEM image (Figure 1(c)), FP was
coated with gold and observed by a SEM (S-3400N, Hitachi)
operated at accelerating voltage of 30 kV.
2.2. TEM Observations. To observe the detailed structure of
FP, we carried out TEM observations. First, we soaked FP in
3% glutaraldehyde for 3 days and then fixed it with 1% osmic
acid for 2 h. After being dehydrated gradually with ethanolacetone solution, FP was permeated by using acetone-epoxy
resin for 24 h. Then, the embedded FP was sliced into 70 nm
thickness in longitudinal and transverse section with Leica
UC7 ultramicrotome. Finally, the slices were stained with

uranyl acetate-lead citrate solution and observed by Hitachi
H-7650 TEM with acceleration voltage of 100 kV.
2.3. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE). For biochemical analysis, FP was
ground into powder in liquid nitrogen. Then, 20 mg powder
was treated with 7 M urea, 3% 2-mercaptoethanol, and 0.5 M
NaOH solution at 65∘ C for 1 h. After being centrifuged at
12 000 rpm and 4∘ C for 20 min, we discarded the solution
and treated the residue with the same conditions except
NaOH solution that was diluted into 0.25 M. Then, the sample
solution was obtained by centrifugation and dialyzed with a
dialysis bag of 14 kDa molecular weight cutoff for three days.
Dialysate was concentrated under vacuum, treated with 2DClean-Up Kit (GE Healthcare), and redissolved in lysis buffer.
After being quantified by Bradford assay, 26.1 𝜇g protein
sample and molecular weight standards (MW 14.4–94.0 kDa,
TianGen Biotech) were applied to SDS-PAGE on a 12%
separating gel using a JY 600 electrophoresis system (JunYi
Technology). Electrophoresis was followed by silver staining
and the gel band 1-1 (∼78 kDa) in lane 1 (Figure 2) was excised
for trypsin digestion.
2.4. In-Gel Trypsin Digestion and MALDI-TOF-TOF-MS
Analysis. Gel band 1-1 was destained, dehydrated, and dried
under vacuum. Then, gel pieces were rehydrated with
10 ng 𝜇L−1 trypsin in 40 mM NH4 HCO3 and 10% acetonitrile
solution for 45 min in ice bath. After being incubated at 37∘ C
for 16 h, peptides were extracted from the gel twice with 50%
acetonitrile and 0.1% trifluoroacetic acid. The extraction was
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Figure 2: SDS-PAGE pattern of FP (lane 1) and molecular weight
standards (lane 2).

vacuum-dried, redissolved in 0.1% trifluoroacetic acid, and
mixed with 𝛼-cyano-4-hydroxycinnamic acid (CHCA). The
mixture was applied to a 4800 mass spectrometer (Applied
Biosystems, Framingham) running in positive ion reflection
mode in the mass range of 800–4000 Da. The ten most intense
ions were selected for MS-MS analysis with acceleration
voltage of 20 kV.
The acquired MS and MS-MS data were combined and
searched against protein databases at NCBI and Swiss-Prot
using the Mascot search engine with GPS Explorer Software (Applied Biosystems). Mass tolerance of 200 ppm and
±0.3 Da for MS and MS-MS were set, and variable modifications, such as oxidation, methylation, and phosphorylation,
were under consideration. Protein score calculated by the
software was used for correct identification.
2.5. LC-MS-MS Analysis. FP sample solution was separated
by SDS-PAGE again, and the similar gel band was excised and
digested by trypsin. Digested sample was dissolved in 0.1%
formic acid and desalted with 0.2% formic acid on a Zorbax
300 SB C18 peptide trap. Then, peptides were separated by
a reversed phase C18 column (0.15 mm × 150 mm, Column
Technology Inc.) with a linear gradient of 0–50% mobile
phase A (0.1% formic acid and 84% acetonitrile) in mobile
phase B (0.1% formic acid) over 60 min. Separated peptides
were eluted into an LTQ linear ion trap mass spectrometer
(Thermo Finnigan) equipped with a microspray source running in data-dependent mode with spray voltage of 3.4 kV
at 200∘ C and full scan mass range of 300–1800 Da. Dynamic
exclusion was enabled with a repeat count of 2 and exclusion
duration of 1.5 min. The ten most intense ions in every full
scan were selected automatically for MS-MS analysis.
The MS-MS spectra were searched against protein
databases using SEQUEST algorithm. All SEQUEST searches
were performed on Bioworks 3.2 software (Thermo Finnigan)

with following parameters: fully tryptic peptide, parent mass
tolerance 1.4; peptide mass tolerance 1.5. Delta CN (≥0.1) and
Xcorr (one charge ≥1.9, two charges ≥2.2, and three charges
≥3.75) were used as criteria for identification.
2.6. FTIR and Secondary Structure Analysis. FP powder was
mounted in KBr and scanned using an FTIR (Nicolet 4700,
Thermo Electron) with 64 scans and resolution of 2 cm−1
in the range of 4000–400 cm−1 . The amide I region (1700–
1600 cm−1 ) of the spectrum was curve fitted into Gaussian
curve for secondary structure analysis. Curve-fitting was
carried out using origin 7.5 software (OriginLab) equipped
with peak fitting module (PFM) with following parameters:
data preconditioning: methods 11; filters: savitzky-golay, polynomial 2; find peaks with threshold height of 0.002. We
used the peak position of individual component of Gaussian
curve to assign 𝛼-helix (1650–1657 cm−1 ), 𝛽-sheet (1612–
1640 cm−1 ), 𝛽-turn (1655–1675 cm−1 ), and disordered (1640–
1651 and 1670–1697 cm−1 ) structure [17, 18]. Peak area of
each component was calculated to obtain secondary structure
data.

3. Results and Discussion
3.1. TEM Observations. The morphology of FP has been
observed by SEM in Figure 1(c) and previous study [16].
However, owing to the limited resolution of SEM, it is hard
to observe the fine structure of FP, especially the detailed
structure of transverse sections of the protein fibers. By using
TEM, we found that transverse sections of these protein
fibers are roundish with diameters ranging from 130 to
200 nm, and they arrange orderly connecting one by one
like many strings of pearls (Figure 3(a)). It is worth noting
that diameters of protein fibers in TEM image are larger
than those in SEM (about 120 nm). This inconsistency is very
likely due to the pretreatment of FP for TEM observation.
At higher magnification (Figure 3(b)) and from longitudinal
view (Figures 3(c) and 3(d)), we did not find any microfibrils
within these protein fibers, which means that these fibers
have no hierarchical structure and they are not constructed
by microfibrils. This structure feature is different from keratin
and collagen fibers, both of which have complex hierarchical
structures and are assembled by microfibrils as elementary
building blocks [1, 3]. These results imply that FP may be a
new kind of fibrous protein.
3.2. MALDI-TOF-TOF-MS Results and Data Analysis. In
previous study [14], we have found that FP has strikingly high
Gly, Asp, Met, and Phe contents but contains trace amount
of Hyp. That means that FP is not collagen. To identify this
unique fibrous protein, mass spectrometry was performed
and the results are shown in the following.
As expected, no proteins of bivalve mollusc were matched
when searched against protein databases. However, unexpectedly, FP was identified as Pan troglodytes keratin type II
cytoskeletal 1 (K1) and Pongo abelii keratin type I cytoskeletal
9-like (K9) with protein score of 625 and 491, respectively,
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Figure 3: TEM observation of FP. (a) Transverse section of FP, (b) enlarged view of transverse section of FP that shows no microfibrils within
the protein fibers, (c) longitudinal section of FP, and (d) enlarged view of longitudinal section of FP that shows no microfibrils within the
protein fibers.

representing 100% confidence. Furthermore, some interesting repeat sequences of “SGGG,” “SYGSGG,” “GS,” and “GSS”
were highly matched (Tables 1 and 2).
Although FP was highly matched with K1 and K9, it does
not mean that FP is K1 or K9, because the molecular weight of
FP (∼78 kDa) (Figure 2) is higher than K1 (∼64 kDa) and K9
(∼63 kDa) [19, 20]. As known, K1 and K9 are fibrous proteins
belonging to keratin family. In terms of structure, both of
them can be divided into three domains: a highly conserved
central rod domain acting as basic structural framework,
an N-terminal head, and a C-terminal tail domain that are
diverse in different proteins [21]. Of the matching peptides
in Tables 1 and 2, 70% and 55% belong to conserved central
rod domains of K1 and K9, respectively. These high matching
rates imply that FP contains conserved domains similar to
K1 and K9, and it should be the differences of head and tail
domains that distinguish FP from K1 and K9. Therefore, we
consider that FP is a novel fibrous protein homologous to K1
and K9. Since it was found from bivalve S. grandis ligament
and identified for the first time, we named it solenin.
3.3. LC-MS-MS Results and Data Analysis. LC-MS-MS analysis shows the same results as MALDI. Similarly, no proteins were matched when searched against mollusc protein

database, but K1 and K9 were matched with 56.7% and 64.2%
sequence coverage, respectively. These results again indicate
that solenin is homologous to K1 and K9. Interestingly, we
also found that a matrix protein from inner layer of S. grandis
ligament has a high homology with K1, which gives us an
important implication; that is, solenin is likely to assemble
from matrix proteins (consider for publication elsewhere). It
is known that matrix proteins from bivalve shells can control
the formation of biominerals [22]. Excitingly, we have found
that solenin can control pure aragonite formation at ambient
condition in vitro, which suggests that solenin may serve as
template for fabricating of biocomposite materials.
LC-MS-MS results also matched with repeat sequences
mentioned (Tables 1 and 2). These sequences, with many
repetitive “G,” are different from those of other fibrous or
elastic proteins, such as “GGFGGMGGGX” of abduction
[12], “GAGAGS,” “APGVGV,” and “GPGGG” of silk fibroin,
elastin, and mussel byssal thread, respectively [23, 24].
However, repeat sequences of “GS” and “GSS” of solenin
are identical to those of Lustrin A, an extracellular matrix
protein from mollusc Haliotis rufescens shell [25]. These
glycine- and serine-rich repeats previously had been found
to form rubber-like “glycine loops” in Lustrin A and keratins
to give them elastic and flexible properties [25, 26]. Such
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Table 1: Search result of FP identified by MALDI-TOF-TOF-MS, matching keratin, type II cytoskeletal 1 [Pan troglodytes], NCBI database
ID: gi|160961491.
Calculated mass
973.5312
1033.516
1065.5211
1092.5028
1179.6005
1277.71
1302.7151
1340.6692
1393.7322
1475.7489
1475.7853
1539.7836
1638.8599
1657.7928
1708.7131
1716.8511
1993.9825
2150.0776
2383.9517
3312.3079
a
b

Observed mass
973.572
1033.5568
1065.5497
1092.5533
1179.6487
1277.7668
1302.7572
1340.719
1393.7858
1475.8197
1475.8197
1539.8457
1638.9277
1657.8588
1708.7843
1716.9194
1994.0464
2150.1382
2384.0327
3312.3784

±ppm
42
39
27
46
41
44
32
37
38
48
23
40
41
40
42
40
32
28
34
21

Position
396–403
479–487
351–359
596–609
372–381
468–478
339–350
360–371
273–284
207–218
195–206
456–467
181–194
13–29
46–65
413–427
618–637
219–235
514–544
545–583

Peptide sequencea,b
IEISELNR
TLLEGEESR
AQYEDIAQK
GSGGGSSGGSIGGR
YEELQITAGR
LALDLEIATYR
SLDLDSIIAEVK
SKAEAESLYQSK
TNAENEFVTIKK
WELLQQVDTSTR
FLEQQNQVLQTK
LLRDYQELM∗NTK
SLNNQFASFIDKVR
SGGGFSSGSAGIINYQR
FSSCGGGGGSFGAGGGFGSR
QISNLQQSISDAEQR
SSGGSSSVKFVSTTYSGVTR
THNLEPYFESFINNLRR
GGGGGGYGSGGSSYGSGGGSYGSGGGGGGGR
GSYGSGGSSYGSGGGSYGSGGGGGGHGSYGSGSSSGGYR

M∗: oxidized methionine.
Bold peptides are the repeat sequences.

Table 2: Search result of FP identified by MALDI-TOF-TOF-MS, matching keratin, type I cytoskeletal 9-like [Pongo abelii], NCBI database
ID: gi|297716097.
Observed mass

±ppm

Position

Peptide sequencea,b

913.4084
982.4337
1060.5634
1074.5215
1157.5909
1232.5978
1235.5287
1323.6725
1867.9219
1966.0604

913.4358
982.4608
1060.5917
1074.5509
1157.6195
1232.6311
1235.556
1323.6975
1867.9476
1966.0665

30
28
27
27
25
27
22
19
14
3

238–244
35–46
229–237
5–13
255–265
14–29
47–59
245–254
326–340
379–395

2705.1609

2705.1836

8

64–95

MTLDDFR
FSSSGGGGGGGR
TLLDIDNTR
QFSSSYLSR
QGVDADINGLR
SGGGGGGGLGSGGSIR
FSSSSGYGGGSSR
IKFEM∗EQNLR
TLNDM∗RQEYEQLIAK
HGVQELEIELQSQLSKK
GGGGSFGYSYGGGSGGGFSASSLGGGFGGGSRGGGGSFGY
SYGGGSGGGFSASSLGGGFGGGSR

Calculated mass

a
b

M∗: oxidized methionine.
Bold peptides are the repeat sequences.

loops should also be present in solenin as it is homologous
to keratin and contains “GS” and “GSS” repeats. Besides,
phenylalanine (F) and tyrosine (Y) residues are involved in
these repeat domains (Tables 1 and 2); their aromatic side
chains interaction will contribute to the formation of “glycine
loops” (Figure 4). These loops may give solenin excellence
elastic and flexible properties to withstand tensile stress
caused by repeating opening and closing of the shell valves
in vivo.

3.4. FTIR Spectrum and Secondary Structure Analysis. FTIR
spectrum (Figure 5(a)) of solenin has been discussed in our
previous study [16]. Here, secondary structure of solenin was
analyzed by curve-fitting of amide I band of the spectrum,
since the band is frequently used for secondary structure
analysis [27, 28]. Based on previous studies [17, 18] and the
curve-fitting results (Figure 5(b)), peaks of Gaussian curve
were ascribed to 𝛽-sheet, 𝛽-turn, 𝛼-helix, and disordered
structure, respectively. Quantitative analysis results indicate
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Glycine loop

Glycine loop

(a)

(b)

Figure 4: Schematic diagram of formed (a) and unfolded glycine loops (b). Blue hexagons represent benzene rings and red dot lines represent
the interaction of benzene rings side chains of phenylalanine and tyrosine.
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Figure 5: FTIR spectra of solenin. (a) Original spectrum and (b) Gaussian line shapes of amide I region, 1700–1600 cm−1 ((a) adapted from
Figure 7(b), [16], with permission).

that solenin is mainly composed of 𝛽-sheet structure (41.8%),
with 16.2% 𝛽-turn, 26.5% 𝛼-helix, and a small amount
of disordered structure (9.8%). This high 𝛽-sheet content
contradicts K1 and K9 (mainly with 𝛼-helix structure), which
confirms that solenin is not K1 or K9. It also implies that the
head or tail domain of solenin is mainly composed of 𝛽-sheet
structure since its central rod domain is similar to K1 and K9.
This secondary structural feature is similar to silk [29, 30]
and K58 [14]. It may endow solenin with high performance
of tensile strength, just like silk; the strong fibrous protein
having high tensile strength of 0.6 GPa [31] is mainly made
up of 𝛽-sheet structures.
Although the tensile strength of solenin has not been
determined yet for the lack of instrument, there is no doubt
that solenin is subjected to repeating tensile stress with
frequent closing of shell valves in vivo [16]. This implies that
solenin must have superior tensile strength to withstand longterm successive rapid movement of shell valves to accommodate the rapid burrowing life habit of this species [16,
32]. In addition, solenin presents excellent solvent resistance
property similar to K58 [14], which implies that the protein
may serve as a good template for fabricating of biomaterials.

4. Conclusions
Solenin is a novel fibrous protein homologous to K1 and K9. It
is not constructed by microfibrils and is different from collagen. Its high content of 𝛽-sheet structure (41.8%) may endow
solenin with excellent tensile strength and solvent resistance
property. Insight into the structure of this intriguing natural
fibrous protein will provide a new template for fabricating of
bioinspired materials.
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A new alumina membrane with hour-glass shaped nanochannels is reported using the double-side anodization method and the
subsequently in situ pore opening procedure, which is applied to develop the tunable ionic current rectification devices that
were modulated by ions gradient. By regulating the pH gradient, tunable ionic current rectification properties which are mainly
dependent on the asymmetric surface charge density or polarity distribution on the inner walls of the nanochannels can be obtained.
The enhanced ionic current rectification properties were presented due to the synergistic effect of the voltage driven ion flow
and diffusion driven ion flow with the application of pH and electrolyte concentration gradients. Therefore, such specific alumina
nanochannels would be considered as a promising candidate for building bioinspired artificial ion channel systems.

1. Introduction
In living systems, with proton migration from inward to
outward of biological membranes, the transmembrane proton gradient is generated and applies essential driving force
for oxidative phosphorylation to promote the formation of
adenosine triphosphate (ATP), which guarantees the energy
requirement of life activities [1, 2]. This phenomenon demonstrates that ions gradient plays an important role in the
transmembrane ion transport behaviors [3, 4]. It inspires
that, for artificial nanopores and nanochannels, ions gradient
can be considered as an external parameter to regulate ionic
transport behaviors [5–10], build nanofluidic devices [11–13],
or construct photoelectric conversion systems [14–16]. For
example, Jiang’s group reported a photoelectric conversion
system based on smart gating proton driven nanochannels
whose inspiration came from photoelectric conversion of
retina [17]. Garcı́a-Giménez et al. discovered that the applied
pH gradient originated strong asymmetries in the distribution of fixed charges along the bacterial porin OmpF,
a biological nanopore, resulting in rectified ion transport
behavior [18]. This behavior shows the preferential direction
for ion flow in synthetic nanochannels, which is observed

as a nonlinear current-voltage signal [19]. Nanofluidic diode
system was fabricated using single conically shaped nanopore
by manipulating pH gradient and an enhanced current
rectification was obtained comparing with the condition that
there exists homogeneous electrolyte [20]. The concentration
gradient dependent ionic current rectifications were reported
in charged nanopores [21, 22] and homogeneous silica
nanochannels [23, 24] as well. Recently, systematic studies on
rectified ion transport in artificial nanochannels with both
pH gradient and concentration gradient driven ion flow are
of significant interests [25].
Alumina nanochannels possess many particular advantages such as repeatability, chemical stability, high pore
densities, and flexibility in controlling the geometry, which
makes this inorganic nanochannel as a desired candidate
for artificial ion channels [26–28]. Recently, extensive efforts
have been expended on controlling the asymmetric geometric structures [29, 30] and surface properties [31] to obtain
the novel nanofluidic devices based on artificial alumina
nanochannels. Our group has experimentally demonstrated
the diode performance of the branched alumina nanochannels, which are mainly dependent on the natural asymmetric
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effect of the branched structures and the surface-charge
distribution on inner walls [32]. By breaking the symmetry of
the cylindrical alumina nanochannels and introducing amine
functional groups, a modulated rectification behavior that is
responsive to pH stimuli has been constructed [33]. However,
these alumina nanochannels were nearly prepared by oneside anodization process and Al substrate as well as barrier
oxide layers should be removed after anodization. To develop
advanced functional nanochannels, making innovation on
internal configurations of alumina nanochannels is still a
huge challenge.
The anodization technique allows control over the shape
of the nanochannels, and in this work a double-side anodization process was applied together with an in situ pore
opening procedure. A new alumina membrane with hourglass shaped nanochannels is fabricated. Similar to previously
reported single double-conical shaped nanochannel based
on organic materials [34, 35], these unique nanochannels
are composed of two segments of asymmetric nanochannels,
whose surface properties can be simultaneously or separately
modulated by external stimuli, such as pH and concentration.
Herein, we utilize the specific symmetric hour-glass shaped
alumina nanochannels with asymmetric ion gradients to
adjust diverse surface charge properties in order to develop
the asymmetric nanochannel systems that provide variety
control over both the pH- and concentration-tunable ionic
rectification properties.

acid in order to penetrate the two barrier oxide layers. This in
situ pore opening time should be controlled within 30 min
for forming the hour-glass shaped alumina nanochannels,
which would be used as an optional candidate for artificial
ion channels. The detailed microstructure of the as-prepared
alumina nanotubes and nanochannels was characterized with
scanning electron microscopy (SEM, Hitachi, S4300).

2. Experimental

3. Results and Discussions

2.1. Alumina Nanochannel Fabrication Process. The hourglass shaped alumina nanochannels were prepared by a
double-side anodization method with an in situ pore opening
process. Al foil (99.999% pure, 0.1 mm thick) was firstly
cleaned by acetone, ethanol, and MilliQ water (18.2 MΩ) in
sequence and then was electropolished in a mixture solution
of HClO4 and ethanol (1 : 4 in volume ratio) at 4∘ C under
the voltage of 17 V. The first anodization step was carried out
in a 0.3 M oxalic acid solution at 5∘ C. Each side of the Al
foil was separately anodized for 1 h and then the resulting
porous oxide layer was etched from Al substrate in a solution
containing 6 wt% phosphoric acid and 3.5 wt% chromic acid
at 90∘ C for 4 h. In the second step, the corresponding Al
substrate with highly ordered hemispherical concaves was
anodized under the same electrolyte conditions as the first
anodization. The duration of the second anodization was
varied from 7 to 9.2 h in order to investigate the effect
of anodization time on the growth behavior of the Al2 O3
nanotube arrays. Here, two layers of Al2 O3 nanotube arrays
synchronously grew on both sides of the Al substrate that
contact the electrolyte during anodization process. When
the anodized current decreased nearly to zero at 9.2 h, Al
substrate was totally anodized, and two highly ordered Al2 O3
nanotube layers were fabricated with a barrier oxide layer at
each bottom of the nanotubes. These insulating layers would
block direct electrical and chemical contact between the
two nanotube layers. After anodization, as-fabricated Al2 O3
nanotubes membrane was still immersed in electrolyte oxalic

3.1. Alumina Nanochannel Characterization. As described in
experimental process, the fabrication process of the hourglass shaped alumina nanochannel is schematically illustrated in Figure 1, which consists of five steps. Using the
double-side anodizing process (from step (a) to step (d)),
the double-layer alumina nanotubes were firstly fabricated
with the opposite growth direction. However, there are two
insulating barrier oxide layers between the bottoms of the
two nanotube layers. The in situ pore opening procedure
(step (e)) was carried out immediately after the anodization
process. The hour-glass shaped alumina nanochannels were
finally obtained. The two opening sides have the relatively
large diameters depending on the anodization voltage, while
the center of the nanochannels that etched from the barrier
layers have the small diameters determined by the in situ pore
opening time.

2.2. Current-Voltage (𝐼-𝑉) Measurement. The ionic transport
behaviors of hour-glass shaped alumina nanochannels under
the pH or ionic concentration gradient conditions were
investigated in an electrochemical cell. As shown in Figure
S1 (supporting information in Supplementary Material available online at http://dx.doi.org/10.1155/2014/564694), alumina nanochannels membrane was mounted between two
half-cells. Potassium chloride (KCl) aqueous solutions with
different pH or ion concentrations were chosen as the
electrolyte. The pH of the electrolyte varied from 3.0 to
11.0, which was adjusted with 0.1 M hydrochloric acid or
0.1 M potassium hydroxide solution. The concentrations of
KCl electrolyte varied from 0.1 mM to 100 mM. Ag/AgCl
electrodes were settled in each half-cell to apply the desired
transmembrane potential. The anode faced the left side of
the nanochannels and the cathode faced the right side in all
measurements. 𝐼-𝑉 curves were measured using a Keithley
6487 picoammeter/voltage source. The voltage was stepped
between −2 V and +2 V with 200 mV steps, lasting for 5 s.

3.2. Microstructure and Morphology of Alumina Nanochannels. In our work, the effect of anodization time on the
growth behavior of the Al2 O3 nanotube arrays was investigated. As shown in Figures 2(a)–2(e), two layers of Al2 O3
nanotubes synchronously grew on both sides of the Al
substrate with the growth time about 7 h, 8 h, 8.5 h, 9 h,
and 9.2 h, respectively. The thickness of the membrane for
all samples is controlled about 95 𝜇m. With the increase in
anodization time, the thickness of the alumina nanotube
layers increased gradually from 78.2 𝜇m to 95 𝜇m, while the
thickness of Al substrate decreased correspondingly. When
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Figure 1: Schematic illustration of the experimental method for fabricating hour-glass shaped alumina nanochannels membrane.
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Figure 2: The cross-sectional SEM images of (a–e) the Al2 O3 nanotube layers with different second-step anodized time, which would be
regulated from 7 h, 8 h, 8.5 h, and 9 h to 9.2 h, respectively. The thickness of Al2 O3 nanotube layers increased when the anodized time increased,
while the thickness of Al substrate decreased. When the anodization time was 9.2 h, the Al substrate was completely anodized. The doublelayer alumina nanotubes were fabricated and the boundary between the two nanotube layers became vague after 30 min in situ pore opening
process (f). Scale bar is 25 𝜇m.

the anodization time was 9 h (Figure 2(d)), Al substrate
decreased to be a slice, with the thickness of about 600 nm.
And finally the Al substrate was completely anodized at 9.2 h
(Figure 2(e)). Then after 30 min in situ pore opening process,
the boundary between two layers of alumina nanotubes
became vague (Figure 2(f)). At this time, the as-fabricated
alumina membrane exhibited a good transparency (Figure

S2). Therefore, based on this unique phenomenon, we further
investigated the detailed microstructure of the double-layer
Al2 O3 nanotubes before and after the in situ pore opening
procedure.
As shown in Figures 3(a) and 3(b), pore diameters of asprepared double-layer alumina nanotubes are about 45 nm
at both top and bottom opening sides. Two barrier layers
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Figure 3: SEM images from the top opening side, bottom opening side, and the cross-sectional viewing of (a–c) the double-layer Al2 O3
nanotubes and (d–f) hour-glass shaped alumina nanochannels, respectively. Both the nanotube and the nanochannel have the pore diameters
at top and bottom opening sides about 45 nm. At the center of the nanotube membrane, two barrier layers closely contact and the ion
transportation would be blocked. With the in situ barrier layer etching for about 30 min, hour-glass shaped nanochannel was fabricated,
which has a small pore at the central region of channel with the diameter of about 15 nm. Scale bar is 200 nm.

closely contact at the center of the nanotubes membrane
(Figure 3(c)). In our controlled in situ pore opening process,
the inner walls of the channels would not be etched (Figures
3(d) and 3(e)), while the barrier layers were preferentially
penetrated. It is clear from Figure 3(f) that an ionic confinedtransportation region is observed within the nanochannels
with the pore diameter about 15 nm. This in situ pore opening
process is different from the wet-chemical etching methods
that were usually used [36–38]. In anodization process,
nanotubes growth occurred at the barrier oxide layers with
the dissolving and anodizing process of Al substrate [39]. The
barrier layers have the relatively higher reaction activity than
the inner walls. When the anodization reaction just stopped,
the alumina nanotubes membrane is nearly impassable and
only a very low ion transport current was detected by 𝐼-𝑉
measurement (Figure S3). And then, the barrier layers would
be preferably dissolved in the residual electrolyte solution
because the pH value is about 0.99. Thus, the partly dissolved
barrier layers resulted in the forming of hour-glass shaped
nanochannels. It is noted that the inner walls can also be
etched with the increase in etching time, which results in
the disappearance of the confined spaces. Here, on the basis
of our experimental results, the optimal in situ barrier layer
etching time was determined to be 30 min for fabricating
the hour-glass shaped alumina nanochannels (Figure 3(f)),
which provided a desired transmembrane ionic current as the
previously reported alumina nanochannels.

3.3. Influence of pH and Concentration Gradient on the Tunable Ionic Current Rectification Performances. As we know,
alumina is an amphoteric material with the isoelectric point
(pI) about 8.5 and the surface charges could be modulated by
pH stimuli [40]. Here we present the pH-gradient dependent
ionic current rectification in as-prepared hour-glass shaped
alumina nanochannels. With the adjusting of pH values, the
nanochannels surface carried positive (Al-OH2 + ) or negative
charges (Al-O− ) due to the protonation or deprotonation of
the terminated Al-OH surface. Thus, Figures 4(a) and 4(b)
show the 𝐼-𝑉 curves of hour-glass shaped alumina nanochannels with 1 mM KCl solution under different pH gradient
stimuli. The corresponding surface charge density or polarity
distributions of the inner walls of alumina nanochannels are
schematically represented in Figures 4(c) and 4(d) with the
assumption that solutions at two half-cells meet at the central
confined space of the hour-glass nanochannels. When the
value of solution pHL was 4.5 in the left half-cell, the values of
pHR in the right half-cell varied from 4.5 to 11.0 (Figures 4(a)
and 4(c)). The pH gradients could be considered as four different conditions owing to the different surface charge properties on the inner walls of hour-glass shaped nanochannels.
(i) Symmetric acid-acid: two asymmetric channel segments
carry the same positive charges when pH 4.5 is below the pI.
Undoubtedly, the linear 𝐼-𝑉 curve can be obtained in such
symmetric hour-glass shaped alumina nanochannels, which
means it does not rectify. (ii) Asymmetric acid-acid: with the
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Figure 4: Ionic transport properties of the hour-glass shaped alumina nanochannels measured in 1 mM KCl solution with pH gradient
stimuli. (a) 𝐼-𝑉 curves with pHL 4.5 and pHR varying from 4.5 to 11.0. (b) 𝐼-𝑉 curves with pHR 10.5 and pHL varying from 3.6 to 10.5. (c) and
(d) schematic representation of the surface charge distribution under symmetric/asymmetric pH stimuli.

increase in pHR values, homogeneous discontinuous positive
charge density between two nanochannel segments is created.
The nanochannels show the rectification characteristics as
follows: a high conducting state (“on”) at negative voltage and
a low conducting state (“off ”) at positive voltage. Meanwhile,
with the escalated pH gradient, the asymmetry of surface
charge density distribution is enhanced, which contributes to
the increase in ionic current at “on” state and the decrease
in ionic current at “off ” state. (iii) Asymmetric acid-neutral:
only one asymmetric channel segment has the positive
charges, which resulted in the nonuniform chemical composition on the symmetric nanochannels. The ionic transport
condition in our experiment is relatively similar to the diode
made with proteins in silicon nanochannels [41]. As a result,
the rectifying occurred. (iv) Asymmetric acid-base: hourglass shaped nanochannels have the heterogeneous surface
charges, which resulted in a positive-negative charge junction

like a bipolar diode [42, 43]. At negative voltage, both K+ and
Cl− are driven toward the junction. Ions accumulated inside
the electric double layer of the nanochannels dependent on
the strong interaction between charged walls and ions in
solution; thus, the nanochannels are the “on” state. While
at positive voltage, the depletion of ions induces a low
ionic current and the nanochannels are the “off ” state. As
a consequence, from the state (i) to state (iv), current at
negative voltages dramatically increased, while it decreased
at positive voltages in sequence. The best ionic rectification
property was exhibited in state (iv).
Further, we investigated the rectification behaviors of
hour-glass shaped alumina nanochannels with another kind
of pH gradient stimuli that the pHL values changed from
10.5 to 3.6, while the pHR was fixed at 10.5 (Figures 4(b)
and 4(d)). The pH gradients were also divided into four
parts as described above including (v) symmetric base-base,
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(vi) asymmetric base-base, (vii) asymmetric neutralbase, and (viii) asymmetric acid-base. The right segment
nanochannels have the same negative surface charges, while
the left segment nanochannels have the adjusted surface
charges that vary from high negative, low negative, and
neutral to positive following the pH values decreasing in
sequence. It should be noted that the similar 𝐼-𝑉 curves were
observed among states (i) and (v), states (ii) and (vi), states
(iii) and (vii), and states (iv) and (viii), respectively. At states
(vi) and (vii), the nanochannels especially exhibited the ion
rectification with the same direction as states (ii) and (iii)
because the surface charge polarity and the direction of the
charge distribution were simultaneously reversed.
Rectification performance can be quantitatively represented by the value 𝑟, which is defined as the ratio between
the currents measured at a voltage of the same amplitude
but opposite polarity. In our case, the corresponding 𝑟 is
calculated by the absolute value of 𝐼 (on state)/𝐼 (off state),
measured at ±2 V applied potential. The tunable ionic rectification behavior has been represented in hour-glass shaped
alumina nanochannels. Figure 5(a) shows the rectification
performance of states (i), (ii), (iii), and (iv). In this case, 𝑟
is 1.0 at state (i) for the symmetric pH solutions (4.5/4.5)
and increases to reach the maximum value of 37.4 under the
largest pH gradient (4.5/11.0) of state (iv). In Figure 5(b),
when pHR is fixed at 10.5, 𝑟 is equal to 34.3 at state (viii)
with asymmetric pH 3.6/10.5 stimuli and decreases to 1.0
at state (v) under the symmetric pH 10.5/10.5. So, with
the increase in pH gradient, the ionic rectification behavior
can be enhanced. Significant increase in rectification ratios
especially is observed at states (iv) and (viii), which mainly
depends on the opposite charge polarity on the asymmetric
nanochannel segments. To inspect and verify the pH response
of the two asymmetric alumina nanochannel segments, 𝐼-𝑉
properties of the hour-glass shaped nanochannels have been
examined with asymmetric pH values changed simultaneously (Figure S4(a)). The rectification behavior can be modulated and the better rectification performance was obtained
under the highest pH gradient of 3.0/11.0. The rectification
ratio reaches the maximum value of 48.9 (Figure S4(b)).
Ionic concentration gradient has been identified as an
important factor to influence rectification properties. We
investigated the current rectification properties of hour-glass
shaped alumina nanochannels under the modulating of both
pH and ionic concentration gradient. Figure 6 shows the
asymmetric 𝐼-𝑉 curves measured in KCl electrolyte with or
without a different concentration gradient in an asymmetric
acid-base solution with pHL 5.2 and pHR 10.0. We fixed an
ionic concentration of 0.1 mM at one side and manipulated
the different concentration (0.1, 1, 10, and 100 mM) at the
other side. Here, ionic concentration is defined as 𝐶L in acid
solution, as well as 𝐶R in basic solution. With the same ion
concentration on both sides (𝐶L = 𝐶R = 0.1 mM), the hourglass shaped alumina nanochannels display an evidently
asymmetric rectification behavior in the pH gradient
solution. With the concentration gradient stimuli, the zerovolt current is nonzero because of the selective diffusion
of the anions or cations. In addition, with the increase in
the ionic concentration gradient, the negative ionic current
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Figure 5: Ionic rectification ratio of the hour-glass shaped alumina
nanochannels measured in 1 mM KCl with a series of pH gradients.
(a) pHL 4.5 and pHR varied from 4.5 to 11.0. (b) pHR 10.5 and pHL
varied from 3.6 to 10.5. With the increasing of pH gradient, the
rectification ratios correspondingly increased.

monotonously remarkably increased (“on” state), while the
positive ionic current slightly increased (“off ” state).
Figure 7 illustrated how the hour-glass shaped alumina
nanochannels operate under both pH and concentration
gradients stimuli. Upon applying pH gradient, the ionic
diode was formed, which consists of a junction between
positively and negatively charged zones within the hour-glass
shaped nanochannels. At the “on” state, the external voltage
drives both cations (e.g., K+ ) and anions (e.g., Cl− ) from the
bulk solution through the nanochannel. The nanochannel
has no ion selectivity and the current is carried by both
cations and anions. When low ionic concentration is fixed at
the acid side (𝐶L < 𝐶R ), the direction of diffusive K+ ion flow
is consistent with the voltage driven K+ ion flow at “on” state
(up-left in Figure 7), while the direction of diffusive Cl− ion
flow is opposite to the voltage driven Cl− ion flow. As a result,
the diffusion rate of K+ along its concentration gradient
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Figure 6: Concentration-gradient dependent ionic current rectification of hour-glass shaped alumina nanochannel in an asymmetric
acid-base solution of pHL 5.2 and pHR 10.0. 𝐼-𝑉 curves measured in
KCl electrolyte with or without a different concentration gradient.
The experimental configurations are (a) 𝐶L = 0.1 mM and 𝐶R varied
from 0.1 to 100 mM. (b) 𝐶R = 0.1 mM and 𝐶L changed from 0.1 to
100 mM.

(from the base side to the acid side) across the membrane
is higher than the diffusion rate of Cl− , which causes the
nonzero zero-volt current. More K+ ions are supplied from
the bulk at base side than that in symmetric concentration
solution and then get transported through the channel by
the driven force including external bias and concentration
gradient. Therefore, this forward concentration gradient

contributes to a high ionic current at “on” state. At the “off ”
state, the voltage polarity is reversed and external bias drives
ions out of the nanochannel. Under the concentration gradient stimuli, few ions can be replenished into the ion-depleted
zone at base side (bottom-left in Figure 7). The diffusion of
Cl− ions from base side to the acid side would possibly occur,
which results in a slightly increase in ionic current.
When low ionic concentration is fixed at base side
(up-right in Figure 7), the reversed concentration gradient
(𝐶L > 𝐶R ) excited a higher diffusion rate of Cl− across
the membrane from the acid side to the base side than the
diffusion rate of K+ at “on” state, which remarkably promotes
the ionic currents in the same direction with the voltage
driven ion flow. At the “off ” state, the ion-depleted zone will
be filled with the excess K+ ions that originate from the high
concentration gradient at the acid solution (bottom-right in
Figure 7). Similarly, the diffusive K+ ions may enhance the
ionic transmembrane current. Therefore, regardless of the
direction of the ionic concentration gradient on the forward
or on the reverse, diffusive ion flow has the same ability
for promoting ionic transportation properties. Ionic selective
transport of the hour-glass shaped alumina nanochannels
also has been constructed, which is opposite to some reported
artificial nanochannels [13, 32] that asymmetric geometry is
needed. Based on the regulation of both pH and concentration gradients, we implement the heterogeneous surface
charges distribution and execute the asymmetric external
stimuli in one integrating device successfully.
The concentration-gradient dependent ionic rectification
ratios are summarized in Figure 8. Without concentration
gradient, the rectification ratio of hour-glass shaped alumina
nanochannels recorded at ±2 V is 10.2 under the asymmetric
acid-base solution with the concentration of about 0.1 mM.
When the forward concentration gradient is applied (𝐶L <
𝐶R ), the enhanced rectification ratio with a factor of 14.6 is
obtained in an ionic concentration gradient of 0.1 mM/1 mM
(red histogram). In this way, the diffusive ion flow remarkably
promotes the ionic transport at “on” state as the synergistic
effect of diffusive ion flow and voltage driven ion flow. Then,
with the concentration gradient increasing to 100-fold and
1000-fold, the rectification ratios decreased to 9.9 and 5.7
due to the decrease in electrical double layer thickness in
high concentrated solutions, which is not beneficial for ionic
accumulated on the inner walls by the electrostatic interaction. When the reversed concentration gradient is applied
(𝐶L > 𝐶R ), the optimal rectification characteristic is also
obtained at 10-fold concentration gradient (grey histogram).
It is affirmative that ionic rectification behavior could be
enhanced under regulating of both pH and concentration
gradients for such symmetric artificial nanochannels.

4. Conclusion
In summary, we fabricated a new alumina membrane with
symmetric hour-glass shaped nanochannels for the first
time via the double-side anodization method and an in
situ pore opening procedure, which displays both pHand concentration-modulated asymmetric ionic transport
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Figure 7: Schematic representation of how the alumina nanochannel operates under both pH and concentration gradient at “on” state and
“off ” state. When 𝐶L < 𝐶R , the direction of diffusive K+ ion flow and voltage-induced K+ ion flow is accordant to make large current at
“on” state (up-left). While at “off ” state, few Cl− ions are replenished into the ion-depleted zone at base side and get across the membrane
under the concentration gradient stimuli (bottom-left). When 𝐶L > 𝐶R , the diffusive ion flow at the acid side exhibited the same ability for
promoting ionic transportation properties (right) as that at the base side. Ionic selective transport also has been constructed dependent on
the cooperative effect of pH and concentration gradient. The value of pHL is 5.2 and that of pHR is 10.0.
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nanochannels. When the pH gradient was defined, enhanced
ionic current rectification properties were revealed due to the
synergistic effect of the voltage driven ion flow and diffusion
driven ion flow under low electrolyte concentration gradient.
We believe that the hour-glass shaped alumina nanochannels
may inspire innovation in the application of the complex
ionic current rectification devices in contrast to previously
reported nanochannels to provide molecular analysis, controlled mass transport, and photoelectric conversion systems.
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properties. Under different pH gradients stimuli, the asprepared alumina nanochannels presented regular changes in
rectified ionic current on account of different surface charge
density and polarity distributions on the inner walls of the
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This paper presents the preparation of phase-change polymer colloidal photonic crystals (PCs) by assembling hollow latex spheres
encapsulated with dodecanol for the first time. The monodispersed hollow latex spheres were obtained by phase reversion of
monodispersed core-shell latex spheres in the n-hexane, which dissolves the PS core and retains the PMMA/PAA shell. The asprepared phase-change colloidal PCs show stable phase-change behavior. This fabrication of phase-change colloidal PCs would be
significant for PC’s applications in functional coatings and various optic devices.

1. Introduction
Photonic crystals (PCs) have attracted enormous interest
due to their unusual optical properties originating from the
photonic stopband [1, 2] and show potential applications in
smart windows, chemical sensors, and optical devices [3–
5]. Recently, increasing interest has been focused on the
fabrication of multifunctional PCs; besides their photonic
stopband, they can exhibit extra properties and greatly extend
their applications [6–12]. For example, tough [13–15] PCs
can endure various harsh environments; PCs with special
wettability [16–21] favor swift diffusion of the detected materials into the PCs for the highly sensitive sensors, [20] while
the responsive PCs [22–25] can respond to various exterior
stimuli. Typically, Dorvee et al. [20] reported an amphiphilic,
magnetic bifunctional PCs which could manipulate liquid
droplets without microfluidic container and its structure
color provides an optical signal to distinguish different
liquids. It is expected to fabricate novel functional PCs
to meet application requirements. Herein, a phase-change
polymer colloidal PCs is firstly fabricated by assembly of latex
particles encapsulated with phase-change materials (PCMs)

of dodecanol, which will greatly extend the applications of
PCs in functional coatings.
PCMs [26–29] have attracted wide attention since PCMs
can store and release latent heat during their phase transition at defined temperature range, which can be used in
thermal energy conservation [29–31]. In the past several
decades, research attentions have been mainly paid on
the fabrications of phase-change microcapsules [32, 33] or
phase-change fibers [34], which could retain energy and is
used in thermal regulated fabrics, coatings, building, and
so forth. It is expected that a novel colloidal PCs could
be fabricated if introducing PCMs into the interior of the
colloidal PCs. Here, we demonstrate the fabrication of phasechange polymer colloidal PCs by assembly of the hollow
latex spheres encapsulated of PCM with n-dodecanol for
the first time. The hollow latex spheres are prepared by
phase reversion of monodispersed latex spheres with PS core
and PMMA/PAA shell in the solvent of n-hexane, which
is the good solvent of PS core but poor solvent of the
PMMA/PAA shell. The as-prepared phase-change colloidal
crystals contain 35% dodecanol, showing a stable phasechange behavior. This fabrication of phase-change PCs with
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Figure 1: Typical TEM images of the latex spheres after dispersing in the n-hexane with different times (a) 0, (b) 5, (c) 10, and (d) 30 min.
Scale bar: 200 nm.

energy storage properties greatly enlarges the application of
polymer colloidal crystals in functional coatings.

for 30 min at 30∘ C. Subsequently, the filled latex spheres were
redispersed into the aqueous system prepared for the use of
the self-assembly.

2. Experimental Part
2.1. Preparation of Monodispersed Latex Spheres. Monodispersed core-shell latex spheres of poly(styrene-methyl
methacrylate-acrylic acid) (Poly(St-MMA-AA)) with diameter of 230 nm were prepared via soap-free emulsion polymerization as reported modified procedure [15, 35]. The
polydispersity of the latex spheres was about 0.005, which was
detected by ZetaPALS BI-90plus (Brookhaven instrument).
Glass transition temperature (𝑇𝑔 ) of the as-prepared sample
was 107.6∘ C; the value was analyzed with a Perkin-Elmer DSC
7 (USA).
2.2. Fabrication of Hollow Monodispersed Latex Spheres. The
hollow monodispersed latex spheres were prepared as follows [36–38]: firstly, the as-prepared latex suspension was
dispersed into the n-hexane (1 : 10, V/V) by ultrasonic at 30∘ C
for 30 min. Secondly, the aforementioned n-hexane phase
was removed and the remaining samples were continuously
washed via n-hexane for several times. Thus, the hollow latex
spheres samples were obtained.
2.3. Filling the Hollow Latex Spheres via n-Dodecanol. The
hollow latex spheres were filled with n-dodecanol by dispersing the hollow latex spheres in the solvent of n-dodecanol

2.4. Fabrication of Phase-Change Colloidal PCs. The phasechange colloidal PCs were fabricated on glass substrates by
vertical deposition method [15, 35]. Glass slides were treated
firstly with a chromic-sulfuric acid solution to ensure clean
surfaces and then fixed vertically in a vial containing the
monodisperse hollow PMMA-PAA aqueous suspension of
0.2 wt% at constant temperature (25∘ C) and humidity (60
R.H.%) for 24 h. Then, the dried phase-change PCs were
obtained.
2.5. Characterization. Transmission electron microscopy
(TEM) images of latex spheres were obtained with a H800
transmission microscope (JEM2010, Japan); high resolution
TEM (HRTEM) (Tecnai F30) was used to investigate the latex
morphology. Scanning electron microscopy (SEM) images
were obtained with a field-emission scanning electron microscope (JEOL JSM-6700, Japan). UV-Vis spectra were performed on a U-4100 UV-Vis Spectrometer (Hitachi, Japan). A
Nicolet Magna 750 FTIR spectrometer was used to investigate
the chemical component of the colloidal crystal films by
attenuated total reflectance infrared spectroscopy (ATRFTIR) mode. The phase-change property of the samples was
determined by DSC (Shimadzu DSC-60) in Al pans with a
scanning rate of 4∘ C/min.
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Figure 2: HRTEM images of the films. (a) Solid spheres, (b) latex spheres dispersing in n-hexane for 5 min, (c) hollow latex spheres, and
(d) high-magnification image of the hollow sphere. Scale bar from (a) to (c) is 160 nm and scale bar of (d) is 20 nm.

3. Results and Discussion
The monodispersed latex spheres with hydrophobic PS core
and hydrophilic PMMA/PAA shell were prepared via onestep soap-free emulsion polymerization, [15, 35, 39] where
hydrophilic AA and hydrophobic St were dispersed in the
aqueous phase and the spontaneous formation of hydrophilic
shell and hydrophobic core was mainly attributed to the
minimization of the total interfacial energy in the aqueous
phase [39]. Thus, hydrophobic polymer segment (PS-rich)
would try to depart from water phase, while the hydrophilic
polymer segment (PMMA/PAA-rich) would prefer to extend
toward the water phase. As a consequence, the latex spheres
with PS-rich core and PMMA/PAA-rich shell were formed.
The core-shell morphology can be clearly confirmed from
TEM images of Figure 1(a), where, the darkly PS-rich regions
are surrounded by the grey PAA/PMMA-rich domains.
The hollow latex spheres are prepared by dispersing the
as-prepared latex suspension with PS core-PMMA/PAA shell
into the solvent of n-hexane, which is a good solvent of PS

core but poor solvent of PMMA/PAA shell. Figures 1(a)–
1(d) present TEM images of the latex suspension with PS
core-PMMA/PAA shell after being dispersed in n-hexane
for different times. Clearly, the core part of latex spheres
gradually decreases and disappears when dispersing the latex
spheres in the n-hexane for 5, 10, and 30 min, which indicates
that the hollow latex sphere can be obtained via the abovementioned process. In details, the black hydrophobic PS core
will effuse and melt into the n-hexane phase once the latex
spheres are dispersed into the n-hexane in Figure 1(b), which
is very different from that before the sample is dispersed into
the n-hexane; latex particles keep distinct black hydrophobic
core and grey hydrophilic shell in Figure 1(a). The irregular
black particle in Figures 1(b) and 1(c) is the melted PS core
since the black hydrophobic PS-rich core tends to extend
toward the hydrophobic n-hexane solvent phase due to their
similar solubility and phase separation [36–38]. With the
increased ultrasonic time, most of PS-rich segment in the
core dissolves into the n-hexane. As a result, the insoluble
PMMA/PAA-rich segment is retained and the latex sphere
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Figure 3: (a) Schematic illustration of the formation process from solid sphere to hollow sphere. (b) and (c) SEM images of the films assembled
from latex spheres dispersing in n-hexane for 5 min.
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Figure 4: ATR FTIR spectra of solid sphere (red solid line) and
hollow sphere (black dot line).

keeps the spherical shape, which results in the formation of
hollow latex spheres made of PMMA/PAA in Figures 1(c)
and 1(d). But the broken latex spheres would be observed if
ultrasonic time is over 30 min. High magnification HRTEM
images in Figure 2 confirm the elimination of the PS core and
the achievement of the hollow P(MMA-AA) latex spheres.
However, no clear cavity could be observed in the shell
of hollow latex sphere, as given in the magnified HRTEM
image in Figure 2(d). But an obvious cavity could be found
in the latex particle from the SEM pictures, which confirms
the obtainment of the latex particle with hollow structure

when further putting the hollow latex particles in the liquid
N2 for 5 min (see Figure S1, see supplementary material
available online at http://dx.doi.org/10.1155/2014/702089).
Furthermore, the influence of the mixing ratio of nhexane and polymer on the resultant morphology of latex
spheres has been optimized (see Table S1). When the volume
ratio of the latex and n-hexane is smaller than 1 : 1, the
dissolution effect is insufficient for the removement of PS
core. But the PS residue is found when the ratio of n-hexane is
smaller than 10 and the broken latex spheres will be observed
when the solvent ratio is larger than 10. It is found that
the optimized volume ratio of the latex and n-hexane is
1 : 10. The possible formation procedure of the hollow latex
spheres was also presented in the upper part of Figure 3
(Figure 3(a)). The initial core-shell latex spheres with PSrich core and PMMA/PAA-rich shell are firstly synthesized
by one-step emulsion polymerization. When the as-prepared
latex spheres are dispersed into the solvent of n-hexane, phase
reversion occurs to the polymer segments with different
polarity. As a result, the PS-rich polymer segment in the
latex core would be dissolved out while the PMMA/PAArich polymer shell would keep intact. The procedure can be
further elaborated by the SEM images of the film assembled
from latex spheres which were just undergone the process of
dispersing into the solvent. From Figure 3(b), it can be clearly
observed that PS residue formed irregular particles onto the
PMMA/PAA polymer shells when dispersing into the nhexane solvent. From the magnified image in Figure 3(c), it
can also be observed that core part of the latex sphere was
reduced because of the dispersing process.
To confirm clearly the dissolution or part dissolution of
PS-rich core in n-hexane solvent, ATR [19, 40] spectra is used
to check the change of the chemical composition of the films
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assembled from latex spheres before and after being dispersed
in the solvent. The result is demonstrated in Figure 4. In
this experiment, the change of chemical component of
the colloidal crystal films is estimated from the different
absorbance of specific infrared bands, in particular, the
change of absorbance ratios between PS and PMMA/PAA.
In this case, the characteristic absorbance bands of 1727 cm−1
from carboxyl group, and 696 cm−1 from benzene group,
represent the chemical composition of core (PS) and shell
(PMMA/PAA) part [19]. As an example, Figure 4 presents
the ATR spectra of the colloidal crystal films assembled
from hollow or solid latex spheres, respectively. And the
absorbance ratio between the absorbance bands 696 and
1727 cm−1 is 9.88 before the latex spheres are dispersed into
the solvent and the value lowers and reaches 3.93 after
dispersing into the solution. The result indicates the decrease
of the ratio of PS segment after dispersing the latex spheres
in the solution; the characterization result is well agreed with
the phase reversion or disappearance of the PS-rich core part
in Figure 1.
The phase-change colloidal PCs were obtained by assembly of hollow latex spheres filled with n-dodecanol. The insert
picture of Figure 5(a) is TEM image of the latex particle
infiltrated in n-dodecanol, the clear flow of the dodecanol
could be found in magnified image in Figure S2. Figure 5
shows the SEM image and the UV-vis spectra of the asprepared phase-change colloidal PCs. Clearly, there is wellordered arrangement for the latex spheres in the films in
Figure 5(a), which contributes to the good optic properties
in Figure 5(b). But the reflection spectra of phase-change
colloidal PCs is broader than that of PCs from common latex
particles, which indicates that the dissolution process of core
may result in some deformation of latex spheres. This affects
the assembly and optic properties of the resultant film.

Exo

Figure 5: (a) SEM images and (b) UV-Vis spectra of the as-prepared phase-change and common PCs; the insert is the TEM image of the
latex particle encapsulated with n-dedocanol.

−10

0

10
20
Temperature (∘ C)

30

Figure 6: DSC measurement of the as-prepared phase-change
polymer colloidal PCs. The phase-change material is n-dedocanol.

Phase-change properties of the resultant colloidal PCs
could be clearly seen from DSC measurement in Lissajous
figures of Figure 6. Because the melting point of the ndodecanol is about 24∘ C, we characterize the thermal properties of as-prepared phase-change colloidal PCs ranging
from 0 to 30∘ C with a heating/cooling rate of 4∘ C/min for
three cycles. The as-prepared colloidal PCs have two obvious
absorb and release processes which correspond to the melting
point and freezing point of the n-dodecanol, respectively.
Among these peaks, the melting point (21.23∘ C) and the
freezing point (8 and 14∘ C) indicate the existence of the ndodecanol in the as-prepared colloidal PCs. It should be
noted that two exothermic peaks occur during the cooling
process, which may be attributed to the influence of the latex

6
polymer on bulk crystallization, which leads to the lower
enthalpy than that of melt peak. The measured enthalpy
of melting of the sample was about 14.01 J/g; it could be
calculated that about 35% n-dodecanol is encapsulated into
the latex particle. More importantly, the good repeatability
of cycle measurement indicates that the PCMs have been
encapsulated independently in the latex spheres without
leakage.

4. Conclusion
The paper demonstrated a facile fabrication of hollow latex
spheres from phase separation of core-shell latex spheres and
the hollow latex spheres were encapsulated with n-dedecanol.
The phase-change polymer colloidal crystals assembled from
latex spheres filled with n-dodecanol showed stable phasechange behavior. The fabrication of phase-change colloidal
PCs is significant for the promising application in functional
coatings.
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An aneurysm is the result of a widening or ballooning of a portion of a blood vessel. The rupture of an aneurysm occurs when the
mechanical stress acting on the inner wall exceeds the failure strength of the blood vessel. We propose an innovative approach to
prevent the rupture of an aneurysm based on the use of nanotechnology to improve the strength of the blood vessel. We present
results on the effect of silver nanofibers on the resistance toward deformation of blood vessels. The silver nanofibers are grown on
the surface of the blood vessels. The nanofibers are 120 ± 30 nm in diameter and 2.7 ± 0.8 𝜇m in length. The deformation per applied
force of blood vessels was found to decrease from 0.15 m/N in control blood vessels to 0.003 m/N in blood vessels treated with
the nanofibers. This represents an increase in the resistance towards deformation of a factor of 50. The increase in the resistance
towards deformation is clinically significant since blood pressure increases by factors slightly larger than one in the human body.
Treatment of blood vessels with silver nanofibers is a potential translational clinical tool for preventing rupture of aneurysms in a
clinical setting.

1. Background
An aneurysm is a condition identified as an abnormal widening or ballooning formation on segments of blood vessels that
can result in adverse health effects in the population [1–5].
A few of direct implications of different types of the disease
in humans are highlighted in Table 1. The development of
an aneurysm in a blood vessel is summarized on Figure 1.
The biomechanical properties of blood vessels are disrupted
by the shear stress associated with the hemodynamics in the
region of an aneurysm. Loss of the blood vessel characteristic
elasticity allows a persistent widening of the area and the formation and growth of the aneurysm [4, 5]. The biomechanical
stress exerted by the regional hemodynamic condition allows
for a weakening of vessel walls and increases the risk of
aneurysm rupture [4, 5]. Open or endovascular surgery is the
recommended treatment for aneurysms that reach a critical

size to prevent rupture [2–5]. Open surgery is performed to
replace the affected vessel area with a man-made graft [3–
6]. Endovascular surgery, on the other hand, is performed
with the insertion of a catheter through the vascular system
to reach the affected area. A variety of apparatus or materials,
including stents, coils, and polymers, can be inserted through
the catheter and placed on the aneurysm area to protect the
affected region of the vessel wall from hemodynamic effects
[1, 3–5, 7–10]. In the context of the discussion presented
above, devices employed to prevent aneurysm rupture are
expected to become smaller to reduce the risks associated
with invasive endovascular procedures and improve biocompatibility [11–17].
Developments of new imaging tools with increased spatial resolution and the general interest in the biomedical
applications of nanotechnology motivate the present study
[18–27]. In particular, the use of nanotechnologies to increase
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Table 1: Incidence and risk factors of aneurysms.

Aneurysm type
Intracranial aneurysm (IC) [7]
Thoracic aortic aneurysm (TAA) [32, 33]
Abdominal aortic aneurysm (AAA)
[4, 32, 34, 35]

Incidence and risk factors
About 30,000 patients are treated for IC ruptures each year in the US 60% of these
cases ended up with disabilities or dead
Incidence of 10.4 per 100,000 persons per year 2.9 to 3.5 rupture cases per 100,000
people annually
150,000 cases per year
Distribution of 12.5% in men and 5.2% in women in people between 75 and 84 years
of age
Ruptures have a 90% risk of death

the strength of blood vessels in the early stages of formation of
aneurysms may prevent growth of the widening area. In this
regard, molecularly guided assembly offers the opportunity
to grow nanofibers directly on the tissue and it represents
a unique opportunity for developing technologies acting on
tissue-specific locations [28, 29]. Here, we report on the use
of molecularly guided assembly of nanoparticles into a mesh
consisting of nanofibers for improving the strength of blood
vessels. We have explored the growth of silver nanofibers
on the surface of blood vessels endothelial surfaces obtained
from sus scrofa domestica (domestic pig) with the purpose
of contributing to the current body of knowledge related to
the applications of nanotechnology in biomedical science and
tissue bioengineering research. The nanofibers are composed
of small particles and clusters. This innovative approach
targets novel biomedical applications for preventing the
rupture of aneurysms. It is based on the assembly of silver into
one dimensional nanostructures guided by mercaptoacetic
acid (HSCH2 CO2 H) [30, 31]. The sulfur end of the thiol
molecule attaches to silver, while the carboxylic acid end
forms hydrogen bonds to the carboxylic acid end of another
thiol which in turn is bonded to silver. The nanofibers form
when water is removed from the dispersion and is completely
irreversible. We found that the silver nanofibers increase the
resistance of blood vessels towards deformation as compared
to untreated tissue.

Blood

Blood

Blood

Shear stress vectors

Figure 1: The formation and growth of aneurysm due to the shear
stress caused by the intermittent blood flow. The drawing is intended
to guide the eye through the text.

approximately 10 cm in length. A flow of air was passed
through selected blood vessels to facilitate the dissection from
the tissue (Figure 2(a)). Sections of the blood vessels were
cut wide open to expose the internal endothelial surface.
The blood vessel sections employed for the measurements
presented in this work were 2 cm long, 2 cm wide and
between 1 and 4 mm in depth (Figure 2(b)).

2. Materials and Methods
2.1. Synthesis of Silver-Thiol Dispersion: Precursors to Silver
Nanofibers. About two (2) micrograms (𝜇g) of silver nitrate
(AgNO3 , Fisher) were mixed with an equivalent number of
moles of mercaptoacetic acid (HSCH2 CO2 H, Aldrich) and
10.0 mL of deionized water. The mixture was shaken by hand
for a few of seconds and the suspension was stored at dark
under room temperature.
2.2. Blood Vessels. Blood vessels were obtained from the head
of a sus scrofa domestica that was donated by a local slaughter
house: the animal was killed for marketing purposes and
not for the measurements reported here. The head was kept
frozen in a refrigerator and was allowed to defrost prior to the
removal of samples containing blood vessels. Blood vesselcontaining tissue samples were cut in sections measuring

2.3. Preparation of Blood Vessels Treated with Nanofibers and
Control Tissue. Regions of the internal endothelial surface of
the blood vessels were treated with a total volume of 60.0 𝜇L
of the silver-thiol dispersion in 10 𝜇L incremental steps. The
internal blood vessels’ endothelial surfaces were allowed to
dry in air to allow for the formation of the silver nanofibers.
Control tissue was prepared by treating regions of the internal
endothelial surface of the blood vessels with a total volume of
60.0 𝜇L of H2 O in 10 𝜇L incremental steps.
2.4. Characterization of Nanofibers
2.4.1. SEM Imaging. SEM images were obtained with an environmental JEOL JSM-6460 LV SEM. Blood vessels were fixed
to a conductive carbon tape and placed in the SEM analysis
chamber. SEM images were collected with an acceleration
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Figure 2: (a) Representative images of pieces of tissue containing blood vessels and (b) a piece of blood vessel cut wide open.

voltage of 5 kV in the high vacuum mode with spot sizes
between 35 and 40. The diameter and length of the nanofibers
were estimated from the SEM images using the software
package provided by JEOL.
2.4.2. UV-Visible Measurements. UV-visible absorption spectroscopy measurements on dry deposits of the nanofibers
formed on the surface of the blood vessels were performed
with an Ocean Optics 2000 spectrometer coupled to an
Olympus microscope operated in the reflection mode and
UV grade optics. The Mie model of spheres and wires was
used for simulation of the optical absorption spectrum [36].
The simulations were performed in a Dell PC using Igor
software.
2.5. Determination of Displacement as a Function of Pressure.
The deformation of the tissue was determined by applying a
force with a pin. The blood vessel samples were placed on
a flat aluminum holder. The holder has an aperture that is
1 cm in diameter to allow the pin to come in contact with
the blood vessel surfaces. The area of the pin that comes
into contact with the sample is 1.5 mm2 . A cantilever system
was developed and employed to apply the force on the tissue
(see Figure 3). The cantilever consisted of a pin (d = 1.4 mm)
glued to the inner wall of a glass cylinder and a recipient at
the other end to place a weight. The force was controlled by
placing a known weight of sand on the recipient to drive the
movement of the tip upward at the other end. The mass of
the sand was determined with a Mettler Toledo microbalance
model AT 20. The microbalance allowed the determination of
the mass of the sand to within 10−6 grams. The displacement
was determined using a calibrated ruler placed next to the
tip. The displacement was recorded with a standard digital
camera and was determined using commercially available
software. A few micrograms of sand are needed to get the
pin in touch with the tissue (region A). There is a region
in which further addition of mass does not result in a
measureable displacement (region B) until a small amount of
sand added to the counterweight results in a displacement of
the tip (Region C). That point is taken to correspond to the
minimum force required to bend the internal blood vessels’
endothelial surface.

3. Results
3.1. Optical Absorption Spectroscopy Measurements. The
absorption spectra of thiol-silver dispersions have been
published elsewhere [30]. It has absorption peaks due to silver
dimers (Ag2 ) in the ultraviolet region at 260 nm and 280 nm
as well as a broader band resulting from light absorption
by silver nanoparticles at 360 nm. Representative UV-visible
absorption spectrum of the nanofibers grown on the blood
vessel surface is illustrated on Figure 4. The experimental
spectrum of the nanofibers that are formed when the water
is removed from the dispersion has a continuous absorption
band from the UV to the visible. No evidence is found for a
localized band in the absorption spectrum of the nanofibers,
in marked contrast to the absorption spectrum of the dispersion used to prepare the nanofibers that exhibits well-defined
bands due to the absorption of light by silver nanoclusters and
nanoparticles [30].
Light absorption by metallic silver results from a collective excitation of electrons known as plasmons. Silver
nanoparticles have a transverse plasmon mode while a longitudinal plasmon mode can be observed in the spectrum of
silver nanowires. Simulations of the absorption spectrum
of wires and particles provided insight about the electronic
excitations that contribute to the absorption spectrum of
the nanofibers. The inserts (b) and (c) in Figure 4 illustrate
computer simulations using Mie theory of the light absorption of particles and wires, respectively [36]. The simulation
assumes wires with a length and diameter of 1 𝜇m and
50 nm, respectively. The diameter of the spheres used in
the simulation is 30 nm. The light absorbed by the wires
is predicted to decrease with wavelength between 200 and
300 nm and to exhibit a sharp increase at 310 nm until it
peaks at 360 nm. The amount of light absorbed by the wires is
predicted to decrease gradually with wavelength from 360 nm
up to 1000 nm. The spectrum simulated for the spheres, on
the other hand, has a well-defined absorption band centered
on 380 nm. The absorption spectrum of the nanofibers is
remarkably similar to the one simulated for the wires. Thus,
the tail toward long absorption wavelengths observed in
the spectrum of the nanofibers results from excitations of
the longitudinal plasmon mode in silver. This interpretation
highlights the metallic character of the nanofibers that result
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Figure 3: Experimental set up used to measure tissue deformation as a function of applied pressure. The pin has a free displacement (region
A) until it reaches contact with the tissue (region B). There is a range in which the pressure applied with the pin is not enough to cause a
deformation in the tissue, highlighted as region B in the figure. Further increase in the force applied with the pin results in the deformation
of the tissue which is measured by a change in the displacement of the pin as highlighted by region C in the same figure. The force applied is
estimated by the mass of the sand used to drive the movement of the pin.
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Figure 4: A representative absorption-reflection spectrum silver
nanofiber deposited on the blood vessels is displayed on (a). The
inserts (b) and (c) simulated absorption spectra of silver nanospheres with a diameter of 30 nm and silver nanowires with a length
of 1 𝜇m and 50 nm in diameter, respectively.

from coupling silver through molecular interactions among
the thiol molecules. The absorption of light between 200 and
360 nm in the experimental spectrum likely results from the
presence of thiol molecules in the sample.
3.2. Electron Microscopy Measurements. SEM measurements
were performed to establish the morphology of the nanofibers grown on the surface of the blood vessel walls. A
representative image of a region of the interior surface of
blood vessels is labeled (a) on the upper left hand side
of Figure 5. Representative images of areas of blood vessel
surfaces where we have grown the nanofibers are labeled
(b), (c), and (d) on Figure 5. The deposit of the nanofibers
resembles a mesh of the order of several microns in the
SEM image labeled (b). The nanofibers that compose the
mesh can be identified in images obtained at slightly higher
magnifications, like in Figures 5(c) and 5(d). The diameter
and length distribution of the nanofibers grown on the
surface of the blood vessels are summarized on Figures 5(e)
and 5(f), respectively. The nanofibers are (120 ± 30) nm in
diameter and have lengths of the order of (2.7 ± 0.8) 𝜇m.
3.3. Effect of Silver Nanofibers on the Deformation of the Blood
Vessel Tissue. The squares and circles in Figure 6 represent
the displacement of the blood vessel surface as a function of
the applied force in a control and nanofiber modified blood
vessel, respectively. The deformation of the blood vessel is
measured from the displacement of a pin head that exerts the
indicated force on a 1.5 mm2 area. There is an initial tension
due to the procedure employed to hold the tissues that is

taken to be the same on both types of tissue samples; thus,
our results must be taken by comparison among the control
and modified tissue samples and should not be considered
to represent absolute numbers. There is a region where no
displacement is detected upon the application of an external
force. This region is evident in the data summarized in
the insert on the right hand side of Figure 6. The onset
of displacement in the control and nanofiber treated blood
vessel are observed around 3 × 10−3 and 3.4 × 10−1 N,
respectively. We conclude that the resistance of the blood
vessels toward deformation is increased by the presence of
the nanofibers. This is further supported by analysis of the
initial slope in the rise of the displacement with applied force.
The slope of the initial rise in displacement with applied
force is markedly different in both cases. The slopes of the
rise in displacement with force are 0.15 and 0.003 m/N for
the control and nanofibers modified tissue, respectively. The
smaller slope in the deformation curve of the blood vessels
modified by the nanofibers lead us to conclude that these
nanostructures increase the resistance to deform the tissue.

4. Discussion
Metallic silver nanofibers form on the internal surface of
blood vessel tissues from a silver-thiol dispersion. The silver
nanofibers grown on the blood vessel surface are arranged in a
mesh-like structure. We estimate a density of silver nanofibers
of about 2 nanofibers/𝜇m2 from the SEM measurements. This
number is in close agreement to the average length of (2.7 ±
0.8) 𝜇m as well as with the peak in the distribution of lengths
displayed on Figure 5.
The tunica intima is the layer of blood vessels closest
to the blood. It is composed of a thin layer of endothelial
cells, an internal elastic lamina and collagen fibers. Bundles
of collagen fibrils and collagen fibers are found in the tunica
media and tunica adventitia. The collagen fibers have an
anisotropic arrangement and are an important element in
providing resistance to the pressure load in blood vessels.
Collagen is synthesized as pre procollagen, which is a primary
structure containing specific regions of glycine, proline, and
lysine residues.
Blood vessels modified by the silver nanofibers have a
higher resistance toward deformation than control tissues.
This is evidenced by the deformation measurements as a
function of force. The initial slope of the deformation as
a function of applied pressure in blood vessels modified
with the silver nanofibers and the control are 0.003 m/N and
0.15 m/N, respectively. Thus, a given force will deform the
modified tissue by a smaller amount than the control. This
represents an increase in the resistance towards deformation
of a factor of 50. This is clinically significant if we consider
that blood pressure increases by factors slightly larger than
one in the human body.
The blood vessels modified by the silver nanofibers are
tissue that can carry the pressure load better than the tissue
found in animals and humans. The Young’s modulus or elastic
modulus is a measure of the stiffness of a material. The elastic
modulus (𝐸) is directly proportional to the ratio of the applied
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Figure 5: Representative SEM images of (a) the control blood vessel. Images of the surface of a blood vessel where the silver nanofibers were
grown are labeled (b), (c), and (d). The diameter and length distribution of the one dimensional nanostructures grown on the surface of the
blood vessels are illustrated in (e) and (f), respectively.

force (𝐹) per unit area (𝐴) and inversely proportional to the
displacement (Δ𝐿) relative to the length (𝐿 𝑜 ) of a material:
𝐸=

(𝐹/𝐴)
.
(Δ𝐿/𝐿 𝑜 )

(1)

An estimate of the elastic modulus of the system composed by
the nanofibers on the blood vessel can be obtained from the
slope of the dependence of the deformation on applied force.
We estimate an elastic modulus between 1 and 3 × 103 N/m2
and 0.15 × 103 N/m2 for the blood vessels modified with the
silver nanofibers and control, respectively. These values fall
within the elastic modulus reported for blood vessels [37, 38].

The smaller displacement found in the tissue modified silver
nanofibers as compared to the original material is consistent
with the formation of stiff areas in the modified blood vessels.
The risk of rupture of the blood vessel wall is reduced by
the resistance towards deformation exhibited by the silver
nanofibers treated blood vessel.
The measurements reported here were performed under
static conditions and outside the physiological environment
where blood vessels are found in humans. Further work in
the use of this nanotechnology requires measurements of the
effect of pressure on deformation of silver-nanofiber modified
blood vessels in a dynamic and pulsed flow set up similar to
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the one found in physiologically relevant environments and
with tools to measure the deformation of the blood vessels in
vivo [39]. Such experiments are currently outside the reach
of our experimental setup and scope, yet this study advances
the development of new nanotechnologies based on the use
of silver nanostructures to prevent the rupture of aneurysms.
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Biological macromolecules are utilized in low-temperature synthetic methods to exert precise control over nanoparticle nucleation
and placement. They enable low-temperature formation of a variety of functional nanostructured materials with properties often not
achieved via conventional synthetic techniques. Here we report on the in situ visualization of a novel acidic bacterial recombinant
protein, MamC, commonly present in the magnetosome membrane of several magnetotactic bacteria, including Magnetococcus
marinus, strain MC-1. Our findings provide an insight into the self-assembly of MamC and point to formation of the extended
protein surface, which is assumed to play an important role in the formation of biotemplated inorganic nanoparticles. The selforganization of MamC is compared to the behavior of another acidic recombinant iron-binding protein, Mms6.

1. Introduction
Biomimetics employs a variety of biological macromolecules
such as matrices, scaffolds, and templating agents, with the
protein-driven nucleation playing an important role in the
formation and growth of templated inorganic nanocrystals
[1–12]. Bioinspired synthesis of uniform magnetic functional
materials is a subject of intense research worldwide, owing
to the interest in their functionality and performance in
many fields of technology, from high-density magnetic data
recording to catalysis and cancer therapy [13–23]. The fulllength recombinant acidic bacterial iron-binding protein, hisMms6, was shown to promote the shape-specific formation
of the nanocrystals, and this bioinspired approach was
later utilized for templated synthesis of more complex and
highly magnetic cobalt ferrite nanocrystals [13, 17, 21, 23–
26]. Formation of an extended protein surface was assumed
to facilitate nucleation and growth of uniform nanocrystals
[15, 17, 22, 27]. Much less research has been done on MamC,
a magnetosome protein present in Magnetospirillum magnetotacticum MS-1, M. gryphiswaldense MSR-1, M. magneticum
AMB-1 magnetotactic vibrio MV-1, and Magnetococcus marinus MC-1 [28–31]. Similar to Mms6, MamC has a hydrophilic

C-terminus rich in amino acids containing hydroxyl and
carboxyl groups; it also contains a hydrophobic N-terminus.
The acidic C-terminus is assumed to have an active role in
magnetite biomineralization [32].
While obtaining X-ray quality crystals of novel proteins
and solving their structure can take years [33, 34], the
latest generation scanning transmission electron microscopes
(STEM) allow visualization of the functionality and templating action of these biomacromolecules with sufficiently high
resolution at the nanoscale [12, 20, 35–53]. Moreover, use
of fluid cell TEM holders allows examination of a variety
of macromolecular complexes in their native, unaltered,
fully hydrated state, providing a unique window into the
high-resolution characterization of the dynamic phenomena
taking place in biological structures in liquid [50, 54–57].
Here we report on the in situ characterization of a
novel bacterial recombinant acidic biomineralization protein,
MamC, and the binding of iron to the surface of this protein.
Another bacterial recombinant iron-binding protein, Mms6,
is used as a reference. Our results aid in understanding the
protein self-assembly and the role it plays in the nucleation
and growth of a biotemplated nanoparticle. Among the
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Figure 1: In situ HAADF-STEM images and size distribution of micelles of biomineralization recombinant proteins in liquid: (a) MamC
before incubation and (b) after incubation with iron chloride; (c) Mms6 incubated with iron chloride, shown for comparison. Scale bars:
100 nm.

several acidic membrane proteins associated with the magnetosome magnetite membrane of magnetotactic bacteria,
Mms6 and MamC are believed to be the dominant proteins
involved in magnetosome formation and growth [24, 29, 58].
Moreover, since MamC represents one of the most commonly
present and abundant proteins, and it is believed to be
involved in regulating the size of the magnetosome magnetite
crystals, MamC could be used in the biomimetic synthesis of
shape-specific magnetite nanocrystals [59].

2. Results and Discussion
Figure 1 shows in situ fluid cell HAADF images of MamC
micelles in liquid and micelle size distribution obtained
(a) before and (b) after overnight incubation with ferric
chloride. The intensity of the HAADF-STEM images depends
primarily on the atomic number, 𝑍, and mass thickness of
the specimen, thus providing chemical, compositional, and
morphological information of the sample. The enhancement
in the contrast of the iron-incubated micelles in Figure 1(b)
was attributed to the surface localization of iron: due to
iron’s higher atomic number with respect to the surrounding
organic material, it is easily detected with the HAADF detector. Here the positively charged ferrous ions appear to bind
preferentially to the negatively charged protein micelles. In
situ HAADF STEM provides a visual qualitative confirmation
of surface iron binding. These findings are in good agreement
with the zeta potential of MamC, 𝜁 = −22.5 ± 2 mV, which is

indicative of a net negative surface charge, thus facilitating
the binding of iron cations. Figure 1(c) shows iron-incubated
micelles in Mms6 and their size distribution for comparison.
Similar to the iron-incubated MamC micelles, the Mms6
micelle shows a relatively large HAADF signal compared to
the background, due to the presence of iron.
The iron-incubated protein micelles appear to undergo
further self-assembly and form an extended surface
(Figures 2 and 4). Iron surface binding results in an increased
surface concentration of iron ions with higher atomic
number, rendering the micelle-bound ferrous iron highly
visible in the HAADF image. The surface-localized iron
binding leads to a local increase in the iron supersaturation
at the surface of the protein micelles, enabling the biomimetic
formation of biomimetic iron oxide nanocrystals external
to the micelle core, with virtually no size restrictions. For
example, magnetite nanocrystals synthesized in the presence
of Mms6 exhibit, on average, the mean size of 30 nm, while
those synthesized in the presence of MamC have an average
size of 80 nm [57, 59, 60]. Such a scenario is drastically
different from the case of the ferritin-templated nanocrystals
growth, where the nanoparticles nucleate and mature within
the protein cages and cannot outgrow the cage size, and
yields the nanocrystals of 5–8 nanometers [1, 61].
To ensure stability of specimens, minimize their thickness, and provide an adequate signal, additional characterization of MamC incubated with ferric chloride was performed
with the protein prepared on a conventional EM grid.
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protein, it was dialyzed overnight at 4∘ C against 1 L of Buffer 1
(20 mM phosphate buffer pH 8.0, 4 M urea, and 0.5 M NaCl).
To reduce the concentration of urea, the dialysis buffer was
diluted stepwise 1 : 2 (four times) with Buffer 2 (50 mM Tris,
150 mM NaCl, pH 8.5) and dialyzed for another 2–4 h after
each dilution step. The isoelectric point for MamC (𝐼ep 5.09)
was calculated using the Expasy ProtParam tool [59].
Cloning and purification of the recombinant Mms6 from
the M. Magneticum AMB-1 have been reported previously
[17, 25, 27]. The Mms6 used in the study was dialyzed against
20 mM TRIS, 100 mM KCl, pH 7.45 buffer.

Figure 2: HAADF-STEM in situ characterization of MamC incubated with ferric chloride: (a) the iron-rich micelles are aggregating
into larger hierarchical structures. The micelles in front are closer to
the surface and appear in focus, whereas the micelles in the back,
slightly out of focus, appear to be tightly packed.

Figures 3(a)–3(c) show elemental maps acquired in EFTEM
mode for the zero loss region (a), Fe L2,3 -edge (b), and O Kedge (c) energy loss values. EFTEM confirms the localized
presence of oxygen and iron in MamC proteinaceous micelles
incubated with ferric chloride. Since the iron energy loss is
observed at higher energy levels compared to that of oxygen,
the iron peaks are weaker; however, the elements are clearly
distinguishable. The in situ HAADF (Figures 1 and 2) and
EFTEM (Figure 3) images together provide strong evidence
for the iron-binding ability of MamC micelles.

3. Experimental Section
3.1. Materials and Reagents. All aqueous solutions were prepared with deionized water passed through a Millipore MilliQ Plus water purification system (𝜆 = 18.2 MΩ) and sparged
with argon for 15 min. (3-Aminopropyl)triethoxysilane
(APTES, 99%) and ferric chloride hexahydrate (FeCl3 ⋅6H2 O,
>99%) were purchased from Sigma Aldrich and used
without purification. The amount of protein in solution was
maintained at 0.67 𝜇M; MamC was incubated with 10 𝜇M
ferric chloride solution prepared from the deoxygenated
0.5 M stock solution.
Purified recombinant protein MamC from Magnetococcus marinus was obtained by cloning and expressing the
gene mmc1 2265 [31] into E. coli (TOP10) then disrupting
the cells, and purifying the lysate following the protocol
described by Valverde-Tercedor et al. [62], with the following
modifications: (1) mmc1 2265 was amplified by polymerase
chain reaction by using the following specific primers:
fw3 (5 -ATGGCTGCCTTTAATTTGGCACTG-3 ) and rev2
(5 -TTACGGAGTTTCCAACTCCTGGGGATC-3 ). (2) The
expression conditions for the recombinant MamC protein
by E. coli (TOP10) (TrcHisTOPO mmc1 2265) were 2 mM
of IPTG for 5 hours at 37∘ C. (3) The purification was done
using ÄKTA Prime Plus FPLC System (GE Healthcare) under
denaturing conditions in a urea gradient. After elution of the

3.2. Specimen Preparation. To minimize the thickness of
the liquid layer, the protein solutions were deposited onto
plasma-cleaned TEM-transparent substrates, silicon nitride
window membranes for the in situ imaging (Figures 1 and 2),
and carbon-coated Au grids (QuantiFoil) for EFTEM imaging (Figure 3), using a Nano eNabler molecular printer
(BioForce). Use of the Nano eNabler permitted the deposition
of femtoliter volume droplets of liquid [63, 64]. Surface
patterning tools (SPTs) with diameters of 10 𝜇m and 30 𝜇m
were used for the specimen patterning. Prior to the liquid
specimen loading, SPTs were treated with UV/O3 plasma for
30 min to oxidize organic residues and form a thin layer of
silicon oxide on the wall of channels and reservoirs, rendering
them highly hydrophilic. Loading of the liquid specimen
was performed immediately after the UV/O3 plasma cleaning
[64].
3.3. Functionalization of Silicon Nitride Windows. Silicon
nitride windows membranes were cleaned by triple rinsing
in toluene, then chemically pure acetone, and finally ethanol,
followed by cleaning in UV/O3 plasma for 45 minutes. Immediately after the plasma cleaning, the window membranes
were functionalized with (3-aminopropyl)triethoxysilane
(APTES), which is a covalent linker to facilitate protein
immobilization on the surface [65, 66]. To ensure protein
integrity during the specimen deposition, silicon nitride
windows were patterned on a custom-made cold stage at 7∘ C.
3.4. Dynamic Light Scattering. Dynamic light scattering
(DLS) and measurements of zeta potentials of the protein
solutions were carried out with a Zetasizer Nanoparticle
analyzer (Model: ZEN3690, Malvern Instrument Ltd., Southborough, MA). Prior to analysis, the buffer was filtered
through a 0.2 𝜇m nitrocellulose membrane and the protein
specimens were centrifuged for 20 minutes (1000 rpm, 23∘ C).
The measurements were performed on numerous 10-second
acquisitions with 3 repeats. Data were processed by using
Dispersion Technology Software 5.00 (Malvern Instrument
Ltd.).
3.5. In Situ Fluid Cell Characterization. The iron-binding
proteins were examined with a Continuous Flow Fluid Cell
TEM Holder Platform (Hummingbird Scientific). After the
patterning with the Nano eNabler, the windows were assembled and sealed in the liquid cell holder platform, resulting in
the liquid specimen being sandwiched between the electrontransparent silicon nitride window membranes. Imaging and
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Figure 3: EFTEM images of MamC micelles prepared on a carbon grid. (a) Zero-loss image and elemental maps of (b) iron and (c) oxygen.
Scale bar: 100 nm.
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Figure 4: HAADF-STEM in-situ visualization of micellar aggregates in MamC incubated with ferric chloride overnight. The micelles in the
back, slightly out of focus, appear to be tightly packed. (a) Representative images. Note the differences in the scale bars. Scale bar on the
left: 20 nm; scale bars in the middle and on the right: 50 nm. (b) Intensity-based particle size distribution of micellar aggregates in MamC
specimen incubated with iron overnight.
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characterization of the specimens were carried out with an
FEI Tecnai G2 F20 (S)TEM operating at an accelerating voltage of 200 kV equipped with a Tridiem Gatan Imaging Filter
(GIF), High Angle Annular Dark Field (HAADF), and energy
dispersive X-ray spectroscopy (EDS) detectors. In situ fluid
delivery was carried out with a syringe pump with the variable
pumping speed (2–5 𝜇L/min). For comparison, specimens
were also printed on conventional EM grids and examined
with a standard single-tilt holder. To ensure reproducibility of
results, the sizes of micelles were determined from numerous
HAADF images. Electron energy loss spectroscopy (EELS)
was used to probe the localized chemical composition of the
liquid specimens. EELS spectra and elemental maps were
acquired in energy-filtered transmission electron microscopy
(EFTEM) mode. Elemental maps of oxygen and iron were
acquired with a slit width of 30 eV ± 1 eV. EELS spectra
were acquired with a slit width of 10 eV and dispersion of
0.5 eV/pixel. Data analysis was performed with Digital Micrograph software (GMS version 2.11.1404.0) and OriginPro 9.0
software. To ensure reproducibility of results, micelle sizes
were measured on micelles imaged in numerous micrographs
obtained with the HAADF detector.

4. Conclusions
We have visualized micelles of MamC recombinant ironbinding protein in situ by utilizing the STEM-HAADF
contrast enhancement of surface bound iron species. Further
self-organization of iron-incubated MamC micelles produced iron-rich extended surfaces and points to enhanced
iron binding. Our results represent a significant step forward
in understanding the process of self-organization of ironbinding recombinant proteins employed in bioinspired synthesis of magnetic nanoparticles. Our findings are applicable
for the in situ characterization of a variety of inorganicorganic interfaces in protein solutions.
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The establishment of versatile biomaterial interfaces that can facilitate cellular adhesion is crucial for elucidating the cellular
processes that occur on biomaterial surfaces. Furthermore, biomaterial interfaces can provide physical or chemical cues that are
capable of stimulating cellular behaviors by regulating intracellular signaling cascades. Herein, a method of creating a biomimetic
functional biointerface was introduced to enhance human neural stem cell (hNSC) adhesion. The hNSC-compatible biointerface
was prepared by the oxidative polymerization of the neurotransmitter norepinephrine, which generates a nanoscale organic thin
layer, termed poly(norepinephrine) (pNE). Due to its adhesive property, pNE resulted in an adherent layer on various substrates,
and pNE-coated biointerfaces provided a highly favorable microenvironment for hNSCs, with no observed cytotoxicity. Only a
2-hour incubation of hNSCs was required to firmly attach the stem cells, regardless of the type of substrate. Importantly, the
adhesive properties of pNE interfaces led to micropatterns of cellular attachment, thereby demonstrating the ability of the interface
to organize the stem cells. This highly facile surface-modification method using a biomimetic pNE thin layer can be applied to a
number of suitable materials that were previously not compatible with hNSC technology.

1. Introduction
Creating biomaterial interfaces that are capable of inducing
intimate interactions with cells is a crucial step to elucidating
the sophisticated cellular processes occurring on biomaterial
surfaces in numerous biomedical applications. The surface
properties of cell-material interfaces can influence cellular
events related to cellular attachment, patterning, proliferation, and differentiation [1, 2]. Indeed, interfaces contacting
the cellular membrane not only influence cellular morphology but also function as intermediates that can supplement
the molecular signals that direct various biological processes
[3, 4]. However, the generation of appropriate interfacial environments that can effectively regulate intracellular signaling

cascades and control cellular fates remains a challenge. One
solution is the use of a material that is capable of functioning
as an interface, with the crucial requirement that the material
be able to promote cellular attachment on its surface.
Numerous surface-modification methods have been
employed to enhance cellular adhesion. The majority of modification approaches have attempted to interact with target
cells through the chemical tethering or physical adsorption
of particular biological moieties, such as integrin ligands [5],
specialized peptides [6], growth factors [7], or functionalized
chemicals [8], onto the modified surfaces. Additionally,
modifications of surface properties, as achieved by producing self-assembled monolayers or by engaging organosilane
chemistry, have been employed to regulate interactions with
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cells [9]. The manipulation of surface properties, resulting
in variations in cellular attachment and cellular patterning,
has been attempted using various lithographic techniques,
including writing-based lithography [10–12] or surface graft
polymerization approaches [13]. Additionally, the topographical changes of three-dimensional cell-culture structures [14],
well-defined structural patterns [15], and surface rigidity [16]
directly influenced cell adhesion on substrates and survivals
as well. However, several issues, such as the requirement of
organic solvents, difficulty in the large-scale production of
modified surfaces, requirement of expensive instruments, or
time-consuming labor requirements, may limit the extensive
utilization of these techniques in various applications.
The adhesive properties of catecholamine compounds,
as characterized by the sticky characteristics of the foot
proteins of marine mussels, have been reported to be useful
sources for universally modifying numerous surfaces [9,
17, 18]. The adhesive properties of catecholamines, representatively as poly(dopamine), have helped to realize the
efficient immobilization of biomolecules onto surfaces with
various chemistries [18]. A surface can also be functionalized
by dissolving biomolecules with catecholamine, particularly
poly(dopamine), during nanoscale organic thin layer formation, ultimately leading to the surface immobilization
of biomolecules. Furthermore, secondary modifications can
be performed through surface-initiated polymerization and
biomineralization [19]. Importantly, the facile approach of
using a catecholamine group as a coating agent not only
allows flexibility in the selection of the substrate materials but
is also an inexpensive and ecofriendly process [20]. Lastly, the
spatial arrangement of the surface adhesiveness may result
in the patterned regulation of cellular behaviors, including
differentiation, proliferation, and migration [17, 21].
Recently, the neurotransmitter norepinephrine has been
shown to functionalize virtually any material surface when it
is oxidatively polymerized to produce poly(norepinephrine)
(pNE) [22, 23]. The pNE coating layer exhibits unique
properties, such as ring-opening polymerization and the storage/release of nitric oxide [24]. Nonetheless, the capability
of facilitating stem cell adhesion onto a pNE layer has not
been investigated to date. In this study, we demonstrate
that a pNE layer can be formed on various substrates
(poly(dimethylsiloxane) (PDMS), poly(tetrafluoroethylene)
(PTFE), tissue culture polystyrene (TCP), and glass), resulting in the dramatic enhancement of the adhesion of hNSCs
isolated from human fetal brain. Additionally, the hNSC
viability was not compromised, and cellular and cytoskeletal
morphology were assessed. Considering the very low adhesive properties of hNSCs, our study shows that the formation
of a pNE nanolayer can be a good platform for the stable
culture of hNSCs, which may support the ex vivo expansion
of therapeutic stem cells.

2. Experimental Section
2.1. Cell Culture. Human fetal neural stem cells (hNSC, 13
weeks of gestational age) were utilized to analyze cellular
adhesion, patterning, and proliferation on pNE interfaces
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formed on various substrates and transduction efficiencies.
hNSCs were derived from the telencephalon (HFT13) as previously described [25] and cultured in Dulbecco’s modified
Eagle’s medium/F12 (Invitrogen, Carlsbad, CA, USA) containing N-2 supplement, 8 mg/mL heparin (Sigma-Aldrich, St
Louis, MO, USA), 20 ng/mL fibroblast growth factor-2 (FGF2; R&D Systems, Minneapolis, MN, USA), and 10 ng/mL
leukemia inhibitory factor (LIF; Chemicon, Temecula, CA,
USA).
2.2. Substrate Preparation and pNE Coating. Four different
substrates, including glass (Marienfeld GmbH, Germany),
poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow Corning,
MI, U.S.A), poly(tetrafluoroethylene) (PTFE; Hanmi Rubber
& Plastics, Korea), and tissue culture polystyrene surfaces,
were sterilized in 70% ethanol and rinsed with sterile-distilled
water prior to pNE modification. PDMS was prepared using a
SYLGARD 184 silicone elastomer kit (Dow Corning Corporation, Midland, MI, USA) according to the manufacturer’s
guidelines. Each substrate was immersed in 1 mL of 10 mM
Tris (pH 8.5) solution containing 2 mg L-(-)-norepinephrine
in 1 mL of 10 mM Tris (pH 8.5) at room temperature for
24 hours. During this procedure, norepinephrine monomers
polymerize to form pNE interfaces on the surface of each
substrate. The coated substrates were additionally sterilized
with 70% ethanol, rinsed twice with sterile-distilled water,
and air-dried. The surface wettability and morphology of
each pNE-coated surface were determined by contact angle
measurements (CAM 101, KSV Instruments Ltd., Espoo,
Finland) and atomic force measurements (AFM) (XE-BIO
AFM, Parks Systems, Korea), respectively. Additionally, the
root mean square (RMS) roughness (Rq) of the modified
surfaces was measured by the AFM analysis.
2.3. Cellular Attachment on pNE-Coated Substrate. Each
substrate coated with the pNE interface was placed in the
wells of a 48-well tissue culture plate using silicone grease,
and hNSCs were seeded at a cell density of 104 cells/10 𝜇L.
The cells were incubated for an hour at 37∘ C and 5% CO2 ,
and 200 𝜇L of medium was subsequently added to feed the
cells on each substrate. An hour later, the substrates with
cells were placed in new wells, and the cells were trypsinized
from the surface to quantify the number of cells that had
successfully attached to the surface during the short culture
period (∼1 hour). The number of cells was counted using a
hemocytometer.
2.4. Morphologies of Cells Attached on pNE-Coated Substrate.
The cytoskeletal morphology of the cells adhered to each
pNE-coated substrate was assessed by visualizing filamentous
actin, which was stained using rhodamine-labeled phalloidin
(1 : 50 dilution in PBS) (Invitrogen, Carlsbad, CA, USA); the
nuclei were counterstained using DAPI (Vector Laboratories,
Burlingame, CA). Briefly, the coating of each substrate with
the pNE interface and cellular attachment was performed
according to the aforementioned methodology, and the
remaining cells on each substrate were cultured for 2 days
prior to the histological analysis. The cells were subsequently
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Figure 1: Surface modification using pNE. (a) Chemical structure of norepinephrine. (b) Schematic illustration of the pNE-coated
biointerfaces onto which hNSCs are adhered.

fixed in 4% paraformaldehyde (PFA) for 20 minutes and
blocked with 5% goat serum supplemented with 0.1% Triton
X-100. The cells were incubated with rhodamine-labeled
phalloidin (Invitrogen, Carlsbad, CA, USA) for 30 minutes
in the dark, rinsed three times with PBS, and counterstained
with DAPI for 30 minutes. The fluorescence images of both
the cytoskeletal morphology and nucleus of the cells were
acquired using confocal microscopy (LSM 700, Carl Zeiss).
2.5. Cellular Cytotoxicity Assay on pNE-Coated Substrates.
To determine the cytotoxicity of the pNE interfaces, the
metabolic activities of hNSCs cultured on each pNE-coated
surface were analyzed using a WST-1 assay kit (Roche Applied
Science, Indianapolis, IN) according to the manufacturer’s
protocol. After 2, 4, and 6 days of culture on each pNE-coated
substrate, a 0.1 volume of WST-1 solution (as a proportion
of the culture medium) was directly added to each well and
incubated for an additional 2 hours at 37∘ C. The supernatants
were collected, and the colorimetric changes at 440 nm
were measured using a spectrophotometer (NanoDrop 2000,
Thermo Scientific, West Palm Beach, FL, USA).
2.6. Macro- or Microscale Cellular Patterning on pNE-Coated
Substrates. To produce cellular patterns with macroscales
(∼mm), specific patterns of the pNE interfaces, such as a
“Y” shape, were generated by simply drawing the shape
with the pNE solution using a micropipette and incubating
at 37∘ C overnight to form the patterned interface. Tissue
culture plates were employed as a representative of the cellular
patterning due to the ease of analyzing the cellular patterns
with a microscope. After washing with PBS, the cells were
subsequently seeded at 6×106 cells/mL; after 2 hours, the cells
barely attached to the substrate were removed by gently washing with PBS. After being fixed with 4% PFA, the remaining
cells were stained with Hoechst dye (Sigma-Aldrich, St Louis,
MO, USA). The images of the cellular patterns were acquired
using a fluorescence microscope (Nikon TE2000E2, Nikon,
Japan). PDMS stamping technology was utilized to generate
cellular patterns on a microscale (∼100 𝜇m). Briefly, a PDMS
micropattern with line alignments was initially generated
with a specified dimension (ridge, 100 𝜇m; groove, 200 𝜇m;
and depth, 120 𝜇m). The PDMS stamp was immersed into
a pNE solution (2 mg/mL of norepinephrine in 10 mM Tris
at pH 8.5), which was prepolymerized for 24 hours, placed
on the tissue culture plate, and pressed manually for 2

minutes. The unbound pNE interfaces on the tissue culture
plates were removed by rinsing twice with PBS, and cells
at 6 × 106 cells/mL were seeded for attachment to the pNE
interfaces on the glass. As with the macroscale patterning,
the cells barely attached to the pNE interface were removed
by washing with PBS after 2 hours, and the nuclei of the
remaining cells were stained with DAPI and imaged using
a fluorescence microscope (Nikon TE2000E2, Nikon, Japan)
to visualize the cellular alignment and the pNE patterns
generated by the PDMS stamp.
2.7. Statistics. All of the experimental data are illustrated
as the mean ± the standard deviation (SD), and statistical
significances were analyzed by a one-way analysis of variance
(ANOVA) with a post hoc Dunnett’s test using the SPSS 18.0
software package (IBM Corporation, Somers, NY, USA).

3. Results and Discussion
Figure 1 schematically shows the generation of biointerfaces
by pNE coating. The chemical structure shown in the figure
is catechol, which is responsible for robust adhesion onto
substrates and the rapid immobilization of biological components for cell adhesion. As illustrated, the pNE layer is
rich in hydroxyl groups: two hydroxyl groups from catechol
and one from alkyl chain. It is known that a new intermediate component, 3,4-dihydroxybenzaldehyde (DHBA),
is formed, which subsequently reacts with norepinephrine
(NE) to yield DHBA-NE during the oxidative polymerization
of norepinephrine. It has recently been shown that DHBA
functions as a key factor contributing a conformal, smooth
coating on a substrate in comparison to the well-known
surface functionalization of poly(dopamine) [24]. Similar
to the case of poly(dopamine), we hypothesized that pNE
thin layers can effectively promote neural stem cell adhesion.
Unlike typical mammalian cells, hNSCs do not adhere stably
to tissue culture polystyrene dishes. Thus, the development
of a culture platform promoting hNSC adhesion is a critical
issue in the ex vivo expansion of stem cells for cell therapy.
To test the functionality of pNE as a coating agent, a
wide range of materials, including poly(tetrafluoroethylene)
(PTFE), poly(dimethylsiloxane) (PDMS), glass, and tissue
culture polystyrene (TCP) surfaces, were modified using the
dip-coating method in an alkaline norepinephrine solution
[22], as described in Figure 1(b). These substrates were chosen
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Figure 2: Characterization of pNE surfaces. (a) Surface wettability is measured by a goniometer. The symbol ∗ indicates a significant difference
compared to each unmodified substrate (𝑃 < 0.005). (b) Representative digital images of pNE-coated PTFE, PDMS, glass, and TCP substrates.
The dark brown colors indicate pNE coating. (c) Topographical images of pNE interfaces using AFM analysis.

Journal of Nanomaterials

5
Day 2

2.4

2.1

1.2

1.8
1.5

Cell viability

Cell viability

Day 4

1.5

1.2
0.9
0.6

0.9
0.6
0.3

0.3
0.0

0.0
PTFE

PDMS

Polystyrene

PTFE

Glass

Unmodified
pNE

PDMS

Polystyrene

Glass

Unmodified
pNE
(a)

(b)

Day 6

1.8

Cell viability

1.5
1.2
0.9
0.6
0.3
0.0
PTFE

PDMS

Polystyrene

Glass

Unmodified
pNE
(c)

Figure 3: The cytotoxicity of pNE-functionalized biointerfaces. The metabolic activity of hNSCs grown on pNE interfaces at 2, 4, and 6 days
was measured using WST-1 and compared to the unmodified substrates.

to demonstrate the versatility of norepinephrine, which can
form interfaces on various types of materials to facilitate
cellular adhesion.
The characterization of the pNE-coated surfaces revealed
that the polymerization of norepinephrine (NE) in a weak
alkaline solution (pH 8.5) on various materials resulted in
similar properties of the exterior surfaces, regardless of the
substrate type. As demonstrated in Figure 2, coating with
the pNE interface allowed various substrates to acquire a
similar wettability and surface morphology. Variations in the
wettability of each substrate coated with pNE were detected
by measuring the water-contact angles on each substrate
(Figure 2(a)). Regardless of the substrate properties, the pNE
coating dramatically reduced the contact angles of all the
substrates, with final values ranging from 22.76∘ to 39.86∘ .

The results were originated from the hydrophilic properties of
the pNE coating, which had many hydrophilic moieties such
as hydroxyl groups and amine groups. Additionally, both
digital images and atomic force microscopy (AFM) analyses
revealed that the substrates coated with pNE had smooth
surface topographies, regardless of the substrate type (Figures
2(b) and 2(c)). Furthermore, the AFM analysis confirmed
no large aggregates when each surface was modified with
pNE (Figure 2(c)). Table 1 shows the root-mean-square
(RMS) roughness values of the pNE interfaces, confirming
significant differences from those of the unmodified substrates (𝑃 < 0.001). All of these pNE surface characterization results indicate its remarkable capability to induce
material-independent surface modification with uniform
properties.
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Table 1: RMS roughness values of pNE-modified surfaces determined by AFM analysis.

Unmodified
pNE

PTFE (nm)
1.239 ± 0.021
3.391 ± 0.007∗

PDMS (nm)
0.091 ± 0.006
0.687 ± 0.032∗

The symbol ∗ indicates significant differences compared to each unmodified substrate (𝑃 < 0.001).

Polystyrene (nm)
0.138 ± 0.011
0.709 ± 0.054∗

Glass (nm)
0.257 ± 0.012
1.119 ± 0.038∗
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Subsequently, the metabolic activity of hNSCs adhered to
each pNE-coated substrate was analyzed to test the potential
of pNE to be employed as a biointerface. Interestingly, the
unmodified substrates resulted in no significant reduction
in cellular viability compared to that of TCP. Additionally,
cellular viability on the pNE-coated substrates at 2, 4, and
6 days of culture was comparable to that of cells grown

under normal culture conditions (i.e., cultured on TCP
plates) (Figure 3), suggesting the feasibility of the use of pNE
interfaces as a cell-culture substrate.
Importantly, the pNE interface on each substrate resulted
in the facilitation of cell adhesion (Figure 4). To evaluate
the capability of the pNE-coated surfaces to promote cellular
attachment, the cells seeded on each substrate were rinsed
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Figure 6: Cellular patterns created using pNE interfaces. (a) Macroscale cellular patterns were created using a micropipette. The “Y” shape
of the pNE interfaces was generated with a pipette, and hNSCs were seeded onto the entire TCP substrate. After 2 hours of culture, the loose
cells were removed by rinsing with PBS, and the adherent cells were stained with Hoechst dye and imaged using fluorescence microscopy. To
visualize the entire cellular pattern, individual images were collected and combined to obtain the entire image. The scale bar indicates 1 mm.
(b) Microscale cellular patterns were created with a PDMS stamp. The PDMS stamp was immersed in pNE solution and placed on a TCP
plate. The substrate was rinsed with PBS; the cells were seeded onto the entire substrate, rinsed with PBS after 2 hours of culture, and imaged.
The nuclei were stained using Hoechst dye. The scale bar indicates 100 micrometers.

twice with PBS after only 2 hours of culture. To measure
the enhancement of cellular attachment precisely, the cells
remaining on each substrate were trypsinized again and
manually counted using a hemocytometer (Figure 4(a)),
and the nuclei of the cells remaining on each substrate
after rinsing with PBS were visualized (Figure 4(b)). The
surface modification with pNE resulted in at least a fourfold
enhancement in cellular adherence (20–25%) relative to the
unmodified naı̈ve material (less than 5%) (𝑃 < 0.005), even
after the short exposure of the cells to the sticky surface.
The ultrasmooth surface caused by the pNE coating might
distribute sticky moieties homogeneously throughout the
entire surface, thereby potentially causing further intimate
interactions with a variety of receptors or proteins residing
on the cellular membrane for robust cellular adhesion.
Although the pNE coating substantially increased the
surface wettability, the pNE interfaces exhibited enhanced
adherent properties. The preferred surface wettability for
effective cellular attachment has been reported to be static
contact angles ranging from 40∘ to 70∘ [26]. Also, the reasons
explaining the enhanced hNSC adhesion are that the pNEcoated surface is abundant in amine groups, which was
demonstrated to facilitate stem cell adhesion, for example, polyD-lysine. Another mechanism might be covalent
bond formation between cell-surface proteins and pNE.
The redox properties of catechol groups in pNE allow protein/peptide/oligonucleotide covalent conjugations [22, 27,
28].
The enhanced interactions of the cellular membrane with
the pNE-modified surfaces led to increases in the projected
area of adherent cells (Figure 5). The actin filaments were
stained with rhodamine-labeled phalloidin (Figure 5(a)),
and the total spreading areas of the cells were subsequently

normalized to the total cell number (Figure 5(b)). Regardless
of the substrate type, the hNSCs adhering to the pNE
interfaces exhibited an approximately 1.5- to 6-fold increase
in spreading areas per cell compared to the unmodified
substrates (Figure 5(b)). Interestingly, marked increases in
the projected area per cell adhering to the pNE-coated
substrate were observed for the hydrophobic surfaces (i.e.,
PTFE and PDMS) compared to the unmodified surfaces.
The well-stretched actin filaments of cells adhering to pNE
interfaces may result from increased surface hydrophilicity
[29]. Catecholamine compounds can interact with a variety
of proteins or moieties to induce cellular attachment and can
subsequently protect cell-surface proteins from the denaturation that can occur upon contact with substrates [29].
The improved stability of the proteins or ligands that have
a key role in surface interactions might promote cellular
adhesion onto pNE-coated surfaces. Additionally, previous
studies have demonstrated that the enhancement of cellular adhesion can alter cytoskeletal development, thereby
resulting in increased cell spreading [29, 30]. This evidence
further supports the notion that modulating the cellular
microenvironment by manipulating the surface properties of
substrates can be critical for elucidating a variety of cellular
events, including adhesion, patterning, and proliferation.
The adhesive property of the pNE interfaces enabled the
creation of sticky surfaces onto which cells could adhere in
a well-defined pattern (Figure 6). Simply drawing the pNE
interface with a micropipette followed by cells incubation
for 2 hours generated well-defined cellular patterns corresponding to the preformed pNE patterns on a macroscale
(Figure 6(a)). The resolution of these cellular patterns was
improved using PDMS stamps with straight-line ridges. As
shown in Figure 6(b), well-patterned edges between the
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pNE interfaces and nonmodified surfaces were observed,
and hNSCs specifically adhered to the pNE patterns. The
capability of the pNE interfaces to induce spatial cellular
patterns demonstrates their potential as a powerful substrate
that can be utilized in tissue engineering applications that
require directional cellular growth, such as spinal cord
regeneration.

4. Conclusions
A simple and facile interface modification strategy to enhance
hNSC adhesion and its viability was examined in this
study. The surface-modification method is inspired by the
neurotransmitter NE, which is oxidatively polymerized in
an alkaline solution to generate pNE. pNE becomes an
adherent nanolayer during polymerization, resulting in the
functionalization of various material surfaces. The pNE
interfaces exhibited superior performances in promoting the
cellular adhesion of hNSCs, which are recognized as relatively
nonadherent primary cells on typical tissue culture plates.
The adhered hNSCs exhibited good viability and spreading
on these surfaces. Importantly, the adhesive properties of
the pNE interfaces led to well-defined patterns of cellular
attachment, thereby demonstrating the ability of the cells to
organize into micropatterns. Evaluation of the pNE interfaces
as a powerful platform to modulate stem cell fates (e.g., proliferation or differentiation) is highly required to be further
studied. All of these data indicate that this pNE coating can
be a powerful tool to broaden the range of material choices
for the ex vivo expansion of hNSCs, an important goal for
cell therapy.
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Amino-modified polyacrylonitrile (AMPAN) fiber was synthesized by the reaction of polyacrylonitrile (PAN) fiber and
triethylenetetramine (TETA) in the presence of water. The effect of water amount, reaction temperature, and time on the weight
increase degree and alkali content of the AMPAN fiber was investigated in detail. The characterization results indicated that TETA
could be grafted onto the surface of PAN fiber by this method. However, the highest adsorption capacity of the AMPAN fibers was
only 0.09 g/g even at 15 bar and 50∘ C, which was much lower than the porous materials. The reason for this result may be related
to its low surface area.

1. Introduction
With the development of society and increase of live level,
which mainly come from the combustion of fossil fuel and
human activities, the excess emission of CO2 has become a
worldwide problem. The research of CO2 capture attracted
attention of world scientists in recent years [1–3]. At present,
the CO2 capture technology could be divided into three
major processes: postcombustion, precombustion, and oxyfuel combustion; among them, postcombustion is the best
development technology for its favorable inheritance and
extensive adaptability [4, 5]. For the CO2 separation and
capture of postcombustion technology, there are four possible
methods: absorption with solution [6], adsorption with solid
material [7], membrane diffusion [8], and cryogenic process
[9]; among them, adsorption was considered to be promising
because of its low energy consumption, low equipment cost,
and easiness to be applied [10]. The key to this method
is to discover or design an adsorption material with high
CO2 adsorption capacity and that is regenerable under mild
condition.
A lot of materials have been tested in the research of
CO2 adsorption. Porous material, such as zeolite and activity

carbon, was investigated most extensively. However, the
selectivity and adsorption capacity of CO2 on these materials
are not high. At present, amino-modified porous materials
gradually become the research focus since it has some
advantages of liquid amine, which was used in the industrial
absorption process. MCM-41 [11–13], SBA-15 [14], SBA-16
[15], activated carbon [16], and anthracites [17] all have
been used as supports. The amines to modify supports
contain polyethylenimine (PEI), diethylenetriamine, pentaethylenehexamine, aminpropyl triethoxysilane, and so on.
The main modification methods are impregnation and grafting. Recently, some fibrous CO2 adsorbents modified with
amino were reported in the literature for they have the
advantage of high surface area, low price, and convenience
in use. In these works, PEI was bonded to glass fiber
with epoxy resin or epichlorohydrin as cross-linking agents;
the highest capacity is 2.03 mmol CO2 /g and 4.12 mmol
CO2 /g, respectively [18, 19]. However, PEI could leach from
adsorbents and reduce the capacity of CO2 . On the other
hand, too many PEI on the surface of adsorbents would lead
to the formation of PEI multilayers. With the increase of
thickness of PEI multilayers, the diffusion of CO2 became
more difficult, which would decrease the utilization efficiency

2

2. Experimental
2.1. Material and Reagent. PANF was kindly provided by
DongFuShengYing Company. TETA was purchased from
J&k Company. CO2 was purchased from Beijing Reagent
Company. Deionized water (DI) was used in the whole study.
2.2. Preparation of AMPAN Fiber. In a typical preparation,
PAN fiber was firstly extracted with methanol at boil temperature for 24 hours to remove the silicone oil at surface.
Then, PAN fiber, TETA, and water (sometimes without water)
were put into a glass reaction vessel with a reflux column;
the mixture was stirred with a magnetic stirrer and the
reaction proceeded at 110–180∘ C for 2–10 hour. The fibers
were separated from the solution after the reaction, washed
with DI water till neutral, dried at 50∘ C in an oven for 10 h,
and stored in desiccators prior to use. The materials prepared
at different temperatures will be designated as fiber-𝑇, where
𝑇 is the synthesis temperature.
2.3. Characterization. Acid exchange capacities of the
AMPAN fibers were determined by automatic potential
titration instrument. AMPAN fiber (0.200 g) was immersed
into 20 mL of 0.100 M/L HCl for 0.5 h. Then, 5 mL solution
was fetched out and its HCl concentration was determined
by titration with 0.100 M/L NaOH. The exchange capacity
was calculated based on the amount of acid consumed. The
O content of AMPAN fibers was determined by element
analyzer (PerkinElmer PE 2400II). FTIR spectra were
recorded on a Fourier transform infrared spectrometer
(Nicolet Magna 550) in the region 4000–200 cm−1 . The
BET surface area of AMPAN fibers was measured at
77.3 K in an automatic N2 adsorption-desorption apparatus
(Quantachrome, Nova 4000). Thermogravimetric analysis
(TG) was carried out by a simultaneous thermal analyzer
(Netzsch STA 449) at a 5 K/min heating rate up to 473 K
under a flow of air.
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of PEI. Therefore, the CO2 adsorption capacity would reach
maximum when PEI loading amount reached a certain value.
Grafting method of amine may be a better way to introduce
monolayer amino onto support compared to physical coating
because the reaction is homogenous in microscale. Yang
et al. prepared an adsorbent by grafting allylamine onto
polyacrylonitrile (PAN) fiber with preirradiation grafting
copolymerization method. Its adsorption capacity could
reach 6.22 mmol CO2 /g when the grafting degree was 60%
[20].
In the present work, another amino-modified PAN
(AMPAN) fiber was prepared with grafting method through
the reaction of PAN fiber and triethylenetetramine (TETA)
solution with the help of water. The product was characterized
with FTIR, TG, BET, and EA. Its adsorption capacity of CO2
was measured by magnetic suspension balance and automatic
N2 adsorption-desorption apparatus under different temperature and pressure.
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Figure 1: Effect of temperature on the weight-gain and alkali content
of fiber without water. Reaction condition: 0.04 mol fiber; 0.2 mol
TETA; 2 h.

2.4. Adsorption Experiment. The CO2 adsorption experiments under atmospheric pressure were carried out on
the automatic N2 adsorption-desorption apparatus. At first,
about 0.05 g sample was vacuumed for 1 h at 180∘ C, and
then the sample pipe was installed on the equipment. Liquid
nitrogen was used to keep the adsorption temperature at 77 K.
At last, CO2 gas was introduced into sample cell; the adsorption capacity was obtained by volumetric method. The CO2
adsorption experiments above atmospheric pressure were
conducted by using magnetic suspension balance (Rubotherm). In an adsorption experiment, about 0.1 g AMPAN
fiber was pretreated at 180∘ C for 0.5 h under the flow of N2
and degassed for 0.5 h in vacuum. Then, the CO2 gas was
introduced into sample cell with a flow rate of 50 mL/min
for 0.5 h. The weight variation of fiber in this process was
recorded by the balance.

3. Results and Discussion
3.1. Preparation of Fibers
3.1.1. Effect of Water Amount on the Weight Increase Degree
and Alkali Content of Fiber. The weight increase degree of
the PAN fiber is an important index of amino grafting degree,
which would increase the alkali content of the fiber. Without
water, the amino grafting degree was very low. As shown
in Figure 1, the weight and alkali content of fibers increased
with the improvement of temperature. However, the highest
weight increase degree was less than 3.0% at the highest
temperature 150∘ C; the corresponding alkali content was only
about 0.7 mmol/g.
Under the reaction condition of 40 mmol PAN fiber
and 200 mmol TETA at 150∘ C for 2 h, with the increase of
water amount from 0 to 14.4 g, the weight of fiber increased
from 2.9% to 48.8% firstly and then reduced to 19.3% and
at last to 3.8% (see Figure 2). The alkali content variation
characterization of the prepared AMPAN fiber was consistent
with the weight variation characterization. It increased from
0.7 to 3.1 mmol/g and then reduced to 2.2 and at last to
0.2 mmol/g. The reason for the decrease of weight and alkali
content was that the excess water would decrease the reaction
temperature of solution despite the fact that the temperature

6

0.3

0.1

4

134

0.2

2

110

150

0.0
−2

0

2

4 6 8 10 12 14 16
Water amount (g)

0

4
2
1.0 1.2 1.4 1.6
Amount of water (g)

1.8

2.0

Alkali charge (mmol/g)

Weight gain

6

0.8

6

1.0
4

0.8

2

0.6

0
150

8

0.6

8

1.2

0.4

Figure 2: Effect of water amount on the weight increase degree and
alkali content of fiber. Reaction condition: 0.04 mol fiber; 0.2 mol
TETA; 150∘ C; 2 h.
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Figure 3: Effect of water amount on the weight increase degree and
alkali content of fiber. Reaction condition: 0.04 mol fiber; 0.2 mol
TETA; 160∘ C; 2 h.

of oil bath was the same. It was observed that the temperature
of reaction solution was 150∘ C when the water amount was
1.8 g or without water, while the reaction temperature was
only 134 and 110∘ C when the water amount was 7.2 g and
14.4 g, respectively, although the oil bath temperature was still
150∘ C.
Under the same reaction temperature, the effect of water
amount on the weight increase degree was further investigated. As shown in Figure 3, with the amount of water
increased from 0.72 to 1.80 g, the weight of fiber increased
from 72% to 88%. The alkali content of the fiber also increased
from 5.1 to 5.9 mmol/g. This phenomenon could be explained
by Le Chatelier’s principle: the yield of product would
increase along with the increase of reactant concentration.
3.1.2. Effect of Reaction Temperature. The effect of reaction
temperature on the weight increase degree and alkali content
was investigated under the following conditions: 0.04 mol
fiber; 0.2 mol TETA; 0.1 mol water; 2 h. The results indicated
that the weight of fiber increased monotonously from 49%
to 150% with the improvement of temperature from 150 to
180∘ C (see Figure 4). At the same time, the alkali content
of fiber increased from 3.1 to 6.6 mmol/g. However, once
the temperature was over 220∘ C, the fiber would dissolve
into the TETA solution. There are two possible reasons for
the phenomenon: (1) TETA was grafted on the surface of
PAN fiber by the reaction, which enhances the mutual effect
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Figure 4: Effect of temperature on the weight increase degree and
alkali content of fiber. Reaction condition: 0.04 mol fiber; 0.2 mol
TETA; 0.1 mol water; 2 h.

1.6
8

1.4
1.2

6

1.0

4

0.8
2

0.6

Alkali charge (mmol/g)

8

Weight gain

150

Weight gain

Weight increase

0.5

3

Alkali charge (mmol/g)

Journal of Nanomaterials

0

0.4
2

3

4

5
6
Time (h)

7

8

Figure 5: Effect of time on the weight increase degree and alkali
content of fiber. Reaction condition: 0.04 mol fiber; 0.2 mol TETA;
0.1 mol water; 150∘ C.

between AMPAN fiber and solvent TETA through hydrogenbond interaction; (2) the carbon-carbon bond of PAN fiber
would be broken at high temperature.
3.1.3. Effect of Reaction Time. The effect of reaction time on
the weight increase degree and alkali content was investigated
under the following conditions: 0.04 mol fiber; 0.2 mol TETA;
0.1 mol water; 150∘ C. As shown in Figure 5, with the increase
of reaction time from 2 to 8 h, the weight and alkali content
of fiber would increase from 49% to 151% and from 4.6 to
8.1 mmol/g, respectively.
3.2. Characterization of Fibers
3.2.1. The Effect of Reaction Condition on the Oxygen Content
of AMPAN Fibers. Figure 6 shows the effect of reaction
condition on the oxygen content of AMPAN fibers. With the
increase of reaction temperature, time, and water amount,
the oxygen content of fiber also increased. These results are
consistent with the conclusions of previous discussion. The
highest oxygen content was 19.8% at 180∘ C, which indicated
that the hydrolysis degree of cyano group was the deepest
under this condition.
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Figure 6: Effect of reaction condition on the oxygen content of AMPAN fiber: (a) temperature; (b) time; (c) amount of water.

3.2.2. FTIR Spectrum of Fibers. Figure 7 shows the FTIR
spectra of PAN fiber and AMPAN fiber. The band in
the spectrum of PAN fiber could be assigned as follows:
2945 cm−1 was the stretching vibration of CH, CH2 , and CH3 ;
2244 cm−1 was the stretching vibration of CN; 1455 cm−1
was the bending stretching vibration of CH2 and CH3 . After
reaction with TETA at different temperatures, some new
peaks appeared in the spectrum of prepared AMPAN fiber:
the band at 2840 cm−1 was the symmetry stretching vibration
of CH2 and the band at 1668, 1558, and 1120 cm−1 was the
C=O stretching vibration, N–H bending vibration, and C–N
bending vibration in imide, respectively. At the same time, the
band at 2244 cm−1 reduced more and more significantly with

the increase of temperature from 150 to 180∘ C. These results
indicated that imide group was introduced to the surface of
PAN fiber. The reaction mechanism in the preparation of
AMPAN fiber from PAN fiber and TETA could be expressed
by Scheme 1.
3.2.3. TG Analysis of Fibers. The TGA spectra of AMPAN
fibers prepared under different temperature was presented in
Figure 8. The mass loss profiles are similar for all the AMPAN
fibers. In the TG curves, two weight loss steps were observed
at 85 and 160∘ C. The first weight loss could be attributed to
desorption of the moisture. The second one may be assigned
to desorption of CO2 , which were adsorbed in the previous
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preparation process of AMPAN fiber. The highest weight loss
was observed to be 14% for the fiber prepared at 180∘ C.
3.2.4. Surface Area of Fiber. The specific surface area of
AMPAN fibers was determined by Brunauea-Emmet-Teller
(BET) method based on N2 adsorption isotherm at 77 K.
The results were presented in Table 1. It was found that the
surface area of fibers increased monotonously from 0.878 to
1.238 m2 /g, with the increase of preparing temperature from
150 to 180∘ C. These results indicate that reaction temperature
did not affect the surface area of fiber significantly; they are
all small.
3.3. Adsorption Property of AMPAN Fiber. The adsorption
isotherms of CO2 onto AMPAN fiber prepared at different
temperatures were obtained at pressure from 0 to 15 bar.
Figure 9(a) shows the CO2 adsorption data of fiber at 77 K
when the pressure is lower than atmospheric pressure. The
adsorption capacities of fibers varied according to the following order: fiber-180 > fiber-170 > fiber-160 > fiber-150. The
highest capacity was only 0.27 mL/g at atmospheric pressure.

Figure 9: CO2 adsorption capacity of fiber at different pressure: (a)
pressure lower than atmospheric pressure; (b) pressure higher than
1 bar.

Figure 9(b) shows the CO2 adsorption data of fiber at 50∘ C
above the atmospheric pressure. The capacities of fibers variation characterization are consistent with that obtained under
the atmospheric pressure. The highest capacity was 0.09 g/g
for fiber 180. These results indicated that the adsorption
capacity of AMPAN fiber was much lower than that of PEI
and allylamine modified PAN fiber reported previously. The
reason may be due to the small surface area of AMPAN
fiber. Further research was not conducted for its adsorption
capacity which was far from satisfactory.

4. Conclusions
A serial of amino-modified PAN fibers were synthesized by
the reaction of PAN fiber with TETA in the presence of
water. The weight and alkali content, namely, amino grafting
degree, would be improved by prolonging reaction time
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Table 1: Surface of AMPAN fiber prepared at different temperatures.
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and increasing reaction temperature. However, proper water
amount was needed to improve the amino grafting degree,
because excess water would reduce the temperature of the
reaction solution. The oxygen content analysis and FTIR
characterization results indicated that TETA was grafted onto
the surface of PAN fiber. TG analysis demonstrated that the
fibers would desorb water and CO2 at about 85 and 160∘ C,
respectively, which were adsorbed in the preparation process.
The adsorption capacities of AMPAN fibers were very low,
which may be attributed to its low surface area.
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Three kinds of interesting distinct wettability films are fabricated by a facile electrospinning technique. The films are composites of
poly(N-isopropylacrylamide) and polystyrene but different precursor solvents. By taking advantage of the conformational changes
of poly(N-isopropylacrylamide) chains and polystyrene chains in different solvents, the films exhibit responsive wettability variation
to temperature.

1. Introduction
Smart interfacial materials with special wettability have
attracted considerable attention in recent years due to their
importance for both fundamental research and practical
applications [1–4]. Fruitful achievements have been proposed in many areas, for example, superhydrophobic surfaces
used for self-cleaning and low-adhesion [5, 6] and superhydrophilic surfaces used for antifouling and biomedical
devices [7]. Furthermore, special wettability surfaces that can
respond to external environment stimuli (e.g., temperature,
light, pH, electrical field, solvent, and magnetic field) [8–
13] have been reported through various methods, such
as sol-gel method, the plasma method, template method,
electrospinning method, surface-initiated atom-transfer radical polymerization, hydrothermal approach, self-assembled
monolayers, electrochemical deposition, and layer-by-layer
technique [14–20]. Nevertheless, most of the smart surfaces
fabricated are still limited to laboratory. With the unceasing
in-depth exploration and consideration of these functional
materials, it is of particular important to develop a facile
method and manufacture on large scale.
Electrospinning has been widely recognized as an
efficient and promising technique of preparing polymer
micro/nanofibers in recent years [21, 22]. Researchers found
that the structure and property of electrospinning fibers

can be influenced by many factors, including polymers’
solubility, molecular weight, solvent, the solution properties
(e.g., viscosity, elasticity, conductivity, and surface tension),
and ambient parameters (e.g., temperature, humidity, and
air velocity) [23–27], while it is well known that the solvent is an important factor affecting the morphology of
fibers. Examples include that Megelski et al. investigated
the influence of different polymer/solvent systems on the
fiber micro-/nanoporous surface morphology [24]. As far
as mentioned above, many researches have been interested
in the influence of polymer/solvent on the fiber surface
morphology in the process of electrospinning; few people pay
attention to the property of the fiber surfaces. In addition,
heterogeneous materials are attractive because they may
endow new function different to the intrinsic properties of
two original materials. Herein, we designed and fabricated
poly(N-isopropylacrylamide) (PNIPAAm)/polystyrene (PS)
composite films with various wettability via electrospinning
by using different precursor solvents. By taking advantages
of distinct conformational changes of PNIPAAm chains and
PS chains in different solvents, variable responsive wettability
films have been successfully realized. The water contact
angle (CA) of the PNIPAAm/PS composite films with N,Ndimethylformamide (DMF) or dichloroethene (CH2 Cl2 ) precursor solution is completely different. The as-prepared
PNIPAAm/PS composite film which is formed from DMF
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Figure 1: Typical SEM images of the PS films prepared by electrospinning. (a), (b), and (c) correspond to films I, II, and III which were
fabricated from a 10 wt% solution of PS in DMF, CH2 Cl2, and THF, respectively. The insets are photographs of water-droplet shape on the
films I, II, and III, respectively.

precursor solution showed superhydrophilicity both before
and after increasing temperature. Inversely, the as-prepared
PNIPAAm/PS composite film which is formed from CH2 Cl2
precursor solution showed superhydrophobicity both before
and after increasing temperature. Interestingly, in a proper
proportion of PNIPAAm and PS, the water CA of the composite films in which the solvent is tetrahydrofuran (THF)
in precursor solution could switch between superhydrophobic and superhydrophilic when changing the temperature.
Distinct conformation of PNIPAAm chains and PS chains
in different precursor solvents results in various wettability
via electrospinning. It is important for the transformation of
polymeric precursor solution into fibers during the process of
electrospinning.

2. Experimental
2.1. Preparation of Polystyrene (PS) Films. PS (homopolymer,
𝑀𝑤 = 230,000, Aldrich) was dissolved in solvents by stirring
for 4 h to form 10 wt% transparent solution. The solvents
are DMF, CH2 Cl2 , and THF (A.R.), respectively, which were
purchased from Beijing Yili Fine Chemical Co., Ltd. About
2 mL of the precursor solution was placed in a 5 mL syringe
equipped with a blunt metal needle of 0.7 mm inner diameter.
The solution feed rate is about 0.5 mL/h. The needle was
connected to a high voltage generator, and a grounded
metallic plate covered with a sheet of aluminum foil served as

a collecting substrate. The distance between the needle tip and
collector was 10–20 cm, and the voltage was set at 15–20 kV.
2.2. Preparation of PNIPAAm/PS Composite Films. Preparation of PNIPAAm/PS composite films was similar to that of
PS film. The PNIPAAm (poly(N-isopropylacrylamide), Mn
= 20000–25000, Aldrich) and PS were mixed and dissolved
in DMF, CH2 Cl2 , and THF, respectively, and stirred for 4 h.
The proportion of PNIPAAm, PS, and solvent is 2 : 10 : 90
(PNIPAAm/PS/solvent).
2.3. Characterization. The morphology and structure features of the composite films were characterized by field
emission scanning electron microscopy (FE-SEM) (JEOL
JSM-6700F) at 3.0 kV. Contact angle was measured on a dataphysics OCA20 contact angle system at ambient temperature.
The temperature was controlled by a superthermostat (Julabo
F25, Germany). Water droplet (about 2 𝜇L) was dropped
carefully onto the samples. The average CA values were
obtained by measuring five different positions of the same
sample.

3. Results and Discussion
The PS films were prepared by electrospinning with a variety
of PS/solvent solutions. Firstly, we prepared film I from
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Figure 2: Typical SEM images of PNIPAAm/PS composite films which were fabricated from PNIPAAm/PS/solvents (2 : 10 : 90 w/w/w). (a),
(b), and (c) correspond to films IV, V, and VI in which the solvent of the precursor solution is DMF, CH2 Cl2 , and THF, respectively.

10 wt% PS/DMF solution by electrospinning. The typical filed
emission scanning electron microscopy (FE-SEM) image of
film I is shown in Figure 1(a). The numerous nanofibers
with spindle beads are randomly oriented on the substrate
which displays a network structure. Then, we investigated
the wetting properties of film I. Film I is hydrophobic with
a water CA of 140 ± 4∘ (inset of Figure 1(a)) which is much
higher than the plat PS film owing to the rough structure
of the as-prepared PS film. This result is corresponding to
our previous work [18]. Afterwards, films II and III were
fabricated from a 10 wt% solution of PS in CH2 Cl2 and THF
by the similar electrospinning process. Figure 1(b) shows the
SEM image of film II which exhibits hierarchical structure
with nanofibers and microparticles over the whole substrate.
Figure 1(c) shows the SEM image of film III which displays
numerous microparticles and a few nanofibers. We measured
the wettability of the films with water CA of 144 ± 4∘ and
144 ± 3∘ . These results show that the as-prepared electrospun
PS films are all hydrophobic because of the rough surface
and hierarchical structure. The minor difference in surface
structure is due to the influence viscosity and volatility
with polymer in different solvents. Also, it will not affect
the intrinsic hydrophobic-hydrophilic properties of original
materials. Therefore, in order to study the facility we set the
same weight proportion of the polymeric precursor solution
during the experiment below.

Then, PNIPAAm/PS/solvent solution (2 : 10 : 90 w/w/w)
was used to fabricate composite films IV, V, and VI in
which the solvents are DMF, CH2 Cl2 , and THF, respectively.
Figures 2(a), 2(b), and 2(c) show the typical SEM images
of films IV, V, and VI. The morphology of the films is not
completely identical with the same polymer composition.
Concretely, the nanofibers are randomly oriented on the
surface of film IV which has a network structure like a
spider’s web. Compared with the surface of film I, the spindle
beads are instead of the numerous uniform nanofibers. It
can be easily understood by the addition of PNIPAAm
leading to the increase of the viscosity [19, 28]. The surface
of film V (Figure 2(b)) is almost covered with nanofibers
except for a few spindle beads. The microparticles in film
II surface almost disappear in the surface of film V when
adding PNIPAAm. Figure 2(c) is the SEM image of film VI
showing numerous microspheres and nanofibers distributed
densely over the surface. It is obvious that the amount of
nanofibers increases compared with the SEM image of film
III without PNIPAAm. Films IV, V, and VI are prepared with
the same polymer composition by electrospinning from different PNIPAAm/PS/solvent precursor solutions. These SEM
results show that the surface morphology is not completely
uniform with the same polymer composition. The amount
of the microspheres and nanofibers is distinct mainly by the
reason of the viscosity of precursor solution with different
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Figure 3: Photographs of water-droplet shape on the PNIPAAm/PS composite films at 20∘ C and 50∘ C. (a), (b), and (c) correspond to films
IV, V, and VI in which the solvent of precursor solution is DMF, CH2 Cl2 , and THF, respectively. The wettability of PNIPAAm/PS composite
films prepared from different precursor solutions is completely distinct when increasing the temperature. The wettability of the PNIPAAm/PS
films is both superhydrophilic and superhydrophobic and switches from superhydrophilic to superhydrophobic according to the change in
the temperature when the solvents are DMF, CH2 Cl2 , and THF, respectively.

solvents and evaporation of the solution droplets during
electrospinning process [23–25].
Next, the wetting properties of films IV, V, and VI were
investigated. At 20∘ C, the water CA of the films IV, V,
and VI is about 0∘ , 133 ± 3∘ , and 6 ± 5∘ , respectively
(Figure 3). Then, the water CA is 0∘ , 142 ± 5∘ , and 152 ±
3∘ , respectively, when the temperature is changed to 50∘ C
(Figure 3). Surprisingly, the change of the water CA along
with increasing the temperature is completely distinct. The
as-prepared film IV, which was added to PNIPAAm in
PS/DMF solution, is superhydrophilic according to heating

up the surface. Differently, the surface of film V from
PNIPAAm/PS/CH2 Cl2 precursor is hydrophobic along with
the temperature alteration. While the water CA of the film VI
from PNIPAAm/PS/THF precursor switched from 6 ± 5∘ to
152 ± 3∘ , the temperature changed from 20∘ C to 50∘ C.
It is well known that PNIPAAm is a thermoresponsive
polymer which has fabricated many thermoresponsive materials by some methods [19, 29, 30]. The mechanism of the
stimuli-responsive is explained by the competition between
intermolecular and intramolecular hydrogen bonding below
and above the lower critical solution temperature (LCST) of
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Figure 4: The diagram of mechanism of the various wetting properties of the as-prepared electrospun films. (a), (b), and (c) represent films
IV, V, and VI in which the solvent of precursor solution is DMF, CH2 Cl2 , and THF, respectively. PS mainly formed the fabric structures of
the composited films, while the spheres which represent PNIPAAm are distributed differently in composite films IV, V, and VI. The chain
diagram represents the idealized conformation between the PNIPAAm chain and solvent molecules in precursor solutions. The polar solvent
DMF is likely to form intermolecular hydrogen bonding with PNIPAAm chain. Inversely, the PNIPAAm chain forms easily intramolecular
hydrogen bonding when the nonpolar solvent CH2 Cl2 is used. There is not evident hydrogen bonding interaction in the PNIPAAm/PS/THF
precursor solution.

about 32 to 33∘ [31–33]. The fantastic wettability alteration of
PNIPAAm/PS surface has been studied in our previous work
and has been explained by the combination of the individual
properties of PS and PNIPAAm with the appropriate surface
roughness of the film [19]. The PNIPAAm/PS surface exhibits
reversible superhydrophilicity and superhydrophobicity by
changing the temperature due to freely swell and shrink of
the PNIPAAm chains. However, the further results above give
us a new assumption that the solvent plays a significant role
in the transformation from precursor solution into microspheres/nanofibers through the process of electrospinning.
Figure 4 outlines the proposed mechanism of various
wetting property of the as-prepared electrospun films. The
fabric structure of the film is mainly made from PS as a result
of the majority proportion of precursor solution. While the
spheres which represent PNIPAAm are distributed distinctly
in various films IV, V and VI, the chain diagram represents
the idealized conformation between the PNIPAAm chain
and solvent molecules in precursor solutions. As shown in
Figure 4(a), DMF is a kind of familiar polar solvent and
the value of polarity is 6.4. So in the mixture solution
of PNIPAAm, PS, and DMF, the polar C=O and N–H
groups in the PNIPAAm chain interact easily with the DMF
molecules to form intermolecular hydrogen bonding. At the
same time, the nonpolar C–H group in the PNIPAAm and
PS tend to intertwist together. Then, in the transformation
from polymer precursor solution to fibers with rapid solvent
evaporation during electrospinning, the PNIPAAm chain
is easily distributed on the surface of the fibers with the

polar C=O and N–H groups barely. Although there are
hydrophobic C–H groups of PS molecules surrounding the
PNIPAAm molecules, the water drops can still move across
the PS molecules and interact with C=O and N–H groups
to form intermolecular hydrogen bonding. Therefore, the
as-prepared film IV exhibits superhydrophilicity with the
water CA of 0∘ at 20∘ C. Then, when the temperature is
changed to 50∘ C, the PNIPAAm chain cannot go around
freely which results in the C=O and N–H groups still
exhibiting the surface of the film. Consequently, the film
IV is still superhydrophilic with the water CA of 0∘ when
heating up the surface. Surprisingly, the wettability of film
V from PNIPAAm/PS/CH2 Cl2 precursor solution is completely different according to heating up the surface. The asprepared film V is superhydrophobic both before and after
increasing the temperature. It is well known that CH2 Cl2
is a kind of nonpolar solvent and the value of polarity is
3.4. Both the C–H groups in PNIPAAm and PS will interact
with CH2 Cl2 molecular easily in the dissolution process
(Figure 4(b)). Hence, the PNIPAAm chain is apt to shrink
to form intramolecular hydrogen bonding between the C=O
and N–H groups. After the process of electrospinning with
rapid solvent evaporation, most of the fibers surface is
occupied by hydrophobic C–H groups which accords with
the water CA of 133 ± 3∘ . When the temperature is raised
above the LCST, the PNIPAAm chain more easily shrinks
to form of a compact and collapsed conformation. Thus,
the film V shows hydrophobicity with the water CA of
142 ± 5∘ at high temperature. Besides, the wettability of
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film VI can be switched between superhydrophilicity and
superhydrophobicity when changing the temperature. The
polarity value of THF is 4.2 which is between DMF and
CH2 Cl2 and results in the fact that the PNIPAAm chain could
distribute more freely in the PNIPAAm/PS/THF precursor
solution (Figure 4(c)). Noticeably, the PNIPAAm chain could
still swell and shrink freely on the surface of as-prepared
film VI. So the wettability of film VI could be explained by
the competition between intermolecular and intramolecular
hydrogen bonding in PNIPAAm chain according to changing
the temperature which have been studied in detail in our
previous work [19].
Therefore, solvents play an extraordinary important role
in the transformation from precursor polymer solutions to
fibers which induce different physicochemical properties of
the surface. In this work, the polar solvent DMF is likely
to form intermolecular hydrogen bonding with PNIPAAm
chain in precursor solution. The C=O and N–H groups are
easily bared on the surface of the film. So the film IV is superhydrophilic both before and after increasing the temperature.
Inversely, the PNIPAAm chain seems more favorable to form
intramolecular hydrogen bonding when nonpolar solvent
CH2 Cl2 is used. And film V is hydrophobic when changing
the temperature because most of the surface is occupied by C–
H groups. The polarity of THF is between DMF and CH2 Cl2 ;
thus, there is no evident hydrogen bonding interaction in the
PNIPAAm/PS/THF solution (Figure 4(c)). The PNIPAAm
molecular could freely extend and shrink before and after
increasing the temperature. The film VI could switch between
superhydrophilicity and superhydrophobicity when the temperature is changed from 20∘ C to 50∘ C.

4. Conclusion
Variable responsive wettability films were fabricated by
electrospinning by the result of solvents induced distinct
distribution of hydrophilic groups and hydrophobic groups.
Three kinds of PNIPAAm/PS films with the same polymer composition present extremely different wettability
performance. The wettability of the PNIPAAm/PS films is
both superhydrophilic and superhydrophobic and switches
from superhydrophilic to superhydrophobic according to
change in temperature when the precursor solvents are DMF,
CH2 Cl2 , and THF, respectively. It could be explained by the
competition between intermolecular hydrogen bonding and
intramolecular hydrogen bonding in solutions with different
solvents. It is the first example to fabricate composite films
with same polymer composition but different properties by
electrospinning. It gives us an inspiration that new functional
and structure materials could be created with proper substance and solvent. It is quite important for the electrospinning research about the solvent induced factors and lays a
foundation for the further application of electrospinning.
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