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Due to the tissue and organ shortage, tissue engineering
strategies combining engineering principles and methods
and biological sciences in creating implantable tissues have
been viewed as the most promising technologies for regen-
erating damaged tissues and organs. As native tissues or
organs are composed of proteins within nanoscale and cells
directly interact with nanostructured extracellular matrices
(ECM), nanobiomaterials such as nanofibers, nanotubes,
nanoparticles and other nanofabricated devices with smaller
than 100nm in at least one dimension are capable of
contributing to cell growth and tissue regeneration.

The aim of this special issue is to demonstrate the
latest achievement of nanotechnology and its development
in tissue engineering field. The eleven research articles com-
prising this special issue cover topics including the fabrica-
tion, characterization, and application of nanobiomaterials.
Research articles on biomaterial surface technology, cell-
biomaterials interaction and nanobiomaterials properties are
also included in this issue.

Electrospinning is a well-established technique aiming
at producing ultrafine fibers by electrically charging a
suspended droplet of polymer melt or solution. There are
various kinds of materials that can be electrospun into
nanofibrous structures, which have promising applications
in tissue engineering. The first four papers of this special
issue discussed the electrospinning technique for tissue
engineering application. The first paper “Fabrication of
biodegradable polyester nanocomposites by electrospinning for
tissue engineering” reviewed several biodegradable polyester-
based nanocomposites for tissue engineering applications.
The second paper “Electrospun collagen: a tissue engineering
scaffold with unique functional properties in a wide variety

of applications” specifically focused on the collagen-based
electrospun nanomaterials with variable applications. The
third paper “Quantitatively controlled fabrication of uniaxi-
ally aligned nanofibrous scaffold for cell adhesion” developed
uniaxially aligned nanofibers via quantitatively controlled
fabrication method. The fourth paper “Electrospinning of
poly (ethylene-co-vinyl alcohol) nanofibres encapsulated with
Ag nanoparticles for skin wound healing” achieved fabrication
of an anti-inflammatory nanofibrous scaffold with the
encapsulation of Ag nanoparticles in poly (ethylene-co-vinyl
alcohol) nanofibers.

The following two papers are related to surface mor-
phology and micropatterning technology. Specifically, the
fifth paper “Dependence of spreading and differentiation
of mesenchymal stem cells on micropatterned surface area”
discussed the effect of micropatterning technology on the
differentiation of Mesenchymal stem cells (MSCs). The sixth
paper “Surface modification of titanium with heparin-chitosan
multilayers via layer-by-layer self-assembly technique” showed
a surface modification method via chitosan-heparin layer-
by-layer self-assembly technique.

In the seventh paper, “Particle size control of 1/205: Eu**
prepared via a coconut water-assisted sol-gel method,” a type
of Eu*"-doped Y,O; nanoparticle was produced through
protein sol-gel technique and the adjustment of pH was
tested in order to control the particle size of the powders. In
the eighth paper, “BN nanoparticles/SisNy wave-transparent
composites with high strength and low dielectric constant,”
the addition of the BNnp/Si3sN4 nanoparticles improved
the dielectric properties of BNnp/SizN4 composites and
decreased the mechanical properties. The ninth and tenth
papers “Analysis of carbon nanotubes on the mechanical



properties at atomic scale” and “Some observations on carbon
nanotubes susceptibility to cell phagocytosis” discussed the
carbon nanotubes in terms of their mechanical properties
and their susceptibility to cell phagocytosis. The eleventh
paper “Enhanced photocatalytic activity for degradation of
methyl orange over silica-titania” reported a method of
constructing silica-modified titania (SMT) powders with
enhanced photocatalytic activity.
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Recently, nanocomposites have emerged as an efficient strategy to upgrade the structural and functional properties of synthetic
polymers. Polyesters have attracted wide attention because of their biodegradability and biocompatibility. A logic consequence has
been the introduction of natural extracellular matrix (ECM) molecules, organic or inorganic nanostructures to biodegradable
polymers to produce nanocomposites with enhanced properties. Consequently, the improvement of the interfacial adhesion
between biodegradable polymers and natural ECM molecules or nanostructures has become the key technique in the fabrication of
nanocomposites. Electrospinning has been employed extensively in the design and development of tissue engineering scaffolds to
generate nanofibrous substrates of synthetic biodegradable polymers and to simulate the cellular microenvironment. In this paper,
several types of biodegradable polyester nanocomposites were prepared by electrospinning, with the aim of being used as tissue
engineering scaffolds. The combination of biodegradable nanofibrous polymers and natural ECM molecules or nanostructures

opens new paradigms for tissue engineering applications.

1. Introduction

Tissue engineering (TE) is a multidisciplinary field focused
on the development and application of knowledge in engi-
neering, life and clinical sciences for the solution of critical
medical problems, such as tissue loss and organ failure
[1]. It involves the fundamental understanding of structure-
function relationships in normal and pathological tissues
and the development of biological substitutes that restore,
maintain, or improve tissue function [2]. For in vitro en-
gineering of living tissues, cultured cells are grown on
bioactive degradable scaffolds that provide the physical and
chemical cues to guide their proliferation, differentiation,
and assembly into three-dimensional structures. One of the
most critical issues in TE is the realization of scaffolds
with specific physical, mechanical, and biological properties.
Scaffolds act as a substrate for cellular growth, proliferation,
and support for new tissue formation.

Materials used for TE applications must be designed to
stimulate specific cell response at the molecular level. They
should elicit specific interactions within cells and thereby
direct cell attachment, proliferation, differentiation, and

extracellular matrix production and organization. The selec-
tion of biomaterials constitutes a key point for the success
of TE practice [3]. The fundamental requirements of the
biomaterials used in tissue regeneration are to have biocom-
patible surfaces and have favorable mechanical properties.
Conventional single polymer materials cannot satisfy these
requirements. In fact, although various polymeric materials
have been available and investigated for TE, no single
biodegradable polymer can meet all of these requirements.
Therefore, the design and preparation of the multicom-
ponent polymer systems represent a viable strategy in
order to develop innovative multifunctional biomaterials.
In particular, the introduction of biomolecules or inorganic
molecules into biodegradable polymer matrices is effective to
obtain composites with specific properties.

Composite materials using synthetic and natural-based
materials are increasingly proposed for biomedical appli-
cations [4-6]. Natural polymers such as collagen [7], chi-
tosan [8], soy [9], alginate [10], silk [11], or starch [12]
have already been proposed in many biomedical applica-
tions. The biological environment is prepared to recognize
these biopolymers and to interact with them metabolically.
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FIGURE 1: Schematic illustration of the electrospinning setup. The mandrel can be rotated at various speeds to achieve different fiber
orientations. Reproduced from Biomaterials with permission from Elsevier [21].
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FIGURE 2: Schematic illustration of the preparation of the PLA/HA nanofibrous scaffolds by electrospinning technique. reproduced from
Macromolecular Bioscience with permission from Wiley-VCH Verlag GmbH & Co. [51].

Another attractive feature of natural polymers is their ability
to be cleaved by naturally occurring enzymes, facilitating
degradation by physiological mechanisms [13]. Synthetic
biodegradable polymers are already used extensively in
the biomaterials field including biodegradable aliphatic
polyesters, such as poly(lactic acid) (PLA), poly(glycolic
acid) (PGA), poly(caprolactone) (PCL), or poly(hydroxyl
butyrate) (PHB) and its copolymers. These biodegradable
materials have already been shown to have excellent bio-
logical performance both in vitro and in vivo for bone and
for cartilage tissue engineering applications. Most synthetic
polymers are degraded via hydrolysis. The polyester bonds
of synthetic polymers are hydrolysed in nontoxic natural
metabolites and are eliminated from the body by the normal
physiological processes [14]. Therefore, composite materials

using synthetic and natural-based polymer materials are
increasingly being developed and designed to improve their
biological performance [4, 6].

Electrospinning has been explored as an efficient pro-
cess for obtaining nanofibers with diameters in the sub-
micrometer range [15]. The interesting properties of electro-
spun fibers include increased surface-area-to-volume ratio
as a consequence of the diameter, and the high intercon-
nectivity and porosity of the nanofiber scaffolds at the
micrometer length scale [16]. Another inherent feature of
the electrospun nanofibers is their ability to mimic the
extracellular matrix (ECM) of a variety of tissues, which can
create a more favorable microenvironment for the cells [11].
Thus, their use in tissue/organ repair and regeneration as
biocompatible and biodegradable medical implant devices
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FIGURE 4: Fluorescence images of transverse sections of the nanofibrous structure. (a) and (b) Multifunctional scaffolds prepared
by sequentially electrospinning of solutions as designated. (b) High magnification highlighting the clear layers. (c) Cell cultured in
multifunctional scaffolds composed of PCL/collagen fibrous layer (outlined by red broken line) and PCL/BSA-FITC (green). High
magnification (d) clearly showed cells attached onto PCL/collagen layers (#), but not onto PCL/BSA-FITC (). Cell nuclei stained blue

with DAPI. Scale bar: (a) and (c), 50 ym; (b), and (d), 20 yum. Reproduced from Journal of Experimental Nanoscience with permission from
Taylor & Francis [20].
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FiGure 5: Fluorescence images of transverse sections of the
three-layer nanofibrous scaffold. Red: PCL/BSA-TRITC. Green:
PCL/BSA-FITC. Reproduced from Journal of Experimental
Nanoscience with permission from Taylor & Francis [20].
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FIGURe 6: AFM images represented by phase mode: (a) PHBV
fiber (b) PHBV/gelatin fiber. Reproduced from Journal of Materials
Science: Materials in Medicine with permission from Springer
[32].
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has been suggested by many authors [17-19]. The nanoscale
size of the biodegradable fibers may also offer advantages in
inducing a specific kind of degradation.

Many review papers on polymer nanofibers by electro-
spinning and their applications in nanocomposites have been
published. Huang et al. [20] summarized the processing
conditions for electrsospinning of ultrafine fibers and dis-
cussed the technology limitations, research challenges, and
future trends. Yoo et al. [21] reviewed that the surfaces of
nanofibrous meshes can be modified by plasma treatment,
wet chemical method, surface graft polymerization, and co-
electrospinning in order to obtain high functionalities of
electrospun nanofibers, concluded that surface-engineered
nanofibrous meshes are expected to have high potentials
for drug and gene delivery and TE applications. Jang
et al. [22] described the electrospun materials targeted
for bone regeneration, including polymers, inorganics, and
their composited/hybridized compositions, and aimed at
employing nanofibrous matrices for drug delivery and tissue
engineering by surface functionalization, drug encapsulation
and 3D scaffolding technique. Armentano et al. [23] reported
on the materials, processing, experimental results, and pos-
sible interpretations of those results for polymer matrix
nanocomposites. In this paper, a review has been presented
on fabrication, characterization, in vitro biodegradation
and cell-nanocomposite interactions of the biodegradable
polyester nanocomposites by electrospinning technique for
TE applications.

Recently, many researchers have focused on the devel-
opments of biodegradable polyester nanocomposites by
electrospinning for TE applications. Yang et al. [24] prepared
the PCL solutions (8% w/v) containing different amounts of
bovine serum albumin (BSA) with or without collagen and
electrospun into nanofibrous scaffolds. They demonstrated
the feasibility of producing multiscale scaffolds with diverse
functionality and tunable distribution of bioactive molecules
(BSA, collagen) across the nanofibrous scaffolds. Choi et al.
[25] fabricated the PCL/collagen composite nanofibrous
scaffolds by electrospinning and concluded that the scaffolds
are biocompatible, biodegradable, easily fabricated, and are
able to support cell adhesion, proliferation, and differentia-
tion. Yin et al. [26] proved that PLA/silk fibroin (SF)-gelatin
fiber membranes, in particular, the scaffold of PLA/SE-
gelatin (50:50), which had both a good toughness and
pliability, could provide a good environment for cell growth
and proliferation of cells. Spadaccio et al. [27] demon-
strated that electrospun poly (L-lactic acid)/hydroxyapatite
(PLLA/HA) nanocomposites can induce differentiation of
human mesenchymal stem cells (hMSCs) in chondrocyte-
like cells that produce proteoglycan-based matrix. Xing
et al. [28] prepared the poly (3-hydroxybutyrate-co-3-
hydroxyvalerate)/silver (PHBV/Ag) nanocomposites and
showed that the PHBV/Ag composites nanofibrous scaffolds
inhibited the proliferation of bacteria, whereas the compos-
ites did not show in vitro cell cytotoxicity.

The aim of this paper is to put in evidence the evolution
and potentiality of emergent biodegradable polyester nano-
composite approaches by electrospinning technique for TE
applications. Therefore, this paper reviews current research
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trends on relevant electrospun polyester nanocomposite ma-
terials for TE applications: biodegradable polymers, natural
ECM molecules, organic/inorganic nanostructures, matrix-
structure interaction, including strategies for fabrication of
polyester composite nanofibrous scaffolds. The characteri-
zations of electrospun biodegradable polyester nanocom-
posites are reviewed. Moreover, the in vitro degradation
behaviors of nanofibrous scaffold composites for TE applica-
tions and cell-nanocomposite interactions are also discussed.

2. Structures for Electrospun Biodegradable
Polyester Nanocomposites

In Table 1, the biodegradable polyester nanocomposites by
electrospinning technique for tissue engineering were sum-
marized.

2.1. Natural ECM Molecules. Molecules that are naturally
occurring in the ECM are ideal materials for cell attach-
ment, proliferation, and differentiation. In addition, sub-
strate interactions between cells and ECM molecules may
modulate certain cell functions. Biofunctional nanofibers
can be directly fabricated by electrospinning natural ECM
molecules alone or a blend of synthetic polymers and natural
ECM molecules (Table 1). Nanofibrous composites generally
have a benefit from improved physical properties due to
polymer components and improved bioactivity due to the
natural ECM components [29, 30].

Collagen is a natural ECM component of tissues, such as
skin, bone, tendon, ligament, and other connective tissues.
Therefore, it has a more native surface which favors cellular
attachment as well as being chemotactic to cells when com-
pared to synthetic polymers. It is well known that collagen
plays an essential role in providing a scaffold for cellular
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TaBLE 1: Summary of biodegradable polyester nanocomposites by electrospinning technique for tissue engineering.

Composition Solvent Concentration Perspective applications Ref.
Main component  Abbreviation
Natural ECM Collagen-PCL }1);{)’;;311’2,13 hexafluoro-2 8 wt%, Tissue engineering, [24]
molecules (HFIP)
5 wt%, Skeletal muscle defects, [25]
3wt% Biomedical application [31]
Collagen-PHBV HFIP 6 Wt% Biological dressing, [32]
Tissue engineering [33]
Gelatin-PCL HFIP 6 Wt% Nerve tissue engineering (34]
Gelatin-PHBV HFIP 6 Wt% Biological dressing, [32]
Tissue engineering [35]
Gelatin-PLA ?fﬁé;t;fllstllgroethanol 15wt% Tissue regeneration, [36]
Tissue engineering (37]
Keratin-PLA HFIP 15 wt% Tissue engineering [37]
Keratin-PHBV HFIP 6 wt% Biomedical application [38]
Dextran-PLGA DMSO/DMF (1:1v/v) 300 mg/mL Wound closure [39]
Hydroxyapatite HA-PLLA Dichloromethane 0.2 mg/mL Cartilage tissue [27]
engineering, [40]
Tetrahydrofuran 0.05g/mL ?g;ﬁ;:;;?;:egzﬁegmnon’ [41]
HA-PLA TFE 10 wt% Bone tissue regeneration [42]
Metal nanoparticles Ag-PHBV TFE 6 Wt% Joint arthroplasty [28]
Ag-PLGA HFIP 4 wWt% Tissue engineering [43]

support and thereby affecting cell attachment, migration,
proliferation, differentiation, and survival. Collagen has been
used in a variety of TE applications [44, 45]. Composite
nanofibrous scaffolds containing collagen and biodegradable
polymers such as PCL are easily fabricated by electrospinning
when both materials are dissolved in the same solvent
[46]. In the nanocomposites containing collagen and PCL,
collagen was well dispersed as small spherical aggregates
at low concentrations (10 wt%) and much larger irregular
shapes at higher concentrations (50 wt%) [31]. Cells cultured
on biodegradable nanofibers blended with collagen have
shown better attachment, growth, and ECM production than
nanofibers without collagen incorporation [32, 33].

Among the natural biopolymers, gelatin can be obtained
by denaturing collagen and has almost an identical composi-
tion and biological properties as those of the parent collagen.
Much attention has been focused on the use of gelatin as
a TE material due to its low cost. Gelatin nanofiber com-
posites could be electrospun by the combination of gelatin
and other biodegradable polymers in one solution with a
variety of fiber diameters. Cells attached and proliferated
better on biodegradable nanofibers when they were blended
with gelatin [32, 34-36]. Increases in cell attachment and
proliferation have been shown to be a function of the ratio
of gelatin in the fiber blends [30]. PCL nanofibers blended
with gelatin also enhanced nerve differentiation as compared
to plain PCL nanofibrous scaffolds [34].

Keratin is a chief component found in hair, skin, fur,
wool, horns, and feathers. Reinforced with calcium salts, it
is also found in hooves, nails, claws, and beaks [47]. Keratin
can be used in a variety of biomedical applications due to
its biocompatibility and biodegradability. Keratin containing
composite nanofibrous scaffolds can be obtained by elec-
trospinning of keratin and other biodegradable polymers
such as PLA [37] in one solution. The keratin containing
biodegradable composites could increase the cell adhesion
and accelerate the cell proliferation when compared to the
biodegradable polymeric nanofibrous scaffolds [37, 38].

Dextran is highly soluble in an aqueous environment, but
photocrosslinked methacrylated dextran nanofibers form
stable hydrogels in an aqueous environment [48]. Blended
PLGA/dextran nanofibers have also been fabricated and have
demonstrated favorable TE properties [39].

2.2.  Hydroxyapatite. Hydroxyapatite (Ca;o(PO4)6(OH),)
(HA) is the major mineral component (69% wt.) of human
hard tissues. It could be natural or synthetic, and it possesses
excellent biocompatibility with bones, teeth, skin, and
muscles, both in vitro and in vivo. HA promotes faster
bone regeneration, and direct bonding to regenerated bones
without intermediate connective tissues. HA has been
developed as a bone graft substitute and it is currently used
in clinical applications [49-52]. Recent research suggested
that better osteoconductivity would be achieved if synthetic
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FiGure 8: TEM micrographs of (a) PLA-HAL, (b) PLA-HA2, and
(c) HA nanopowders. The arrows indicate the HA nanoparticles
embedded within the PLA/HA composite nanofibers. Reproduced
from Macromolecular bioscience with permission from Wiley-VCH
Verlag GmbH & Co. [51].

HA could resemble bone minerals in composition, size,
and morphology [53]. However, due to the brittleness of
the HA and the lack of interaction with the polymer, the
ceramic nanoparticles may present deleterious effects on the
mechanical properties, when added at high loadings.

The incorporation of HA in a polymeric matrix has to
overcome processing and dispersion challenges since it is of a
great interest to the biomedical community (Table 1). Conse-
quently, a desirable material in TE should be a biodegradable
structure that induces and promotes new formation at the
required site. Sui et al. [40] fabricated PLLA/HA composite
scaffolds via electrospining and concluded that the cell
adhesion and growth on the PLLA/HA composite scaffolds
were far better than those on the pure PLLA scaffolds. Jeong
et al. [42] prepared the PLA/HA composite nanofibrous

(b)

FIGURe 9: TEM images of (a) free silver nanoparticles, and (b)
silver nanoparticles distributed to the PHBV nanofibrous scaffolds
(PHBV/Ag 1.0). Reproduced from Biomacromolecules with per-
mission from American Chemicial Society [24].

scaffolds and showed that MC3T3-El cells maintained
viability and proliferated continuously for up to 21 days,
suggesting that the PLA/HA composites are effective scaffolds
for the growth of osteoblasts. The electrospun PLLA/HA
nanocomposites [27] could be an amenable alternative for
cartilage TE in combination with bone marrow hMSCs.
This functionalized scaffold would provide both a surrogate
of the native ECM and the correct sequence of signals to
allow a harmonic ongoing lineage-specific differentiation of
multipotent precursor cells.

2.3. Metal Nanoparticles. Biomedical applications of metal
nanoparticles have been dominated by the use of nanobio-
conjugates that started in 1971 after the discovery of
immunogold labeling by Faulk and Taylor [54]. Currently
metal-based nanoconjugates are used in various biomedical
applications such as drug delivery (vehicle for delivering
drugs, proteins, peptides, DNAs, etc.), detection, diagno-
sis, and therapy. However biological properties of metal
nanoparticles have remained largely unexplored. Therefore,
in this paper the novel biological properties and applications
of silver nanoparticles in the nanofibrous polyester compos-
ites are discussed (Table 1).
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F1cure 10: Biodegradation of PHBV/gelatin (50/50) nanofibrous scaffold by PHB depolymerase solution as a function of incubation time:
(a) Oh, (b) 1h, (c) 4h, and (d) 6 h. Reproduced from Journal of Materials Science: Materials in Medicine with permission from Springer [32].

Silver (Ag) nanoparticles have drawn considerable inter-
est for their capability to release silver ions in a controlled
manner which in turn leads to a powerful antibacterial
activity against a large number of bacteria [55, 56]. It has
been shown that the use of nanostructured Ag materials
enhances the inhibitory capacity. Most likely this is because
the nanostructured materials have a high surface area
to contact [55-57]. However, they are easily aggregated
because of their high surface free energy, and they can
be oxidized or contaminated in air. Embedding of Ag
nanoparticles into biodegradable polymer matrices repre-
sents a valid solution to these stabilization problems and
permits a controlled antibacterial effect [58]. Xing et al.
[28] successfully prepared PHBV/Ag composite scaffolds
via an electrospinning technique. They demonstrated that
the PHBV composite scaffolds having silver nanoparticles
with less than 1.0wt% completely inhibited the prolifera-
tion of the Staphylococcus aureus (Gram-positive) and the
Klebsiella pneumonia (Gram-negative) bacteria, whereas the
scaffolds did not show in vitro cell cytotoxicity. The Ag-
containing polyester composite nanofibrous scaffolds may
have a high interest in total joint arthroplasty, particu-
larly because of their effect against multiresistant bacteria
(28, 43].

3. Fabrication of Electrospun Biodegradable
Polyester Nanocomposites

The nanocomposite scaffolds composed of ECM molecules
such as collagen, gelatin, keratin, and biodegradable
polyesters such as PCL, PLA, and PHBV are easily fabricated
by electrospinning when both materials are dissolved in
the same solvent (Table 1). Choi et al. [25] fabricated the
PCL/collagen biodegradable composite nanofibrous scaf-
folds using a blend of PCL and collagen with a ratio of 1: 1 in
weight. Both PCL and collagen were dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFP) at a total concentration of
5% (wt/vol). Then the PCL/collagen blend solution was
electrospun using a high voltage power supply at 20kV
potential between the solution and the grounded surface.
The solution was delivered with a 5mL polypropylene
syringe through an 18.5 gauge blunt tip needle at a flow
rate of 3.0 mL/h using a syringe pump. Fibers were collected
onto a grounded mandrel at a distance of 10cm from
the syringe tip. The mandrel, consisting of a stainless steel
plate, was rotated at various speeds to achieve different fiber
orientations (Figure 1).

HA-containing biodegradable composite nanofibrous
scaffolds were obtained by the incorporation of HA nanopar-
ticles into the biodegradable polyester nanofibers (Table 1).
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F1GUre 11: Biodegradation of PHBV/gelatin nanofibrous scaffold by collagenase solution as a function of incubation time: (a) 0 h, (b) 12h,
(c) 24h, and (d) 48 h. Reproduced from Journal of Materials Science: Materials in Medicine with permission from Springer [32].

Jeong et al. [42] prepared the PLA/HA composite scaf-
folds directly on glass coverslips using an electrospinning
technique. Briefly, PLA was dissolved in 2,2,2-trifluoroethyl
alcohol (TFE, 10wt%), and HA nanoparticles were then
added to the PLA solution and mixed vigorously. The
resulting concentrations of HA were 5 and 20 wt% (in PLA).
The PLA/HA mixture was loaded in a 20 mL glass syringe
equipped with a blunt 23 gauge needle. The glass syringe was
then placed in a syringe pump and the needle was connected
to the positive output of a high voltage power supply. Glass
coverslips were attached to aluminum foil using a double-
sided tape, which wrapped around the ground collector
(9 cm in diameter) located at a fixed distance of 15 cm from
the needle. The flow rate of the solution, applied voltage,
and the spinning time were set to 0.85 mL/h, 18-20kV, and
8h, respectively (Figure 2). Following the spinning process,
nanofibrous scaffolds were rinsed with distilled water three
times to remove any residual chemicals, and dried at 60°C
overnight.

Silver-containing biodegradable composite nanofibrous
scaffolds were obtained by suspending the Ag nanoparticles
in a biodegradable polymer solution. Xing et al. [28]
prepared the PHBV/Ag composite scaffolds using electro-
spinning technique (Table 1). PHBV (hydroxyvaleric acid
content: 5wt%) was dissolved in TFE at a concentration of
5wt%, and then the solution was stirred overnight at room

temperature to ensure complete dissolution. Then, certain
amounts of Ag nanoparticles (0.1 to 1wt%, the percentage
of Ag nanoparticles to PHBV) were mixed with PHBV
solution and stirred by magnetic stirring for 24 h to get the
silver-containing PHBV solution. The solution was further
homogenized with an ultrasonic for 2 h. The electrospinning
experiments were performed at room temperature, and the
apparatus for the electrospinning was assembled based on
the study carried out by Lee et al. [41].

4. Characterization of Electrospun
Biodegradable Polyester Nanocomposites

The morphologies of the nanofibrous polymer composites
could be observed by using a field emission scanning
electron microscope (FE-SEM). FE-SEM images of the
PCL/collagen composite fibers [25] showed nanoscaled fiber
diameters and controlled fiber orientations (Figures 3(a)—
3(d)). The nanofibrous composites of the PCL/collagen
blend were produced from the solution having a total poly-
mer concentration ranging from 3 to 10% (wt/vol) in HFP.
The nanofibrous composites showed a linear relationship
between the solution concentrations and the fiber diameters
of the PCL/collagen nanofiber scaffolds with different fiber
angles being produced by electrospinning at various rotation
rates of 0 (static), 800, 1500, and 2350 rpm. Progressive
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Reproduced from Medical Engineering & Physics with permission
from Elsevier [56].

increase in fiber orientation was observed as the rotation rate
increased (Figures 3(e)-3(h)).

To test the capability of manipulating sequential depo-
sition of different layers of fibers into a spatially graded
composite nanofibrous scaffolds, a study [24] was performed
using PCL only and PCL/Collagen-containing fluorescein
isothiocyanate (FITC)-labeled BSA. The sequence was shown
in Figure 4 and sequentially deposited multiple layers were
directly collected on aluminum foil (substrate). It was found
that different nanofiber materials were comparably layered
as designed sequence by examining the cross-sections of
collected scaffolds under a fluorescence microscope. By
controlling the electrospinning time at a constant flow rate
(10 mL/min), each layer could be altered with a designated
thickness, from several micro-meters to several tens of micro
meters.

A more confirmative result [24] was obtained by using
PCL nanofibers containing either tetramethyl rhodamine
isothiocyanate (TRITC)-labelled BSA or FITC-labelled BSA
for sequential deposition (Figure 5). Despite the fact that
each layer was thinner on the circumferential edge of the
multilayered scaffolds, the majority (5cm in diameter in
the experimental setup) remained uniform and kept the
deposition sequence as designed. The results indicated that
the bioactive molecules can be incorporated into nanofibers
and thereafter spatially arranged in a high order to form
multifunctional scaffolds.

An atomic force microscope (AFM) was used to study the
surface morphologies of the electrospun nanocomposites.
AFM image of PHBV/gelatin composite nanofibers [35] was
examined using a tapping mode and expressed as phase
images. On the PHBV nanofiber surface, a relative homo-
geneous pattern was observed as shown in Figure 6(a). On
the PHBV/gelatin composite nanofiber surface (Figure 6(b)),

Journal of Nanomaterials

TaBLE 2: Chemical composition of the fiber mats calculated from
ESCA survey scan spectra.

Composition (atom %)

Mat

C (@] N S
PLA 63.1 36.9 0 0
PLA/gelatin 64.0 334 2.6 0
PLA/keratin 63.9 34.4 1.3 0.4

a phase-separated structure appeared showing the distribu-
tion of gelatin on the PHBV matrix. The phase-separated
structures are probably attributed to the globular structure
and hydrophilicity of gelatin.

Electron spectroscopy for chemical analysis (ESCA)
survey scans were used to investigate the changes in the
chemical structure of the electrospun composite scaffolds.
Figure 7 shows ESCA survey scan spectra of PLA/keratin,
PLA/gelatin and PLA nanofibers. PLA shows two separated
peaks corresponding to C1s (binding energy, 285eV) and
oxygen (binding energy, 532eV) peaks (Figures 7(a) and
7(c)). The nitrogen (N 1s) peaks of gelatin and keratin newly
appear at 400 eV (Figure 7(b)) [37]. The other new peak at
168 eV is attributed to sulfur (S 2p) of keratin (Figure 7(d)).
Changes in the chemical structure of the nanofibrous mats
were investigated using ESCA. The chemical compositions
of the nanofibrous mats were calculated from a survey scan
spectra and shown in Table 2. The oxygen content (36.9%)
of PLA was reduced by the incorporation of proteins. Also,
nitrogen (2.6 and 1.3%) was found on the composite mats,
which is attributed to the presence of gelatin and keratin.
Furthermore, a small quantity of sulfur (0.4%) was also
found on the PLA/keratin.

Transmission electron microscopy (TEM) images were
used to analyze the morphologies of the nanoparti-
cles-containing biodegradable composites. As shown in
Figures 8(a) and 8(b), HA nanoparticles (approximate diam-
eter 35 nm) were uniformly and homogeneously dispersed in
the organic phase of PLA nanofibers [42]. HA nanoparticles
embedded within the nanofibers demonstrated spherical and
elongated shapes, which are similar to those of HA only,
as shown in Figure 8(c). Figure 9 shows TEM images of
free silver nanoparticles and silver nanoparticles-containing
PHBV nanofibers. The diameter of silver nanoparticles is
in the range from 5 to 13nm, as shown in Figure 9(a).
The spherical silver nanoparticles were randomly dis-
tributed in the PHBV nanofiber (Figure 9(b)) (PHBV/Ag 1.0)
[28].

5. In Vitro Biodegradation of Electrospun
Polyester Nanocomposites

Figure 10 illustrates the morphological changes of the
nanofiber composites surfaces after incubation in phosphate
buffered saline (PBS) with or without depolymerase (Pseu-
domonas stutzeri BM190) [35]. Before the depolymerase
treatment, PHBV/gelatin composite (Figure 10(a)) exhibited
a preserved nanofibrous structure. After 4-6h of incubation



Journal of Nanomaterials

(e)

11

.I
| I U I A |
15kV x 10k 5um

5 |
5kV x10k 5um

()

FIGURE 13: SEM images of (a), (¢c), (e) the PHBV and (b), (d), (f) PHBV/Ag 1.0 nanofibrous scaffolds incubated in PHB depolymerase
aqueous for different lengths of time. (a), (b) 1h, (¢), (d) 6h, and (e), (f) 24 h. Reproduced from Biomacromolecules with permission from

American Chemicial Society [24].

in depolymerase aqueous solution, the PHBV nanofiber
showed many morphological changes (Figures 10(c) and
10(d)). On the other hand, after the collagenase treatment as
shown in Figure 11, the PHBV/gelatin composite nanofibers
broke down and partially adhered to each other after 24 and
48 h of incubation time.

The in vitro degradation of the PLLA/HA composite
nanofibrous scaffolds is shown in Figure 12 [59]. It can be
clearly seen that the pH of the pure PLLA degradation
solution decreased remarkably from 6.25 to 5.89 in the
first week, while those of the PLLA/silane-modified HA

(80:20, w/w) and PLLA/HA (80:20, w/w) composite
scaffold increased to about 6.6 in the first 2 days, then
gradually decreased after that. The increase of pH indicated
that the degradation rate of HA was higher than that of
PLLA in the first 2 days. During the testing period, it was
obvious that the pH of the composite scaffold decreased
more slowly than that of the pure PLLA scaffold. Moreover,
the degradation process of PLLA became slower by the
weakened acidic self-catalysis effect. Therefore, the pH of
the PLLA/HA composite nanofibrous scaffold degradation
curves declined more slowly than that of the pure PLLA
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FIGURE 14: SEM images of hSkMCs on the electrospun PCL/collagen nanofiber meshes: (a)—(c) randomly oriented and (d)—(f) aligned
electrospun meshes, (a), (d) 1 day and (b), (e) 3 days after cell seeding and (c), (f) 7 days after cell differentiation. Reproduced from

Biomaterials with permission from Elsevier [21].

scaffold. The improved acidity atmosphere reduced the risk
of indolent inflammatory reaction during the cultivation of
the cell and tissue.

Figure 13 illustrates the morphological changes of the
composite nanofibrous scaffold after incubation in a PBS
containing PHB depolymerase for different times [28]. After
1h of incubation, surface erosion appeared along the fiber
axis of (a) the PHBV fibrous scaffold, whereas pores formed
on the surface of (b) the PHBA/Ag 1.0 composite scaffold.
Erosion of both the PHBV and the PHBV/Ag 1.0 composite
scaffold increased with an increase in incubation time.
However, the erosion rate of the PHBV/Ag 1.0 was faster
than that of the PHBV control. It is considered that the
rapid erosion of the PHBV/Ag 1.0 is due to the release of
silver nanoparticles from the surface and then the subsequent
biodegradation by PHB depolymerase.

6. Cell-Nanocomposites Interactions

In order to examine the effect of bioactive molecules incor-
porated into the scaffolds on cell adhesion, human dermal
fibroblasts were seeded and cultured for 24 h on composite
scaffolds composed of collagen-containing PCL fibers and
PCL fibers [24]. Examination of the cross-sections of cul-
tured constructs showed that human dermal fibroblasts had
a preferential attachment to collagen-containing nanofibers,
as illustrated in Figure 4 (bottom). The selective attachment
of the dermal fibroblasts onto the PCL/Collagen nanofibers
instead of the PCL nanofibers further demonstrated the
advantage of collagen as it can promote the cell-nanofibers
interaction.

SEM images taken at 1 and 3 days in the growth medium
showed the presence of human skeletal muscle cells
(hSkMCs) on the electrospun PCL/collagen composite
nanofiber scaffolds [25] and the formation of myotubes at
7 days in the differentiation medium (Figure 14). The cells
were aligned on the unidirectional oriented nanofibers after
cell seeding. In contrast, the randomly oriented nanofiber
scaffolds induced an irregular cellular orientation. The
hSkMCs formed myotubes on the electropsun nanofibers
at 7 days after cell differentiation. The myotubes formed
on the oriented nanofiber scaffolds showed unidirectionally
organized myotubes that are consistently aligned along the
longitudinal axis of nanofibers, which is in contrast to the
randomly oriented nanofiber scaffolds (Figures 14(c) and
14(f)).

Phenotypic expression of desmin, myosin heavy chain
(MHC), and sarcomeric actin was confirmed on the aligned
and randomly oriented nanofiber scaffolds (Figure 15) [25].
The hSkMCs were grown on the PCL/collagen composite
nanofiber scaffolds in the growth medium for up to 3 days
followed by incubation in the differentiation medium for
up to 7 days which induced the formation of myotubes.
Both the aligned and randomly oriented nanofiber scaffolds
showed the maintenance of phenotypic expression of the
skeletal muscle cells. In addition, the cells and myotubes were
oriented along the longitudinal axis of the nanofiber direc-
tion (Figures 15(e)—15(g)). In contrast, the myotubes on the
randomly oriented nanofiber scaffolds were mostly scattered
in all directions (Figures 15(a)—15(c)). Confocal microscopic
images confirmed that fiber orientation influenced the mor-
phology and cytoskeletal of the hSkMCs on the nanofiber
scaffolds (Figures 15(d) and 15(h)). Confocal microscopy
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F1GUre 15: Immunofluorescent staining images of hSkMCs on the electrospun PCL/collagen nanofiber meshes: (a)—(c) randomly oriented
and (e)—(g) aligned electrospun meshes; (a), (¢) desmin-positive expression at 3 days after cell seeding, (b), (f) MHC-positive expression at 7
days after cell differentiation, and (c), (g) sarcomeric actin-positive expression at 7 days after cell differentiation. Laser confocal microscopy
images of F-actin staining in hSkMCs seeded on the electrospun PCL/collagen nanofiber meshes (X600 magnification): (d) randomly
oriented and (h) aligned electrospun meshes. Reproduced from Biomaterials with permission from Elsevier [21].
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FIGURE 16: Representative photomicrographs of subcutaneous implants; PLA/SF (a), PLA/SF-gelatin (70:30) (b), and PLA/SF-gelatin
(50:50) (c) at 1 month; PLA/SF (d), PLA/SF-gelatin (70:30) (e), and PLA/SE-gelatin (50:50) (f) at 3 months. Reproduced from Journal of
Biomedical Materials Research with permission from John Wiley and Sons [22].
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FIGURE 17: Immunofluorescence micrographs of MC3T3-E1 cells cultured on PLA (a) and (b) and PLA-HA1 (c) and (d) nanofibers for 5
and 24 h. Scale bars in insets of (a) and (c) represent 25 mm. F-actin stress fibers were stained with rhodamine-phalloidin. Reproduced from
Macromolecular bioscience with permission from Wiley-VCH Verlag GmbH & Co. [51].

images of the fluorescent stained F-actin on cell adhesion,
proliferation, and differentiation demonstrated that the actin
assembly appeared disordered on the randomly oriented
nanofiber structure, whereas on the aligned nanofiber struc-
tures, the F-actin was oriented along the nanofiber direction
in an organized fashion. The myotubes formed on the ran-
domly oriented nanofiber scaffolds showed partial alignment
locally and did not show a uniform cellular organization. In
contrast, myotubes on the aligned nanofiber scaffolds orga-
nized within close proximity to the direction of the nanofiber
direction and formed uniformly aligned myotubes.

After implantation of 1 month, Figure 16 showed that
the PLA/SF-gelatin composite nanofibrous scaffolds were
surrounded by the new tissue, and fewer macrophages,
neutrophils, and lymphocytes were found, indicating that
all three scaffold types have less inflammation and no
significant rejection [26]. Furthermore, 3 months later, as
shown in Figure 4, the scaffolds could guide the formation
of connective vascular network tissue. Also, the shape
of the implants became smaller, suggesting that PLA/SF-
gelatin had good biocompatibility and biodegradation
in vivo.

Cell adhesion to the PLA/HA composite nanofibrous
scaffolds [42] was evaluated using MC3T3 E1 pre-osteoblast

cells that have been extensively characterized for their
osteogenic differentiation potential [60—62]. The cytoskeletal
organization of the cells attached on the nanofibers by
fluorescently staining actin filaments of the adherent cells
after up to 24 h of in vitro culture were first examined. At
5h after cell seeding, preosteoblasts on the nanofiber scaf-
folds displayed a different degree of immature cytoskeletal
structure as shown in Figures 17(a) and 17(c). The cells on
the PLA/HA composite nanofibers formed an early stage
of filopodial extension at the ends of intracellular actin
stress fibers. On the other hand, the cells on the PLA
nanofibers maintained spherical morphology and showed an
accumulation of actin filaments only inside the cytoplasm,
suggesting no indication of the extension of filopodia.
After 24 h, the cells on all nanofibers displayed a spindle-
shaped elongated morphology and extensive formation of
actin stress fibers. Notably, they observed an interesting
morphology of the pre-osteoblasts cultured on the PLA
nanofiber featuring isotropic patterned elongation. On the
other hand, the cells on the PLA/HA nanofiber showed
anisotropic aggregation of a number of highly spread
pre-osteoblasts with morphology that looked similar to
viable osteoblasts. Taken together, despite varied cytoskeletal
organization, the incorporation of HA with PLA did not
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FiGure 18: Alkaline phosphatase-(ALP-) stained (a) PHBV, (b) PHBV/Ag 1.0 nanofibrous scaffolds after 6 days of incubation of MC3T3-E1
osteoblasts, and (c) PHBV, (d) PHBV/Ag 1.0 nanofibrous scaffolds after 10 days incubation of MC3T3-E1 osteoblasts, and (e) ALP expression
of MC3T3-E1 osteoblasts on the nanofibrous scaffolds. Reproduced from Biomacromolecules with permission from American Chemicial
Society [24].

seem to compromise cell viability. The slight difference in ~ cytoskeletal organization and cell shape are regulated by
morphologies of adherent osteoblasts may be attributed to ~ the nanoscaled architecture of a scaffold [63, 64]. Cells
the different degree of pore distribution or to the chemical ~ can form a hierarchical cytoskeletal network by adaptation
composition of underlying scaffolds or to both factors.  of the structure of underlying nanofiber that provides
Specifically, previous investigations have highlighted that  a different level of void pore space, and fiber diameters.
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Because embedding HA nanoparticles into PLA alters the
chemical composition as well as the size and distribution
of the fibers, further study may be necessary to investi-
gate the effect of these individual contributions on cellular
responses.

Alkaline phosphatase (ALP) activity was determined to
be an indicator of osteoblastic differentiation of MC3T3-E1
cultured on PHBV and PHBV/Ag 1.0 nanofibrous scaffolds
[65]. As shown in Figure 18, the ALP activities of the cells on
the PHBV and PHBV 1.0 nanofibrous scaffold increased with
the increase of incubation time. The degree of ALP activity
expressed by the PHBV scaffold was not significantly differ-
ent from that of the PHBV/Ag 1.0 for 10 days (Figure 18(e)).
Haimi et al. [66] fabricated three types of bioactive glass scaf-
folds (nontreated, thick, and thin Ca-P treated) and reported
that the ALP activity of the cells cultured for 1 week on non-
treated bioactive glass scaffolds was significantly higher than
that of those cultured on both thin and thick Ca-P-treated
scaffolds. However, these differences equalized between the
three scaffolds by the 2-week time point. Therefore, they
concluded that the osteogenic differentiation appears to be
delayed on the Ca-P surface-treated scaffolds. Ge et al.
[67] prepared the 3D poly-(lactic-co-glycolic acid) (PLGA)
scaffolds and reported that the ALP activity expressed by
the osteoblasts cultured on the PLGA scaffolds was almost
the same as that on the open-cell polylactic acid (OPLA)
and collagen scaffolds (Becton-Dickinson, Franklin Lakes,
NJ). They concluded that the PLGA scaffold can support
the proliferation of osteoblasts as well as the expression of
genes, which is important for osteogenesis such as ALP,
osteocalcin, collagen I, and osteopontin. The PHBV is a
natural polyester polymerized by bacteria. The PHBV has a
biological origin and environmentally more acceptable. In
their study, it is considered that both the PHBV and the
silver-containing PHBV nanofibrous scaffolds can support
the expression of genes which is important for osteogenesis
(ALP activity).

7. Conclusions

Novel generations of biodegradable nanocomposites are
expected to be biofunctional, intelligent, and active compo-
nents. Biopolymer matrix composites have the advantage of
being very versatile, allowing for the tailoring of their final
properties. Biodegradable polyester nanocomposites can be
designed and produced with the electrospinning technique,
using a wide range of biopolymeric matrices, reinforcements
and processing routes. As a result, much of the work is still
ongoing, and there is yet to be a definite conclusion on the
effect of nano-sized inclusions on biodegradable polymer
systems. In this paper, a review has been presented on
the materials, processing, experimental results, and possible
interpretations of those results for biodegradable polyester
nanocomposites by an electrospinning technique. The men-
tioned studies suggest that the combination of biodegrad-
able polymer and nature ECM molecules or nanostruc-
tures opens new perspective in the nanodevices for TE
applications.
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Type I collagen and gelatin, a derivative of Type I collagen that has been denatured, can each be electrospun into tissue engineering
scaffolds composed of nano- to micron-scale diameter fibers. We characterize the biological activity of these materials in a
variety of tissue engineering applications, including endothelial cell-scaffold interactions, the onset of bone mineralization,
dermal reconstruction, and the fabrication of skeletal muscle prosthetics. Electrospun collgen (esC) consistently exhibited unique
biological properties in these functional assays. Even though gelatin can be spun into fibrillar scaffolds that resemble scaffolds of
esC, our assays reveal that electrospun gelatin (esG) lacks intact « chains and is composed of proinflammatory peptide fragments.
In contrast, esC retains intact a chains and is enriched in the « 2(I) subunit. The distinct fundamental properties of the constituent

subunits that make up esC and esG appear to define their biological and functional properties.

1. Introduction

Electrospinning has been used to fabricate a variety of poly-
mers, including natural proteins [1-3], sugars [4], synthetic
polymers [5, 6], and blends of native and synthetic polymers
[7-9] into tissue engineering scaffolds composed of nano- to
micron-scale diameter fibers, a size-scale that approaches the
fiber diameters observed in the native extracellular matrix
(ECM). The physical, biochemical, and biological properties
of these unique biomaterials can be regulated at several
sites in the electrospinning process. As this technology has
matured, it has become apparent that many electrospun
nanomaterials exhibit unusual, and often surprising, prop-
erties.

For many polymers, physical properties, including fiber
diameter, pore dimension, and degree of scaffold anisotropy,
can be regulated by controlling the composition of the elec-
trospinning solvent, the air gap distance, accelerating voltage,

mandrel properties, and/or the identity, concentration, and
degree of chain entanglements (viscosity) present in the
starting solutions [10-12]. The ability to directly manipulate
these fundamental variables can have a dramatic impact
on the structural and functional properties of electrospun
materials. This is especially true when considering native
proteins and blends of synthetic polymers and native
proteins.

Collagen represents the most abundant protein of the
mammalian ECM. As such, this natural polymer has long
been used as a biomaterial in a variety of tissue engineering
applications. This crucial ECM protein, as well as a variety
of other native proteins, can be electrospun into fibers that
resemble the native state [1]. Not surprisingly, the fibers of
electrospun collagen do not appear to fully reconstitute the
structural or mechanical properties of the parent material
[12]. Simultaneously, it is unclear to what extent the
electrospun analog “must” recapitulate the native material



to be a functional tissue engineering scaffold. The nature of
the electrospun collagen fiber is the subject of debate and
there are conflicting reports in the literature concerning
its structural and functional properties [7, 12-15]. In this
study, we compare and contrast the functional characteristics
of electrospun collagen and electrospun gelatin (denatured
collagen) in a variety of tissue engineering applications. We
then explore how the procedures used to isolate and prepare
collagen for the electrospinning process might ultimately
impact its functional profile once it has been processed
into a tissue engineering scaffold. We believe that it is
essential to develop a more complete functional map of these
novel materials to fully exploit them in the development of
clinically relevant products.

2. Materials and Methods

2.1. Collagen Preparation. Collagen was isolated at 4°C. Calf-
skin corium (Lampire Biologics, Pipersville, PA) was cut into
1 mm? blocks and stirred for 24 hr in acetic acid (0.5 M),
processed in a blender into a slurry, and stirred for an
additional 24 hr. Solutions were filtered through cheesecloth,
centrifuged at 10,000 X G for 12 hr; supernatant was recov-
ered and dialyzed against ice cold, ultra pure 18 MQ-cm
water. Collagen isolates were frozen and lyophilized. Bovine
gelatin Type B isolated from skin was purchased from Sigma
(75 or 225 bloom).

2.2. Electrospinning: Collagen and Gelatin. Materials were
purchased through Sigma unless noted. Lyophilized col-
lagen (at 55mg/mL) and gelatin (Sigma, 225 bloom
at 110 mg/mL) were solubilized for 12 hr in 1,1,1,3,3,3-hex-
afluoro-2-propanol (HFP) and electrospun [1, 7, 10]. Con-
ditions were adjusted to produce scaffolds composed of
fiber diameters that were nominally 1 ym in cross-sectional
diameter. Solutions were charged to 22kV and delivered
(3—7mL/hr) across a 25cm air gap. Electrospun samples,
designated “recovered” electrospun collagen (rEC) or “recov-
ered” electrospun gelatin (rEG) were produced by dissolv-
ing uncross-linked electrospun scaffolds immediately after
spinning in ice cold, 18 MQ-cm water; the final protein con-
centration was adjusted to 1.5 mg/mL. Collagen and gelatin
starting electrospinning concentrations were manipulated
to produce fibers of varying diameters. Where indicated,
scaffolds were vapor cross-linked (1-12hrs) in glutaralde-
hyde, blocked in 0.1 M glycine, rinsed in PBS, and disin-
fected in 70% alcohol prior to culture experimentation or
implantation.

2.3. Cell Culture: Endothelial Cells. Electrospun scaffolds
were cut into 12mm diameter circular disks and cross-
linked. A sterile 6 mm diameter glass cloning ring was placed
on top of each disk and supplemented with 3,000 adult
human microvascular endothelial cells (Invitrogen, C-011-
5C) in a total volume of 100 uL. After 20 min the culture
dishes were flooded with media to ensure that the cells
were immersed. Cloning rings were removed after 24 hr of
culture.
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2.4. Cell Culture: Osteoblasts. Type 1 collagen and gelatin
were electrospun across a 25cm gap and directed at a
grounded 6 in diameter circular steel plate. Tissue culture
dishes were placed between the source electrospinning
solutions and the grounded target to directly collect fibers
on the culture surfaces. After cross-linking, equal numbers
of osteoblasts (Clonetics, CC-2538) were plated onto each
surface and cultured for 10 days in OBM basal media
(CC-3208). As controls, cells were plated onto native tissue
culture plastic or random gels composed of Type I collagen
(Vitrogen: Cohesion Technologies), Simpson et al. [16].
For SEM imaging, osteoblasts were cultured directly on
6 mm diameter X 500 ym thick circular disks of electrospun
collagen or gelatin (conditions optimized for 1 ym diameter
fibers).

2.5. Dermal Reconstruction. Adult guinea pigs were brought
to a surgical plane, fur was shaved and skin swabbed in beta-
dine. Four 1cm? full-thickness dermal injuries (complete
removal of the dermis and hypodermis and bordered by the
superficial fascia of the panniculus adiposus) were prepared
on the dorsum of each animal. Injuries were treated with
scaffolds composed of electrospun Type I collagen or gelatin
(electrospinning conditions adjusted to produce scaffolds
composed of fibers ranging from 250nm to >2000nm
in average cross-sectional diameter). Scaffolds were vapor
cross-linked to varying degrees. Each wound was treated
with a candidate scaffold and covered with a piece of silver
gauze that was sutured in place. Silver gauze remained
in place for 5-7 days. Animals recovered on a warming
pad and were provided with pain mitigation. Injuries were
photographed at intervals. Data on wound closure was
expressed as the percent injury surface area observed at the
time of implantation. Representative samples were recovered
for histological evaluation.

2.6. Muscle Fabrication. Three-day-old neonatal rats were
decapitated, skin was removed. Skeletal muscle was removed,
minced into 1 mm? pieces in sterile PBS and rinsed until clear
of blood. Tissue was incubated in a sterile flask supplemented
with 0.25% trypsin (Invitrogen) in a shaking (100 RPM)
37°C water bath. At 10 min intervals, tissue was cannulated
and allowed to settle, and supernatant was removed and
centrifuged at 800 X G for 6 min. Cell pellets were pooled
in DMEM plus 10% FBS and 1.2% Antibiotic/Antimycotic
(Invitrogen 15240). A 60 minute interval of differential
adhesion to tissue culture plastic was used to reduce
fibroblast contamination. Myoblasts were cultured for 3-5
days under conditions that minimized cell to cell contacts. In
cell labeling assays, myoblast cultures were incubated in DiO
(Invitrogen, L-7781) overnight according to manufacturer’s
recommendations.

Electrospun scaffolds were prepared on a 4 mm diameter
round mandrel. With conditions optimized to produce 1 ym
diameter fibers, cylindrical constructs were fabricated with
a wall thickness of 200-400 ym [7]. Scaffolds were cross-
linked. Myoblasts were recovered from culture and rinsed
2x in PBS by centrifugation (800 X G, 6 min). Electrospun
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cylinders were sutured shut and suspended myoblasts were
injected into the lumen of the constructs. Adult 150-180 gm
Sprague Dawley rats were brought to a surgical plane. Fur on
the hindlimb was shaved and skin was swabbed in betadine.
In short-term studies (3 wks), a4 mm X 15 mm long cylinder
supplemented with cells was inserted directly into a channel
(“intramuscular” position) prepared in the vastus lateralis
muscle after the methods of Telemeco et al. [7]. In long term
studies, a hemostat was passed deep to the quadriceps muscle
group; engineered tissue (4 mm X 40 mm) was passed under
the existing muscle mass and sutured (in an extramuscular
position) to the proximal and distal tendons of origin and
insertion for the quadriceps. Incisions were repaired, skin
was stapled, and animals recovered on a warming pad.

2.7. Electrospinning: Nylon. To separate the fiber-forming
properties of the different protein fractions from their
fundamental biological properties, we applied collagen and
gelatin fractions to electrospun scaffolds composed of nylon
66 (Ambion). Electrospun nylon has a high surface area
and exhibits high protein binding capacity. Nylon was spun
after the methods of Manis et al. [17]. Conditions were
optimized to produce charged nylon fibers ranging 1.0-
1.5 ym in diameter.

2.8. Cell Culture: Adult Human Dermal Fibroblasts. Dermal
fibroblasts (HDEF), (Cascade Biologics: C-013-5C) were
passaged 3-5 times in basal dermal fibroblast medium
106 supplemented with a low serum growth kit (Cascade
Biologics, S-003-K) prior to experimentation.

2.9. Cell Adhesion Assays. Electrospun nylon scaffolds were
immersed in 20% methanol/phosphate buffered saline (PBS)
[17], rinsed 3x in PBS and installed in a dot blotter manifold
(Topac Model DHM-48). Wells were supplemented with
50 uL of collagen (control samples or fractions thermally
denatured at 50, 60, 70, 80 or 90°C for 1hr) or gelatin
fractions containing equal amounts of protein. After 5 min,
solutions were sucked through the membrane using a
vacuum pump. Scaffolds coated with 1% bovine serum
albumin (BSA) were used as controls. All wells were blocked
with 100 uL of 1% BSA solution for 5 min and rinsed in PBS
prior to use. In each assay, 3000 HDFs were suspended in
100 4L of media and applied to each surface for 1 hr at 37°C
(dot blotter was used as a culture vessel; no vacuum was
applied to the cell suspensions).

After the plating interval, the dot blotter was inverted
to remove nonadherent cells, scaffolds were removed, rinsed
in PBS, and fixed in ice cold methanol (20 min). For
analysis, scaffolds were rinsed 5x in PBS plus 0.5% Triton,
and incubated overnight at 4°C in primary goat antirabbit
GAPDH antibody (Sigma # G9545, 1:5000). All antibodies
were diluted in LiCor Odyssey Blocking Buffer (L-OiBB),
and LOiBB plus 0.1% Tween-20 was used in all rinses.
Cultures were rinsed 5x in L-OiBB, counter-stained with goat
antirabbit IRDye 800 secondary antibody (LiCor 1:1000)
for 1hr and rinsed 5x. Data sets were captured at a line
resolution of 169 ym using a Li-Cor Odyssey Infrared Imager.

Adhesion was expressed as “Integrated Intensity” (signal-
mm?). Integrated intensity values were extrapolated to cell
number using a standard curve of cells plated in parallel with
the unknowns. Data sets were screened by one-way ANOVA
(P < .01), Dunn’s Method (P < .05), and a Mann-Whitney
Rank Sum test (P < .001) was used in post hoc analysis.
In cyclic RGD competition experiments, HDFs (10,000 cells
per treatment) were incubated for 15 min at 37°C with 0.01,
0.1, or 1ug/mL cyclic RGD peptide (Bachem, H-2574) or
1 ug/mL control RGD peptide (Bachem, H-4088). The cells
were then plated for 1hr on the different surfaces and were
processed to image GAPDH as described.

2.10. Alpha Chain Analysis. Collagen samples were diluted to
0.15 mg protein/mL in Laemmli sample buffer and separated
by SDS interrupted gel electrophoresis using 10% poly-
acrylamide gels. Gels were run until the dye front reached
the base of the stacking gel, 1 mL of Laemmli buffer sup-
plemented with 20% f-mercaptoethanol was added to the
gel stacker and incubated for 30 min at room temperature.
The separation run was then completed. Gels were stained
with Coomassie brilliant blue overnight, de-stained and
photographed. Densitometric analysis was conducted with
NIH Image] software.

2.11. Cross-Linking Assays. See Newton et al. [12] for details
of this assay. Percent cross-linking was calculated from the
formula

Abs./mass.
Absp/massnc’

(1)

% cross-linked = 1 —

where Abs. = absorbance of the controls at 345 nm; the unit
of mass is given in mg. Abs, = absorbance of the unknowns
at 345 nm; again the unit of mass is given in mg. All data is
expressed as percent of cross-linking observed in electrospun
scaffolds (controls) that have not been exposed to cross-
linking reagents.

2.12. Scanning Electron Microscopy. Samples were sputter-
coated and imaged with a Zeiss EVO 50 XVP scanning
electron microscope (SEM) equipped with digital image
acquisition. Average fiber diameter and pore area data was
determined from representative samples using NIH Image-
Tool (UTHSCSA version 3). All fiber diameter measurements
were taken perpendicular to the long axis of electrospun
fibers [10, 11].

2.13. Transmission Electron Microscopy. Samples were im-
mersed in 2% glutaraldehyde for 12 hr at 4°C and postfixed
in 1.0% osmium plus or minus 2.5% potassium ferricyanide
[6, 7]. All samples were subjected to a graded series of
dehydration and embedded in Poly/Bed (Polysciences).

3. Results

3.1. Functional Performance of Electrospun Collagen. To com-
pare and contrast the biological properties of electrospun



collagen and electrospun gelatin, we conducted a series of in
vitro and in vivo functional assays.

3.1.1. Endothelial Cell Growth. Critical to the bioengineering
paradigm is the development of tissue engineering scaffolds
that can support the proliferation and penetration of vascu-
lar elements. To evaluate this characteristic in vitro, we plated
microvascular endothelial cells onto electrospun scaffolds of
Type I collagen and electrospun gelatin composed of varying
fiber diameters. During the initial plating phase, and over
time in culture, cell shape, on both surfaces (collagen and
gelatin), was modulated by the fiber size (and likely the pore
characteristics that “travel” with the fiber size that is present
in an electrospun scaffolds [10]) (Figure 1). Electrospun
scaffolds of collagen and gelatin composed of small diameter
fibers induced the expression of a highly flattened and
stellate cell shape. This cell shape was retained through-
out the culture interval on both surfaces (e.g., Figure 1
compare (a) = day 1 with (b) = day 7 as well as (i) and
(j)). With increasing fiber diameter, the cells assumed a
more rounded and elongated phenotype. After 10 days,
microvascular endothelial cells cultured on collagen- or
gelatin-based scaffolds with average cross-sectional fiber
diameter less than about 1.0—-1.50 ym remained on the dorsal
surfaces of the constructs (Figure 1 (q), (1), (u) and (v)).
As fiber size exceeded this threshold value and pore size
increased to about 10,000 nm?, the cells began to penetrate
into the scaffolds (Figure 1 (s), (t), (w) and (x)). These results
suggest that the physical arrangement of fibers (i.e., the pore
characteristics) plays a role in regulating the infiltration of
endothelial cells into an electrospun scaffold.

3.1.2. Osteoblast Differentiation. The 67 nm banding pattern
typical of native Type I collagen is associated with the
formation of nucleation and binding sites critical to the
mineralization process in bone [18]. Superficially, electro-
spun fibers of collagen exhibit a similar structural motif. To
examine the potential functional consequences of this motif,
we plated osteoblasts onto surfaces coated with electrospun
collagen and electrospun gelatin. Cultures plated onto sur-
faces coated with electrospun collagen exhibited low rates of
proliferation and failed to form a confluent cell layer, even
after 8 days. Phase bright crystals were present throughout
these cultures (Figure 2). Cells plated onto surfaces coated
with electrospun gelatin, Type I collagen gels, or native
tissue culture plastic proliferated and formed a confluent cell
layer over this same culture interval. Phase bright crystals
were infrequently observed in any of these cultures. These
data suggest electrospun collagen contains structural motifs
necessary and sufficient to induce osteoblast differentiation
and subsequent formation of hydroxyapatite crystals.

3.1.3. Dermal Reconstruction. From an architectural stand-
point, tissue engineering electrospun scaffolds are theoreti-
cally very well suited for applications in dermal reconstruc-
tion. These constructs are deposited as nonwoven, fibrillar
structures that exhibit an extensive void volume and pores
that are completely interconnected with one another. To
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evaluate the efficacy of using electrospun collagen as a dermal
template, we treated full thickness dermal injuries with
various permutations of this material. To track the healing
process, we measured total wound surface area as a function
of treatment and time. We have used this metric because
interventions that reduce wound contraction (as measured
by an increased retention of wound surface area once the
injury is healed) are associated with less scarring and more
complete tissue regeneration [19].

In the first series of experiments, we treated wounds
(1 cm?) with dermal templates fabricated from electrospun
collagen under conditions that produced fibers ranging 750—
1,000 nm. These scaffolds were postprocessed to cross-link
approximately 50% of the available sites. Wound closure
took place in 16 days with these constructs (Figure 3(a)).
When the extent of cross-linking was increased to 70% in
these constructs, wound healing was delayed modestly and
wound surface area was dramatically increased, a feature
indicative of increased regeneration (Figures 3(a) and 3(c)).
Histological examination of the tissue reconstituted with
templates composed of electrospun collagen consistently
revealed a smooth continuum of infiltrating cells. There were
no overt signs of inflammation or fibrosis along the interface
of the implanted templates and the adjacent uninjured
tissue, regardless of the fiber diameter composition present
in electrospun constructs of Type I collagen (Figures 4(a)—
4(c)). Our tissue culture experiments demonstrated that
the intrinsic architectural features present in an electrospun
scaffold can modulate the extent to which endothelial cells
can penetrate into these constructs. We observed a similar
trend in our dermal reconstruction experiments. Injuries
treated with templates composed of fibers less than 500 nm
in diameter were less densely populated than templates
composed of fibers greater than 750-1000nm in diameter
(Figure 4).

In parallel experiments conducted with a wide variety
of electrospun scaffolds composed of gelatin (average fiber
diameters ranging from 250 nm to approximately 3000 nm),
we were unable to replicate these results. Wounds treated
with electrospun gelatin consistently healed in the classic X
shaped configuration (Figure 3(d)) that develops in response
to wound contraction, this feature developed regardless of
the fiber diameter or the degree of cross-linking present
in the gelatin-based scaffolds. These scaffolds were consis-
tently infiltrated by foreign body giant cells, indicating an
inflammatory response to the implanted electrospun gelatin
(Figures 4(d)—4(f)). These data indicate that architectural
features and the biochemical identity of an electrospun
scaffold composed of collagen interact to define its unique
functional characteristics.

3.1.4. Muscle Engineering. To evaluate the efficacy of using
electrospun collagen in a cell-based tissue engineering appli-
cation, we used an in situ strategy to fabricate skeletal muscle
prosthetics. In these experiments we electrospun Type I col-
lagen onto a rotating 4 mm diameter mandrel; this resulted
in the formation of a hollow cylinder with walls composed of
1 ym diameter fibers of electrospun collagen. These cylinders
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FiGure 1: Endothelial interactions with electrospun collagen ((a)—(h)) and gelatin ((i)—(p)). Endothelial cell shape varied as a function of
increasing fiber diameter on both electrospun collagen (Day 1: (a), (c), (e), (g) & Day 7: (b), (d), (f), (h)) and electrospun gelatin (Day 1:
(i), (k), (m), (o) & Day 7: (j), (1), (n), (p)). Cell shape established during the early stages of plating persisted throughout the entire culture
interval (e.g., for each scaffold cells at day 1 appeared to exhibit a similar cell shape after 7 days of culture). Cells expressed and retained a
highly flattened and stellate shape when plated onto scaffolds composed of fibers less than 1,500 nm ((a)—(1)). At larger fiber sizes the cells
exhibited a more elongated phenotype, this was especially evident on the collagen-based scaffolds ((e), (f), (g) and (h)). Penetration into the
scaffolds was primarily regulated by average fiber diameter and pore size. TEMs of cross-sectional images of cells plated onto electrospun
collagen ((q)—(t)) and electrospun gelatin ((u)—(x)) for 10 days. Average fiber diameters for collagen (a) & (q) =449 = 122nm, (¢) & (r) =
1,187 + 297 nm, (e) & (s) = 1,886 + 513 nm and (g) & (t) = 2,756 + 855 nm. In gelatin (i) & (u) = 198 + 50 nm, (k) & (v) =491 + 114 nm, (m)
& (w) = 1,252 + 302 nm, and (0) & (x) = 1,619 + 414 nm (all fiber measurements from dry scaffolds prior to processing for cross-linking).
Note that penetration was not evident until a nominal average fiber diameter of about 1,800 nm was achieved in the scaffolds (arrows in (r),
(1), (x) indicate fibers in cross section). Scale bar in (a) = 20 ym.
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FIGURE 2: Osteoblast interactions with electrospun collagen and electrospun gelatin. Human osteoblasts plated for 1 (a)—(d) or 8 days
(e)—(h). Cells plated on electrospun collagen ((a), (e)), electrospun gelatin ((b), (f)), collagen gel ((c), (g)), or tissue culture plastic ((d),
(h)). Cells plated onto electrospun collagen remain subconfluent after 8 days of culture (e) and accumulated phase bright crystals. At the
ultrastructural level, osteoblasts plated onto electrospun gelatin expressed a rounded cell shape (i); when plated onto electrospun collagen,
the cells were covered with elaborate arrays of plate-like structures typical of hydroxyapatite crystals ((j), (k)).

were then supplemented with myoblasts and implanted
directly into the vastus lateralis muscle. After 3 weeks, tissue
fabricated with electrospun collagen was densely populated
with cells. Nascent myotubes and functional blood vessels
were evident throughout these implants (Figure 5). As with
the dermal-templates, we observed a smooth continuum
between the surrounding tissue and the engineered muscle
with no evidence of fibrosis. In contrast to these results,
tissue fabricated with gelatin based materials was necrotic,
exhibited extensive fibrosis at the tissue interface and a
massive infiltration of lymphocytes.

Given these results we next prepared engineered muscle
tissue fabricated with electrospun collagen and directly
sutured the constructs to the tendons of origin and insertion
for the quadriceps muscle. These constructs were placed in
an extramuscular position; in effect we are converting the
quadriceps muscle into a “quintriceps” muscle. After 8 weeks,
the engineered muscle was densely packed with fully dif-
ferentiated myotubes that were distributed into stacked and
linear parallel arrays that mimicked native tissue (Figure 6).
This developing muscle tissue displayed well-formed myofib-
rillar elements. However, a range of cytoskeletal structural

patterns was observed. For example, some areas of the tis-
sue displayed loosely packed arrays of myofibrils (Figures
6(d) and 6(e)); other domains differentially took up the
stains used to enhance contrast for light (Figure 6(g)) and
transmission electron microscopy (Figure 6(h)). We suspect
this differential staining is a reflection of protein density or
protein identity with respect to the myofibrillar subunits.
Collagen bundles were evident along the borders of the
implanted tissue.

3.2. Analysis of Collagen Alpha Chain Structure and Function

3.2.1. Protein Analysis. We next conducted experiments to
characterize how various processing conditions impact acid-
soluble collagen and how these manipulations might regulate
the evolution of the functional properties of an electrospun
fiber. We first examined the effects of thermal denaturation
on Type I collagen. These experiments were conducted to
provide us with a benchmark for the evaluation of collagen
structure and its «a chain content in response to various
steps in the electrospinning process. Collagen was isolated
from calfskin corium using classical acid extraction methods,



Journal of Nanomaterials

Wound healing: collagen
120

'S =N o
S S 1)
T T T

[So3
(=)
T

Relative wound size (100% = 1 cm?)

0 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

(days)

—A- Electrospun collagen 750 nm diameter fibers (1%)
-@- Electrospun collagen 750 nm diameter fibers (40%)

Relative wound size (100% = 1 cm?)

Wound healing: gelatin

0 5 10 15 20 25
(days)

—A- Gelatin 250 nm diameter fibers
-~ Gelatin 300 nm diameter fibers
-@- Gelatin 500 nm diameter fibers
- Gelatin 1200 nm diameter fibers
- Gelatin 3000 nm diameter fibers

(®)

FIGURE 3: Dermal Reconstruction. Rates of wound closure in lesions treated with electrospun collagen (a) or electrospun gelatin (b). Note
that increasing the extent of cross-linking has a modest effect on slowing wound closure and greatly increases total wound surface area in
animals treated with electrospun collagen (a) and (c). Rates of wound closure were similar when injuries were treated with a wide variety
of gelatin-based constructs (b) and (d). Panel (c) depicts the typical wound healing course for injuries treated with electrospun collagen
in which approximately 70% of the available sites are cross-linked. Note the retention of wound surface area in this example. Panel (d)
depicts the typical wound healing course for injuries treated with electrospun gelatin in which approximately 70% of the available sites are
cross-linked. Note the classically X-shaped wound typical of a lesion that has undergone contraction.

a procedure routinely used to prepare collagen as a biomate-
rial and for use in the electrospinning process [1, 7]. Figure 7
illustrates an SDS gel depicting the « chain content of the
acid soluble parent extract with respect to fractions that have
been subjected to varying degrees of thermal denaturation.
Protein fractions were held at 4°C or heated to 50, 60,
70, 80, or 90°C for 1hr. Detectable changes in the protein
banding patterns present on the SDS gels were visible in
all samples subjected to heating. Densitometric analysis
of the separated protein fractions revealed that 50% of
the collagen a chains were lost within 1 hr when soluble
collagen was exposed to 70°C (Figure 7). Exposure to higher

temperatures accelerated the loss of the collagen « chains
from the soluble fractions and resulted in progressively more
o chain fragmentation and smearing in the gel lanes typical
of a sample that has been broken down into a heterogeneous
mixture of peptides. At temperatures of 80°C and greater,
the protein bands corresponding to the individual & chains
were completely lost after the 1hr incubation interval.
Commercially procured gelatin (collagen that has been
heated and denatured during isolation) samples exhibited
little or no protein banding associated with intact « chains
on the SDS gels; these samples ran nearly exclusively as a
continuous smear of proteins (not shown, see [7]).
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FIGURE 4: Dermal Reconstruction. Healing response to electrospun collagen (a)—(c) and electrospun gelatin (d)—(f) as a function of fiber
diameter and pore dimension. Collagen-based implants exhibited a smooth continuum of cells at the interface of the lesion and the
surrounding tissue. In each of the images depicted in this figure, native, uninjured tissue appears to the left of each data image (delineated by
the large blue staining collagen bundles in the histological preparations, arrows (b) and (c)). Gelatin based-scaffolds were consistently less
heavily infiltrated and exhibited evidence of an inflammatory response and accumulated foreign body giant cells (arrow head (d)). (a) and
(d) average fiber diameter = 240-280 nm, average pore dimension =1500-2000 nm?, (b) and (e) average fiber diameter 500-600 nm, average
pore dimension 3000-5000 nm?, (c) and (f) average fiber diameter 800-1000 nm, average pore dimension 4000-5000 nm.

To examine how the electrospinning process (solvents,
electric field, and the flash-lyophilization of proteins that
occurs during fiber formation) might alter collagen «
chain content, we next prepared scaffolds composed of
electrospun Type I collagen or commercially sourced gelatin
(conditions optimized to produce average fiber diameters
= 1 ym). As judged by scanning electron microscopy, these
scaffolds were superficially identical. However, transmission
electrospun microscopy reveals that scaffolds of electrospun

collagen exhibit the 67 nm banding pattern typical of the
native fibril (Figures 8(a)-8(d)). In contrast, fibers of the
electrospun gelatin lack this distinctive structure and are
nearly homogenous in appearance.

For protein characterization of the electrospun scaffolds,
we redissolved the collagen and gelatin-based scaffolds and
separated the resulting extracts by SDS gel electrophoresis.
The protein banding patterns on the gels and the specific
compliment of « chains in the electrospun collagen and
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FIGURE 5: Muscle Fabrication: 3 Weeks. (a) Cross-section through the wall of cylindrical construct placed within the tissue of the rat vastus
lateralis. M = endogenous host muscle tissue, TZ = transitional zone occupied by the wall of the electrospun construct. Note the lack of a
fibrotic capsule. ((b), (c)) Sections taken from within the lumen of the tissue, dense cell populations are evident as are nascent myotubes
(*). Scattered vascular elements are apparent and intermingle with the surrounding cell population. (d) TEM cross-section of developing
myotube with forming myofibrillar elements (arrows). (e) Cell labeling experiments indicate that few cells migrate out of the implanted
tissues (arrowhead). The bulk of the labeled cells are retained within the lumen of the electrospun constructs. (f) Tissue fabricated from
gelatin undergoes necrosis and develops a fibrotic capsule (FC). CC = central core of implant.

the control starting material (Acid soluble Type I Collagen:
Figure 7) were similar, but not identical. Samples of elec-
trospun collagen exhibited subtle derangements in « chain
content and, as judged by densitometric analysis, it was
enriched in the a2 (I) content (see Figure 7) with respect
to the other a chains. Protein separation analysis of the
electrospun gelatin revealed, as expected, nearly complete
a chain fragmentation (these samples displayed complete
fragmentation even prior to the electrospinning process) and

was comparable to the calfskin collagen samples heated to
90°C for 1 hr (Figure 7).

3.2.2. Alpha Chain Functional Properties. Next we examined
how thermal manipulation impacted the adhesion properties
of acid-soluble collagen and its electrospun variants. In
these experiments, we coated electrospun fibers of charged
nylon with equal amounts of the various protein fractions
described in Figure 7. This strategy made it possible to
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FIGURE 6: Muscle Fabrication: 8 Weeks. (a) Low magnification survey image depicting the terminal portions of muscle tissue engineered in
situ. Images depicted in panels (b) and (c) were taken from the cross-sectional area denoted as “B” and “C”, respectively in panel (a). The
tissue distal to the attachment sites exhibited stacked arrays of myotubes ((b), asterisks). Tissue alignment is disrupted to some degree at
the distal attachment sites as a consequence of the sutures used to place the tissue ((c), arrows indicate functional blood vessels). Myofibril
density is observed to vary within cells that are in close proximity to one another ((d), arrowheads and asterisk; also the myofibrillar density
in (d) and (e) to (g) and (h)) and some subdomains of the tissue stain differentially at both the light (g) and EM levels (h) with stains
designed to enhanced contrast. The tissue is highly biosynthetic as evidence by the accumulation of proteins in the vicinity of the nuclei
and golgi (g, asterisk). A subset of engineered tissue exhibits sarcomeres (f) with unusual cytoarchitectural patterns at the Z bands (arrows)
and H zones (arrowheads) characterized by accessory electron dense structures. At the ultrastructural level, the implants are surrounded by

collagen fibrils ((i) asterisks).

separate the fiber-forming capacity of each fraction from
the biological activity that it displayed while presenting each
fraction in a “matrix” that exhibited identical architectural
patterns (fiber size, pore properties, and material properties).
Equal numbers of dermal fibroblasts were then plated onto
protein-coated electrospun nylon fibers. Rates of adhesion to
the parent collagen fraction were approximately 50% greater
than rates of adhesion to BSA-coated surfaces (Figure 8(e)).
With one exception, thermal manipulation of the acid-
soluble collagen fractions did not dramatically impact func-
tional performance in these assays. Samples heated to 70°C
supported substantially higher rates of adhesion than the
BSA-coated surfaces and all of the other collagen fractions

(P < .002), the gelatin samples (P < .001), and the samples
recovered from electrospun scaffolds (P < .001). Rates of
adhesion to Type I collagen recovered after electrospinning
were not statistically different from the parent controls
and were qualitatively much higher than gelatin and the
electrospun gelatin samples.

The denaturation of collagen « chains uncovers RGD
binding sites [20, 21]. To test for the presence of these sites
in the different samples, we challenged cells in the adhesion
assays with increasing amounts of cyclic RGD peptide. The
RGD peptide reduced adhesion in the control samples by
about 20% and nearly 60% in collagen samples that been
heated to 70°C. No inhibition was detected in the collagen
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FIGURE 7: Analysis of Type I collagen « chain content. (a) Representative SDS gel depicting the affect of various degrees of heat denaturation
on soluble collagen. Lane 1 = MW standards, 2 = control sample maintained and stored at 4°C, 3 = sample heated to 50°C for 1 hr, 4 = 60°C,
5=70°C, 6 = 80°C, and 7 = 90°C. (b) Densitometric analysis of « chain content from denaturation experiments. (c) Densitometric analysis
(c) ratio of a 1(III) to « 1(I), (d) ratio of & 1(III) to a 2(I), (e) ratio of & 1(I) to a 2(I) as a function of thermal insult. Dotted lines in (c)—(e)
depicts the actual ratio of the « chains present in collagen recovered immediately after electrospinning (no thermal insult).

recovered after electrospinning (Figure 8(f)). It is clear from
the RGD-based competition assays that collagen recovered
after electrospinning behaves very differently than denatured
collagens or material recovered from a scaffold of electrospun
gelatin. This observation is relevant when considering the
functional properties of an electrospun collagen fiber that
appears to lack the 67 nm repeat banding pattern. As long
as the a chains are intact, even if they are not arrayed into
a polymeric form that exhibits the 67 nm repeat banding
pattern, these fibers can be expected to exhibit unique and
potent biological properties. Together, our SDS gel assays
and adhesion results indicate that electrospinning does not
directly denature collagen « chains.

4. Discussion

In this study, through our functional assays, we explored the
biological properties of electrospun collagen and electrospun
gelatin. These two materials (collagen and gelatin) consis-
tently exhibited very different functional profiles in all our
assays. We note that endothelial cells began to penetrate into
the fiber arrays of both electrospun collagen and electrospun

gelatin once a critical fiber/pore threshold was reached.
However, subjectively cell growth appeared to be much more
rapid on the collagen-based scaffolds. We conclude from
these in vitro experiments, in the absence of an inflammatory
cascade or other antigenic complications, that endothelial
cell infiltration is not limited by scaffold composition.
Rather, gross structural properties are more important in this
type of setting. The composition of the scaffolds appeared to
dictate more subtle functional characteristics that regulated
cell growth.

Cell culture experiments conducted with osteoblasts in-
dicate that fibrils of electrospun collagen appear to be
sufficient to induce differentiation and promote the accu-
mulation of hydroxyapatite crystals in vitro. We believe this
rather unexpected result may be a reflection of an intrinsic
structural motif that is uniquely present in electrospun
collagen. We did not observe this same result when we
plated cells onto a collagen gel, a form of collagen that
normally self-assembles into fibrils that contain a repeating
banding pattern that also mimics native collagen [22].
Since both electrospun collagen and the fibers present in
a collagen gel can exhibit a banding pattern, it is unclear
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F1gURre 8: Ultrastructural and functional characteristics of collagen. Representative scanning electron and transmission electron micrographs
of electrospun collagen ((a), (b)) and gelatin ((c), (d)). (e) Cell adhesion to various forms of collagen; maximal adhesion was observed
in samples heated to 70°C. (F) RGD competition binding assay. Cyclic RGD peptides inhibited adhesion to denatured collagens in a
concentration-dependent manner and had minor effects on control acid-soluble starting material and no effect on collagen recovered from
electrospun scaffolds. Scale bars in (a) and (c) = 10 ygm. Scale bar in (d) for (b) and (d) = 100 nm.

what drives these results. It is clear that these two types of
fibers have subtle structural differences; fibers of electrospun
collagen are not stable in an aqueous environment, unless
they are cross-linked. In contrast, the fibers of a collagen
gel are fully stable under these conditions and do not re-
quire such treatment. Fiber stability in a collagen gel is

linked to the exothermic reaction that occurs during fiber
polymerization; this leads to the partial denaturation of
the constituent « chains and results in a more stable fiber
structure. In the electrospinning process, collagen alpha
chains essentially undergo flash lyophilization. These inher-
ent differences in the fiber formation process likely result in
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the production of fibers exhibiting very different fine struc-
tures.

In dermal applications, wounds treated with electrospun
collagen and electrospun gelatin underwent resolution over
a similar time course. The nature of the tissue that resulted at
the conclusion of wound closure was very different and var-
ied as a function of fiber composition and the extent of cross-
linking that was introduced in the scaffolds. Injuries treated
with lightly cross-linked electrospun collagen and all samples
of electrospun gelatin underwent varying degrees of wound
contraction. Introducing additional cross-linking into the
collagen-based materials likely stiffens the constructs and
makes them less susceptible to wound contraction. All of the
collagen-based scaffolds were infiltrated by fibroblasts and
exhibited numerous functional blood vessels. In contrast,
injuries treated with electrospun gelatin were consistently
less densely populated and showed an accumulation of
foreign body giant cells at the borders of the wound. This
adverse response in the gelatin-based materials is undoubt-
edly related to the proinflammatory peptides present in
highly denatured collagens [23].

The essential capacity of electrospun collagen to support
rapid cell infiltration was readily apparent from the exper-
iments in which we fabricated skeletal muscle in situ. The
interconnected nature of the pores present in a scaffold of
electrospun collagen appears to provide more than enough
passive nutrient exchange to support the donor cell popula-
tion. A nascent vascular supply developed in tandem with
muscle differentiation to support the increased metabolic
demand associated with this process. Consistent with this
conclusion, we observed functional blood vessels traversing
the external walls of the implanted tissue and penetrating
into the internal aspects of the constructs. In contrast, once
again, tissue fabricated with electrospun gelatin induced a
marked inflammatory response, and by 3 weeks the tissue
was largely necrotic.

To develop an understanding of the basis of biological
properties of electrospun collagen, we compared and con-
trasted the structure and function of collagen « chains in
samples subjected to varying degrees of thermal denatura-
tion and electrospinning. Not surprisingly, « chain content
is dramatically altered in response to heating. At 70°C
for 1 hour, 50% of the «a chains are lost; at 80°C there
is essentially complete « chain fragmentation and specific
bands corresponding to «l(III), al(II), and a2(I) are no
longer detectable. The « chain content of collagen subjected
to electrospinning is subtlety altered from the pattern
observed in the starting materials (acid-soluble collagen).
Based on our analysis,we have concluded that electrospun
samples become enriched in a2(I) content. This conclusion
is based on the observation that the ratio of a1(III): a1(I) is
normal in the electrospun samples, a1(III): a2(I) is reduced
and a1(I): a2(I) is reduced. Since the ratio of a1(III): a1(I) is
unchanged we must assume that no change in a1 (III) content
has occurred as a consequence of the electrospinning process.
Given this assumption and the observation that both a1 (III):
a2(1) and al(I): a2(I) are depressed; the common factor is a
change in a2(I) content; an increase in a2(I) is the simplest
explanation for the observed results. As the denominator in
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both ratios, any increase in a2(I) content results in a decrease
in these ratios. It is unclear how this enrichment may occur;
it is possible that differences in alpha chain solubility (or
stability) in the electrospinning solutions may exist, leading
to a preferential enrichment of the a2(I) chain. This result
awaits further investigation.

Our baseline adhesion experiments failed to definitively
identify a specific binding profile that might be used to
evaluate the functional profile of the collagen « chains.
A number of integrins (alf1, a2f1, a3$1) bind to Type
I collagen in an RGD-independent manner and the avf3
integrin binds with high affinity to denatured collagen in
an RGD-dependent manner [21]. In competition binding
assays, RGD challenge had little or no effect in control
samples of collagen or collagen that had been recovered after
electrospinning, suggesting that electrospinning in and of
itself does not induce damage in a fashion that specifically
uncovers cryptic RGD binding sites. We saw a dramatic
decrease in adhesion when these same experiments were
conducted with collagen fractions that had been heated to
70°C, these samples exhibited clear evidence of denaturation
in our SDS gel studies.

5. Conclusions

Biophysical and structural evaluations demonstrate that elec-
trospinning does not truly reconstitute the native structure
of the collagen fibril [13]. Additionally, our data suggests
that fibers of electrospun collagen become enriched in a2(I)
content. However, our functional assays demonstrate that
electrospun collagen has unique biological activity in a wide
variety of tissue engineering applications. These data argue
that it is not necessary to fully recapitulate the structure
of the native fibril to generate a biologically relevant tissue
engineering scaffold.

We believe that there are likely three critical variables
that ultimately interact to determine the structural and
functional properties of the electrospun collagen fibril. These
include the quality of the starting material, the specific
electrospinning conditions and, finally, the postprocessing
manipulations that are used to prepare the material for
use in a tissue engineering application. The first consid-
eration is paramount; the starting material must not be
denatured during any of the processes used to isolate and
prepare the collagen for electrospinning (acid extraction,
centrifugation steps, lyophilization and storage). The use of
partially denatured collagen will obviously compromise the
functional profile of the final product. Gelatin, a material that
is composed of highly fragmented peptides readily spins into
fibers but, it is highly proinflammatory in many settings.

Second, the role of fiber size in the formation of the
ultrastructural organization of electrospun collagen has not
been explored to any extent. The 67 nm banding pattern
observed in electrospun samples appears to be most promi-
nent in constructs composed of small diameter fibers. Some
laboratories report that this banding pattern is confined
to relatively small domains in an electrospun scaffold or
that it is absent altogether [13]. We would argue that
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the 67nm repeat does not have to be present to impart
potent functional properties onto the electrospun collagen
fiber. Our cell adhesion experiments demonstrated that
native and denatured collagen « chains have very distinctive
biological properties, even when they are not assembled into
fibrils. Given the dramatic differences in performance that
distinguish electrospun collagen from electrospun gelatin in
a broad spectrum of tissue engineering applications, it seems
premature to discount the functional significance of this
material [13].

Finally, during electrospinning collagen « chains are sub-
jected to a very high strength electric field. This electric
field must place these peptides in a high energy state
as they traverse the charged electrospinning field; these
protein subunits are then frozen and trapped in this high
energy state by the flash lyophilization process that makes
fiber formation possible. This residual energy may have
direct role in determining the fine structure (banding)
of the resulting fibers. Electrospun fibers of collagen that
have been modestly cross-linked will undergo coiling when
placed into an aqueous solution; this coiling is dramatically
reduced as a function of increasing degrees of cross-linking
[12]. At very high levels of cross-linking, fibers of elec-
trospun collagen retain a nearly linear conformation when
hydrated.

Modest cross-linking conditions appear to stabilize gross
fiber structure (sufficient to keep the fibers from dissolving
in an aqueous buffer); however, a modest degree of cross-
linking does not appear to be sufficient to completely
suppress « chain reorganization as these subunits return
to a basal energy state. Upon hydration, the shedding of
this excess energy appears to drive coiling. At high levels of
cross-linking, fibril coiling is suppressed, suggesting the o
chains are trapped in a very different tertiary configuration
as compared to the fibers of more modestly cross-linked
structures that can undergo molecular reorganization. The
potential contribution of these variables in the formation of
structure, and functional considerations in the electrospun
collagen fibril, awaits further investigation. Given the potent
biological activity of electrospun collagen, in a broad spec-
trum of applications, we can anticipate the development of
unique tissue engineering scaffolds and the introduction of a
new generation of tissue engineering products in the clinical
market place.
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In light of tissue engineering, development of a functional and controllable scaffold which can promote cell proliferation and
differentiation is crucial. In this study, we introduce a controllable collection method of the electrospinning process for regularly-
distributed and uniaxially oriented nanofiber scaffold and evaluate the effects of aligned nanofiber density on adhesion of dermal
fibroblasts. The suggested spinning collector features an inclined void gap, which allows easy transfer of uniformly aligned fibers
onto other surfaces. By undergoing multiple transfers, the density of the nanofibers can be quantitatively controlled. The resultant
polycaprolactone (PCL) nanofibers had well-defined nanotopography in a 400-600 nm range. Human dermal fibroblasts were
seeded on aligned nanofiber scaffolds of different densities achieved by varying the number of transfers. Cell morphology and
actin stress fiber formation was accessed after seven days. The experimental results indicate that the contact guidance of the cells
along the fiber alignment can be more activated with more than one guidance feature on a cell; that is, the high density of fiber is
attained in so much that fiber spacing gets below the cell size.

1. Introduction

The importance of nanostructured topography in view of
cell biology has been recognized as one of the key factors
in tissue engineering applications. Nano- or micro-archite-
ctures that can mimic natural extracellular matrix (ECM)
environments have been employed in fabrication of func-
tionalized scaffolds to enhance cellular responses, such as
adhesion, migration, proliferation, and locomotion [1-3].
The ECM-like structure, a complex structural network with
various fibrillar constituents, has been simulated by a wide
variety of fabrication techniques which include MEMS-
(microelectromechanical system-) based lithography, elec-
trospinning, and imprinting methods [4-6].

The electrospinning process, in particular, has advan-
tages for fabricating cytocompatible scaffolds thanks to its
high efficiency and simplicity in producing submicron to
nanometer scale fibers from a wide range of biomaterials [7].
When a high electric potential is applied to the pendant drop
of a polymer solution, the drop gets deformed into a cone
shape, which is known as a Taylor cone. As a charged jet of

the polymer solution is launched from the tip of the cone and
elongated into thinner fibers, it gradually solidifies forming
a nanofibrous mesh on the grounded collector. In typical
electrospinning process, the nanofibers from the elongated
jet are randomly deposited on the collector due to jet bending
and whipping caused by Columbic interaction between the
jets [8]. Although these randomly assembled nonwoven
nanofiber meshes have a wide range of bioapplications [9-
13], the recent interest in the electrospun nanofibers has been
focused on ordered forms of the fibers, especially uniaxially
aligned fiber arrays in light of tissue engineering applications
for anisotropic tissues such as tendons and muscles. Fiber
configuration with uniaxial orientation can be dictated by
collector geometry, which has been proposed in various ways
including using a rotating cylinder [14, 15], a disk with a
sharp edge [16], a spaced wire drum [17], and a parallel
electrodes [18, 19].

The potential of applying these alignment techniques
to scaffold fabrication is significant in that it can provide
a defined architecture to guide cellular behavior as well as
nanoscaled dimensions for the biomimetic ECM for a wide



range of cell lines such as fibroblasts, neuron cells, and mus-
cle cells, and so forth [20-27]. Many studies on the guidance
effect have been conducted using MEMS-based lithographic
techniques to realize precise construction of ridge/groove
patterns for cell guidance [22, 23]. However, in terms of
utilization of biocompatible materials for scaffold fabrication
and the fabrication itself, the electrospun nanofiber array is
far more advantageous than MEMS-based processes. Based
on the elctrospinning technique, some efforts have been
made to apply the fiber alignment technique with a rotating
disk collector [26, 27]. Yet, due to the geometrical limitation
of the disk edge, the employed technique makes it difficult to
collect a wide area of fiber arrays.

We previously reported on the fabrication process of
aligned electrospun nanofibers realized by the proposed
inclined gap method [28], which provided regular distri-
bution and high order alignment of the nanofibers over a
relatively wide area. The intrinsic instability of fiber landing
in the electrospinning process was mitigated by employing
two separate strips that were configured horizontally and
vertically with the inclined gap. In this study, aligned
nanofibrous scaffolds with different densities were prepared
by employing multiple transfers of the previously proposed
process. Thanks to the favorable feature of void gap with
suspended nanofibers, transfers of these fibers onto the
other substrate can be easily accomplished. The repetitively
overlapping transfer can provide quantitative control of
the nanofiber densities in the scaffold in proportion to
the number of transfers. Human dermal fibroblasts were
cultured for seven days to observe the cell guidance effect
and morphological changes on the scaffolds of different den-
sities. Additionally, a smooth PDMS (polydimethylsiloxane)
substrate and a number of randomly deposited nanofiber
mesh on PDMS were tested to compare with the specimens
of aligned nanofibers.

2. Materials and Methods

2.1. Materials. Polycaprolactone (PCL, average M, «ca.
80,000) was obtained by Aldrich (Milwaukee, Wis, USA).
Methylene chloride (MC; Junsei Chemical) and N,N-
dimethyl formamide (DMF; Junsei Chemical) were used
as the solvents for the spinning solutions. PCL was dis-
solved in a mixture of MC and DMF (75/25 v/v). Cell
culturing reagents, fibronectin (FN), Dulbecco’s modified
Eagle’s medium (DMEM), Dulbecco’s phosphate buffered
saline (DPBS), penicillin-streptomycin, and fetal bovine
serum (FBS) were all purchased from Gibco (Carlsbed,
CA). Immuno-staining reagents Alexa Fluor 568 phalloidin
and DAPI (4',6-diamidino-2-phenylindole, dilactate) were
obtained from Invitrogen (Carlsbed, Calif, USA).

2.2. Scaffold Fabrication. The schematic of the electrospin-
ning method is illustrated in Figure 1. Polymer solution was
prepared by dissolving PCL in the mixture of MC and DMF
at the concentration of 20 wt% defined as a proper condition
in the previous work [28]. The higher concentration than
that of the typical electrospinning could allow the successful
suspension within the inclined void gap due to the sufficiency
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of the fiber solidification. The PCL solution was electrospun
from a 25-gauge needle connected to a power supply at
an applied voltage of 14kV. The infusion rate of solution
through the needle was 0.6 mL/h. The randomly configured
nanofiber mesh was obtained by simple electrospinning
toward a thin PDMS membrane adhered to slide glass lying
on the grounded metal plate. The spinning time was 2 min.
The collector for the formation of uniaxially aligned alu-
minum strips (0.2 mm thickness), which were fixed horizon-
tally and vertically at upper and lower position, respectively.
This height difference between the strips formed the void
space and the electrospun nanofibers were suspended along
the void gap. The spinning distance from the needle tip to
the upper strip was determined as 160 mm. The suspended
nanofibers with uniaxial alignment were transferred onto
a surface of the PDMS membrane adhered to the slide
glass and both ends of the fiber array were anchored with
Permount (Fisher Scientific, Pittsburgh, Pa, USA).

2.3. Characterization of Electrospun Nanofibers. The resultant
samples that were transferred with electrospun nanofibers
were photographed using a scanning electron microscope
(SEM; JSM-6300, JEOL) and an optical microscope (i-
Camscope, Sometech Vision). The fiber alignment was
quantified by employing the angles between the desired
direction (perpendicular to the edge lines of two strips) and
the longitudinal axes of the fibers. The angle distribution
of each nanofiber was measured from the captured images
by using ImageTool 3.0 (University of Texas Health Science
Center in San Antonio, Tex, USA).

2.4. Cell Culture. Cell studies were performed using human
dermal fibroblasts (6th and 10th passage) purchased from
Lonza (Basal, Switzerland). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Lonza,
Basal, Switzerland) containing 10% fetal bovine serum
(FBS) supplemented with penicillin-streptomycin (Sigma,
St. Louis, Mo, USA). Cultures were incubated in a humidified
atmosphere of 5% CO, in air at 37°C. Prior to the cell
seeding, all nanofiber scaffolds were sterilized in ethanol
for 24hours under ultraviolet irradiation, treated with
O, plasma for 2mins (Femto Science) and coated with
fibronectin at 10 ug/mL for 1hour at room temperature.
Cells were harvested using trypsin/EDTA and resuspended
in DMEM. Cells were then seeded onto the scaffolds at its
density of 10* cells per scaffold and incubated for 7 days in
appropriate growth conditions. For mature binding of cells
to the substrate, first media change was done after 36 hours of
cell seeding and an additional media change was done on the
5th day for optimal growth. The process was carried out with
extreme care to minimize any possible undesired simulation
or dislodging of cells by mechanical agitation.

2.5. Immunofluorescence. After experiments, cells were
washed with the warmed DPBS and fixed for 15 min in 3.7%
formaldehyde. After DPBS washing, cells were permeabilized
for 20 min in 2% Triton X-100 and blocked in 3% BSA
(Invitrogen). Following three washes in DPBS, cells were
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FIGURE 1: (a) Schematic diagram of the electrospinning setup for the inclined gap method. (b) The transfer of collected fibers onto PDMS

substrate. (¢) SEM image of the transferred nanofiber array.

stained for F-actin cytoskeleton with Alexa-568-phalloidin
(Molecular Probes) at 1:50 dilution in blocking buffer.
After rinsing, the nuclei of the cells were labeled with
DAPI (300 nM, D1306, Molecular Probes), and then, they
were finally mounted in a Vectashield (H-1000, Vector
Laboratories) to minimize photobleaching. The cells were
imaged using a Zeiss fluorescence microscope (Axiovert-
200M, Zeiss) equipped with a CCD camera (Axiocam HSM,
Zeiss) and image analysis software (Axiovision, Zeiss).

2.6. Cell Morphology. After 7 days of cell culture, the stained
cells were observed under a light microscope (Carl Zeiss
Axiovert 200 M) with phase contrast. 60 cells from each
scaffold were randomly selected and the fluorescent images
of actin and nuclei were analyzed using ImageTool 3.0 to
measure the extent of cell alignment. The orientation angle
of cell long axis was measured with respect to the reference,
which is the desired direction of fiber alignment, that is,
perpendicular axis to the collector edges. In addition, cell
elongation factor Ef was calculated by [29]. The values of
the elongation factor were calculated from 30 cells randomly
selected from each scaffold. All statically analyses were per-
formed using the Student’s t-test. Mean values from different
independent experiments were calculated and expressed as
the mean = STD.

3. Results and Discussion

3.1. Uniformity of Nanofiber Array. In order to improve
the uniformity of the aligned nanofiber array, the fiber
collector was modified from a conventional design for the
general gap method [28]. There have been several techniques
developed to fabricate uniaxially oriented nanofibers [14—
19]. Especially, the gap method, where two parallel electrodes
are used as the collector, is considered to be effective in
producing an aligned nanofiber array covering a wide area.
When the two separate electrodes are placed at the position of
the collector with a gap in between, the electric field lines are
split into each edge of the electrodes. Because the electrospun
jets tend to travel along the field lines, as-spun fibers are
longitudinally stretched toward both edges of the electrodes
and become uniaxially suspended across the gap [18, 19].

As reported previously [28], the modification of the
configuration from a planar gap to an inclined gap allowed
flexibility in time and space for improved alignment effect. As
shown in Figures 2(a)-2(d) fiber collection from the inclined
gap serves to create better conditions in both the alignment
of fiber angle and the homogeneity in fiber distribution,
whereas irregular distribution of nanofibers was observed in
the case of the planar gap (marked by arrows in Figures 2(b),
2(g), and 2(h)). These irregularities would be accumulative



as the number of transfers increased, as shown in Figures
2(g), and 2(h). Thus, since multiple transfers were necessary
to create a nanofiber array of higher density, the use of
inclined gap configuration would be more advantageous in
generating more homogenous scaffolds

3.2. Controlled Quantity of Nanofibers. Although the utilized
electrospinning technique has the advantage of producing
the relatively large area of fiber array, repulsion caused
by the residual charges on the collected fibers creates an
inherent difficulty in generating controlled nanofibrous
scaffold containing a sufficient quantity of fibers. As shown
in Figure 1(c), most of the intervals between the fibers appear
to be several tens of micrometer which is larger than typical
eukaryotic cells; for instance, the size of a fibroblast is about
10um in length and 2-3 ym in width [30]. Thus, a sub-
ten-micrometer scale of fiber distance would be desired to
ensure the interaction between the cell and the nanofibers. By
employing multiple transfers on an inclined configuration, a
reduction of fiber distance can be attained at approximately
2 ym when 20 transfers were carried out (Figure 3(d)). As the
quantity of nanofibers collected from single-step electrospin-
ning was nearly invariable for the determined spinning time
of 30sec, the fiber quantity within the array would be pro-
portional to the number of transfers. These results confirm
the feasibility of the quantitative control of nanofibers using
multitransfers of nanofibers using the inclined configuration
of collector (Figures 2(a), 2(c), 2(e), and 2(f)).

3.3. Morphology of Nanofibers. While conventional elec-
trospinning uses a simple electrically grounded collector
without a gap, the collector used in our method comprises
of two aluminum sheets separated by a gap. Because this
collector configuration with a gap is designed such that as-
spun fibers become suspended between both edges of the
sheets, relatively rigid jets and fibers are preferred for stable
suspension. When the initial concentration of the utilized
solution is high, the whole jets and fibers throughout the
spinning process exhibit more solid-like behavior. Thus, we
increased the solution concentration to 20 wt% from the
typical concentration of 10-12 wt%.

One concern about increasing the solution concentration
for better mechanical stability is its consequence in the
increased diameter of the nanofibers [31]. In our process,
however, the fiber diameter can be achieved within the
submicrometer scale despite the relatively high solution
concentration. While the fiber deposited directly on the
upper strip exhibited a thicker diameter (typically of the
order of few micrometers as shown in Figure 4(b)), the
nanofibers suspended between the edges of the upper and
lower strips featured thinner diameters (typically ranging
from 400 to 600 nm as shown in Figure 4(c)) suitable for
tissue engineering applications.

3.4. Cell Morphology. In order to test how substratum
topographies generated from the transferred nanofiber
scaffolds influence cell morphology, several specimens of
different densities of nanofibers were prepared by varying
number of transfers from 1, 3, to 10. Fibroblasts were seeded
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and cultured for seven days on each scaffold. As shown
in Figure 5, the degree of cell alignment on the substrate
transferred with nanofibers showed positive correlations
with the density of fibers. Cells cultured on the scaffolds of 3
and 10 transfers show elongated morphology in the direction
parallel to fiber alignment, whereas those on the scaffold of
single transfer show little tendency of orientation.

To visualize the interaction between the nanofibers and
the cultured cells better, cells were fluorescently stained for
nuclei and cytoskeletal actin with DAPI and rhodamine
phalloidin, respectively. As a control, a smooth PDMS sub-
strate without nanofibers (Figure 6(a)) and the randomly-
electrospun nanofiber scaffolds (Figure 6(b)) were used and
compared with the aligned nanofiber substrates of different
densities (Figures 6(c)—6(e)). All substrates were coated
with fibronectin under the identified condition as described
in Section 2. The superimposed stack of phase contrast
and fluorescent images for nuclei and actin show intimate
association of cells with nanofibers (Figures 6(b)-6(e)).
The case of randomly oriented fibers shown in Figure 6(b)
indicates cells’ preference for the fibers to the smooth
underlying surface. Often, cells stretch along the fiber
length and are bounded by neighboring fibers. However,
due to its randomness in orientation, neither of the cell
alignment distribution nor the elongation morphology was
any different from those cultured on the smooth PDMS
surface without fibers.

On the scaffold with a single transfer (Figure 6(c)), the
cell alignment (55% cells within +15° of the reference
direction) and elongation (the average value of 5.8) were
achieved to some extent, but a significant fraction of cells
was shown to be unaffected by nanofibers due to large fiber-
fiber distance. On the other hand, cells on the scaffolds
with 5 and 20 transfers, as shown in Figures 6(d) and 6(e),
showed clear alignment and elongation along the fibers. For
the scaffolds with 5 transfers, 67% of cells aligned within
+15° of the reference direction and the average elongation
factor was 6.8, whereas the scaffolds with 20 transfers showed
95% alignment and the elongation factor of 11.6. Most of the
aligned cells span over more than two fibers across its body
width. It is noteworthy that the cell guidance appeared to
be more effective when the fiber spacing in the scaffold was
similar to or smaller than the cell size. In other words, cell
contact with the multiple guide topographies may be crucial
for contact guidance effect.

Figure 7 shows the formations of actin stress fibers of
the cells cultured on the scaffolds with different number of
nanofiber transfers. Cells making multiple contacts with the
scaffold show strongly visible and densely distributed stress
fibers as shown in Figures 7(c), and 7(d), compared to those
forming a single contact with the scaffold shown in Figures
7(a), and 7(b). Because the actin stress fiber formation is
one of the critical components in cellular functions such
as migration and differentiation, the fiber density control
would be an important parameter for the scaffold design for
tissue engineering.

This study presents an initial effort to apply uniaxially
aligned and uniformly distributed nanofibers to scaffold-
based tissue engineering in a quantitatively controlled
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FIGURE 2: Comparison between results of the inclined and the planar gap collection: photographs of the fiber arrays suspended on (a) the
inclined gap collector and (b) the planar gap collector. Histograms of angle distribution of fiber alignment in the arrays transferred from (c)
the inclined gap collector and (d) the planar gap collector. Homogeneous fiber arrays collected from the inclined gap by (e) single transfer
and (f) 3 transfers. Inhomogeneous fiber arrays collected from the planar gap by (g) single transfer and (h) 3 transfers. Arrows indicate the
inhomogeneous conditions of the fiber distributions. The scale bars are 10 mm (a, b) and 100 ym (e)—(h), respectively.
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FIGURE 3: SEM images of the nanofiber arrays transferred repetitively: (a) 1 transfer, (b) 3 transfers, (c) 10 transfers, and (d) 20 transfers.
The scale bar on (a) is 20 ym, and the other images are at the same magnification.
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FIGURE 4: (a) Photograph of nanofibers collected on the upper strip and within the gap space. SEM images of (b) the microscale fibers
deposited directly on the upper strip (the scale bar is 5 ym), and (c) the submicroscale fiber uniaxially suspended within the gap space (the

scale bar is 2 ym).

manner and implies that a highly dense scaffold with
nanofiber alignment would have functional significance.
Besides as a dermal fibroblast used for wound healing strat-
egy, the developed nanofiber scaffold could potentially con-
tribute to other tissue engineering applications where tissue

anisotropy is a critical factor (e.g., blood vessels, muscles and
nerves), and thus other cell types should be tested for efficacy
of the scaffolds. In addition, because of the material uni-
versality of the electrospinning process, naturally occurring
polymers such as collagens can be tested as scaffold materials.
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FIGURE 5: Phase contrast micrographs illustrating the cell alignment effect of different fiber arrays for (a) 1, (b) 3, and (c) 10 transfers. The
scale bar on (a) is 100 ym; the other images are at the same magnification. The arrows indicate the direction of the fiber orientation.
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FIGURE 6: Immunofluorescent staining images of cell morphologies and quantitative assessments of cell alignments on (a) smooth PDMS
substrate without fiber (control), (b) fiber mesh deposited randomly (random), (c) singly transferred substrate with aligned nanofibers
(1tr), and multiply transferred substrate with (d) 5 (5trs) and (e) 20 transfers (20 trs). Red and blue correspond to actin and nucleus,
respectively. The scale bar on (a) is 50 4m; the other images are at the same magnification. (f) Elongation factor (Ey) of the each scaffold.
Data shown as mean + standard error (n = 30 in each scaffold, ***P <.001).
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(c)

(d)

FiGgure 7: Immunofluorescent staining images to visualize the formation of actin stress fiber on the substrate (a, b) with single transfer and
(¢, d) with 20 transfers. The scale bar on (a) is 30 um; the other images are at the same magnification.

4. Conclusions

In this study, uniaxially electrospun nanofiber arrays were
constructed with quantitatively controlled density. As a
single transfer of the nanofibers collected from the inclined
gap provided a well-aligned and regularly distributed form,
the developed nanofiber array could be applied to tissue
scaffold by employing multiple transfers. The fiber density
within a scaffold could be controlled in proportion to the
number of transfers. Diameters of the nanofibers in the
scaffold were in a submicrometer range, which means that
the fibers were appropriate to utilize as nanotopographic
features. In regard to the contact guidance along the aligned
direction of the nanofibers, favorable interactions between
the fibroblasts and the developed scaffold, especially in
a highly dense scaffold with the fiber spacing reduced
down to less than cell size, were revealed in observation
of cell morphologies. The results regarding the aspect
of the fiber density control are believed to help prac-
tical scaffold design with aligned configuration. Further
studies with other cell types utilizing more quantitative
biochemical assays are under way to evaluate the feasibility

of the developed scaffolds to tissue engineering applica-
tions.
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Skin wound healing is an urgent problem in clinics and military activities. Although significant advances have been made
in its treatment, there are several challenges associated with traditional methods, for example, limited donor skin tissue for
transplantation and inflammation during long-term healing time. To address these challenges, in this study we present a method to
fabricate Poly(ethylene-co-vinyl alcohol) (EVOH) nanofibres encapsulated with Ag nanoparticle using electrospinning technique.
The fibres were fabricated with controlled diameters (59 nm-3 ym) by regulating three main parameters, that is, EVOH solution
concentration, the electric voltage, and the distance between the injection needle tip (high-voltage point) and the fibre collector.
Ag was added to the nanofibres to offer long-term anti-inflammation effect by slow release of Ag nanoparticles through gradual
degradation of EVOH nanofibre. The method developed here could lead to new dressing materials for treatment of skin wounds.

1. Introduction

Skin wounds are a significant health problem, which nega-
tively affect lives of millions of people worldwide inducing
huge societal costs [1-3]. Every year in the USA, more than
1.25 million people have burns [4-6] and 6.5 million people
have chronic skin ulcer caused by pressure, venous stasis,
or diabetes mellitus [7]. Although skin wound healing has
become an increasingly mature topic of study in clinics
and academia [8, 9], there are only few breakthroughs in
skin wound therapies, mainly due to limited capacities in
mitigating body fluid loss and inflammation, particularly for
damages of large skin areas.

Existing methods in skin wound treatment have shown
steady progress, with increasing survival rate in large-scale
burn injuries. There are broadly two types of treatment
methods for skin wounds. The first is the medication
method, in which coating medicines are applied onto
wounded area and covered with bandages. Frequent dressing
changes are required to clear body discharges and replace
medicines. However, such frequent changes cause severe

pains and increase the rate of inflammation. The second
method is skin transplantation, which is more effective in
both improving healing and decreasing infections. However,
this method is associated with several limitations such as the
shortage of donor skin tissues and high cost [10]. As such,
skin dressing is still the most widely used treatment in clinical
practice and will remain so in the foreseeable future. There is
an unmet need for novel materials for better functionality,
availability, and effectiveness in skin wound dressing.

In this study, we explored new nanofibres-based dressing
materials with better clinical properties to address the prob-
lems associated with existing woven and nonwoven materials
currently used in skin wound treatment. The advantages of
nanofibres network over the traditional dressing materials
come from its large surface/volume ratio [11]. This helps
to promote permeation of water molecules through the
dressing to regulate the moisture level at the wound surface,
an important factor to promote cell growth and reduce
inflammation. The large surface/volume ratio system also
allows drugs, for example, antibacterial drugs or cell growth
promoters, to be retained within the structure to control
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FiGURE 1: The electrospinning system. The electrospinning setup is
composed of a syringe and blunt-end needle, a ground electrode
as a collector, and a high-voltage supply with a low-current output
(limited to a few mA) to generate a static electric field.

infections and facilitate new growths. In addition, materials
of proven biocompatibility and biodecomposability such as
Poly-L-lactide acid (PLLA), Polyorthoester (POE), and Poly
(L-lactide-co-glycolide) (PLGA) [12, 13] can be selected for
fabricating fibres encapsulated with drugs and controlling
the release of the drugs. These advantages would lead to less
frequency in dressing replacement and a better environment
for wound healing.

Electrospinning phenomenon was firstly discovered in
1902 [14], where a high-voltage supply was used to stretch
a polymer solution injected out of a fine needle. The
phenomenon of Taylor Cone was discovered in 1969 by Sir
Geoffrey Taylor. This phenomenon has been theoretically
analysed, and it is shown that a conducting fluid can exist
in equilibrium in the form of a cone under the action of
electric field where a jet can be formed at the apex of the
cone if a continuing supply of the liquid is provided [15]. In
the past few years, significant advances have been achieved
in this area, most noticeably in the manufacturing process
of electrospun guidance nanofibres, the electrospinning of
a bioceramic fibres process, and the technologies of coaxial
electrospinning of producing nanotube fibres [16]. The fibre
diameter has not been seen down to the size of a single nano,
but diameters measured in tens of nanos are achievable (as in
this study, we managed fibre diameter down to 50 nanos).

The fibre dries up or solidifies before being deposited
onto the grounded collector. The setup used in this study is
schematically shown in Figure 1. Note that due to the very
low mass of the fibre, its spinning motion can be severely
affected by even the smallest air flow in the “flight” space.

2. Material and Electrospinning Methods

2.1. Material. Poly(ethylene-co-vinyl alcohol) EVOH (Sig-
ma-Aldrich, Batch number: 12822PE) was used to make
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nanofibres in this study for its good mechanical properties,
the biocompatibility, and biodecomposability [17]. The Ag
contents in the fibres were obtained from 99.9995% pure
AgNO; powders (Alfa Aesar, 7761-88-8) dissolved into the
solution for electrospinning following standard protocol
[18].

2.2. Preparation of EVOH Polymer Solution. Six different
concentrations of EVOH solutions (2.5, 5.0, 7.5, 10.0, 12.5,
and 15.0 wt%) were prepared, which can be readily electro-
spun at the room temperature. To prepare an EVOH polymer
solution, we diluted EVOH powders in solvent of propan-2-
ol, and water. A variety of proportions of propan-2-ol and
water were tried, and it is found that the combination of
polymer EVOH, 80% propan-2-ol and 20% water heated at
80°C with a reflux setup for 2 to 3 hours produces the solvent
for an optimal output of nanofibres. Although solutions of
other solvent proportions can be electrospun into fibres,
such as EVOH dissolved in 70% 2-propanol/30% water, they
appear to be hindrance to the formation of Ag particles in
fibres when AgNO; was added, yielding in scattering Ag
particle sizes and distributions.

2.3. Electrospinning Nanofibres. The system used to carry out
the “spinning” is composed of a high power supply (Spell-
man CZE1000R, 0-30kV,) with very low-current output (A
ranges), a peristaltic pump (Masterflex, 77120-52) with a
feeding capacity in the range of 1.0-15.0 mL/h, a container
(such as a syringe) with a fine needle, which is charged by
the power supply, and a metal collector (can be in various
shapes) which is normally grounded. The charged tip and
grounded collector form a static electric field between them
to provide the driving force to spin the fibre.

2.4. Encapsulation of Ag Nanoparticles in the Fibre. The sup-
pressive effect of Ag to inflammation is well understood and
utilized in clinical practice. To encapsulate Ag nanoparticles
into fibres, AgNOj of various concentrations was first added
into 7.5wt% EVOH solution which was then electrospun
into nanofibres. AgNOj in the fibres is deoxidized and forms
into pure Ag nanoparticles when exposed to illumination.
The speed of deoxidization can be accelerated by using
UV lights. For fibres containing Ag, it was found that the
collector is required to be changed from a plate shape to a
stripe one without ground connection due to the increased
conductivity of the fibre.

2.5. Characterization of the Fabricated Fibres. We fabri-
cated nanofibres using different electrospinning parameters
including the distance (15-35cm) between the tip of the
injecting needle and the collector, the voltage (8-20kV)
applied to generate the electric field, and the density
(2.5-15.0 wt%) of the polymer solution. Scanning electron
microscopy (JSM-6700 Cold FE SEM) was performed for
fibre measurement. All fibre samples were mounted onto
a copper stub and sputter coated with gold for energy
spectrum analysis in SEM. Each sample was divided into 12
parts for diameter measurements. We used 12 uniform size
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FIGURE 2: Nanofibres and fabrication parameters. (a) An SEM picture of EVOH nanofibres produced with a solution in a stabilized
temperature; (b) an SEM picture of EVOH nanofibres with a solution in decreasing temperature; (c) effect of the voltage on fibre diameters
when the solution density is 7.5% (wt) and needle tip-to-collector distance is 30 cm; (d) effect of the density on fibre diameters when the
voltage is 20 kV and the tip-to-collector distance is 30 cm; (e) effect of the distance on fibre diameters when the solution density is 7.5% (wt)
and the voltage is 20 kV; (f) an example of SEM measurement of fibre diameters.



conductive tapes (3 X 3 mm?) to make 12 fibre samples from
each experiment directly in different areas. All diameters of
the 12 samples were measured under SEM (Figure 2(f)) long
each fibre. Due to the variation of fibre diameters, around
1000 measurement were carried out in total for statistic
evaluation. Figures 2(c)-2(e) show the average values. Based
on the results, calculations were carried out for the 3 main
control parameters, that is, the tip-to-collector distance, the
field voltage, and the solution density.

In addition, another important parameter which controls
the fibre formation is the injection rate of the EVOH
solution. This is normally done through the feeding speed
control of the micropump. However, our study shows that
there is only a very narrow window of the speed which can
be utilized to produce fibres. In other words, there is no
much room to play with the injection speed. One either
gets it right for clear fibres, or wrong for no fibres or poor
fibre formations. Thus, the injection speed is not really a
“controllable” parameter. In this study, the speed we used
was 1.5 ml/h which allows us to obtain fibres in the diameter
range from 100 to 1000 nanometers.

2.6. Bacteria Test. Bacteria test was performed to test the
ability of restraining pathogens using the fabricated Ag-
encapsulating nanofibres. Staphylococcus aureus, which is one
of the main pathogenic bacterias found on animal/human
burn surface, was used in this study. Staphylococcus aureus
was diluted by LB culture fluid to OD600 value 1.1. 0.5 mL of
the diluted fluid was used to fully cover the base of a culture
dish. Four fibre samples with different concentrations of Ag
nanoparticles were tiled into the culture dishes. The culture
was then carried out in an incubator at shaking speed of
50 r/min for 6 hours at 37°C. To quantify the effectiveness of
restraining pathogens, we measured the bacteriostatic loops
at time intervals of 6 hours using a digital camera, and the
diameters were measured by an electronic venire caliper.

3. Results and Discussions

3.1. Fabrication Parameters. EVOH is thermally sensitive
which may affect the electrospinning process. To check the
effect of temperature, we used SEM to assess the morphology
of the nanofibres fabricated with/without temperature con-
trol during the fabrication. The temperature of the solution
was controlled either at 80°C constantly or allowed to cool
down from 80°C to room temperature naturally during
the spinning process, respectively. Comparison of Figures
2(a)-2(b) shows that the quality of fibres deteriorates when
solution temperature is decreasing (Figure 2(b)), that is,
fibres become sticky to form clusters with larger and uneven
diameters. Figure 2(a) also shows larger interfibre space
which is beneficiary for moisture regulation [19].

It is reported that the fibre diameter may influence the
healing speed [20]. To evaluate the control of the fibre
diameter, we quantified the relationship between the fibre
diameter and the 3 parameters discussed, that is, the tip-
to-collector distance, the voltage of the electric field, and
the density of polymer solution. The findings are illustrated
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in Figures 2(c)-2(e). Figure 2(c) shows the effect of voltage
for the cases with a constant solution density at 7.5% and
the tip-to-collector distance at 30 cm. We observed that the
most suitable voltage range is from 10 to 20kV. At lower
voltages (<10kV), there is no enough power to drive the
EVOH jet through the electric filed to form nanofibres, while
at a higher value (>20kV), the solution jet is broken by
the too strong stretching force by the electrical field that no
continuing fibres can be formed. Figure 2(d) shows results
of 6 different values of solution density at 2.5, 5.0, 7.5, 10,
12.5, and 15.0 wt%, respectively. The voltage was kept at
20kV and the tip-to-collector distance at 30 cm. It is clearly
shown that the fibre diameter increases rapidly in increasing
solution densities. The increased density leads to a higher
viscosity which makes it more difficult to stretch the jet into
finer fibres and also more prone to form “blockage” at the
needle tip. We also noted that the fibre diameter can be
influenced by the environmental temperature and humidity
level. Higher temperature and low humidity are found to lead
to finer fibre formation, though we were not able to quantify
this. An effort to increase the temperature in the spinning
space led to air circulation and yielded severe disturbance
to fibre collection. Thus, all our results were obtained in
ambient environmental conditions. Figure 2(e) shows results
of 5 tip-to-collector distances of 15, 20, 25, 30 and 35cm,
respectively. 20 kV field voltage and 7.5 wt% solution density
were used. We observed no significant effect of the distance
on the fibre diameter. Nevertheless, the distance provided
a space necessary for fibres to stretch and dry up before
reaching the collector. Otherwise, fibres will stick together to
form clusters. In our tests, this occurs when the distance was
reduced to 10 cm. On the other hand, when the distance was
increased to 40 cm, the fibres were not collectable due to too
violent spinning.

3.2. Energy Spectrum Check of Encapsulated Ag Particles. The
suppressive effect of Ag on inflammation is related to the
purity Ag (simple substance) encapsulated. To check the
content of the Ag particles obtained, the energy spectrum
function of the SEM was used. Figures 3(e)-3(f) show the
composition of the Ag particles and the image of the Ag
particle in the fibres. It shows that the particles are simple
substance Ag, where the elements C and O are from the
EVOH polymer.

3.3. Bacteria Culture Tests. The main pathogens on the
surface of skin burn is Staphylococcus aureus (>80%)
[21]. To assess the pathogen-restraining ability of the Ag-
encapsulating nanofibres, we performed bacteria tests on
EVOH fibres with different Ag concentrations (Figure 3(b)).
We produced 4 samples of different Ag content, that is,
0.03 (Figure 3(b)-1), 0.07 (Figure 3(b)-2), 0.1 (Figure 3(b)-
3), and 0.15 (Figure 3(b)-4) g, respectively, in 10mL 7.5
wt% 80%/20% 2-propanol/water solution, respectively, and
EVOH fibres without Ag (Figure 3(g)). Results of the bacteria
tests are based on the measurements of bacteriostatic loop.
The diameter of their bacteriostatic loops [22] was measured
after culture (Figure 3(c)). A linearly increasing effectiveness
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FIGURE 3: Fabrication Ag-encapsulated nanofibres and bacteria tests. (a) SEM image of nanofibre encapsulated with Ag nanoparticle (Tip-
to-collector distance is 30 cm, voltage is 20 kV; and solution density is 7.5wt%), (b) image of one set of culture test for bacteriostatic loop
measurement, (c) averaged measurement of bacterial loop diameter versus Ag concentration (wt/10 mL), (d) a TEM image encapsulated
with Ag nanoparticle (Tip-to-collector distance is 30 cm, voltage is 20kV, and solution density is 7.5wt %), (e) and (f) energy spectrum
using SEM for encapsulated Ag particles, and (g) image of EVOH fibre without Ag particles in the bacteria test.



is found amongst the four concentrations used, with the
highest Ag concentration yielding in the biggest loop for the
same area of the fibre patches, clearly indicating a stronger
pathogen-restraining effect. In contrast, no bacteriostatic
loop was observed for pure EVOH fibres with Ag, indicat-
ing no pathogen restraining ability for fibres without Ag
(Figure 3(g)).

In this study, no biodegradable tests were carried out
on the nanofibres though this feature of the EVOH is well
known [17]. The challenges remain in the simulation of
the temperature, moisture, and importantly the PH value
in a skin wound environment and their variations during
the application of the fibres. However, this is a potentially
important feature as it may determine the release speed of
the Ag particles not on fibre surface and drugs which can
be contained in the fibre. This remains a key test to be
conducted in the following study.

4. Conclusions

Electrospinning is a straightforward approach to fabricate
highly fibrous and porous EVOH materials for medical
applications. In this study, we fabricated EVOH nanofibre
encapsulated with Ag nanoparticles. The results of fibre char-
acterization show that the nanofibre size can be controlled
by regulating EVOH solution concentration, voltage, and
distance of the electric field. Material characterization shows
that 99% pure Ag particles can be formed in the fibre with
AgNOj3 added to the solution. Adding high concentration
of Ag might change the fibre morphology; however, only
low concentrations of Ag were used in our experiments.
Compared under SEM and TEM observations, the mor-
phology of Ag particles fibres is of no significant difference
with pure EVOH fibres. Results of bacteria tests show
that pathogen-restraining ability of the Ag-encapsulated
nanofibres is effective and proportional over a range of Ag
concentration, indicating its inflammation control capacity
and the potential for applications in skin wound treatment.
To further evaluate the suitability and effectiveness of Ag-
encapsulating nanofibres on skin wound healing, animal
tests have been planned in the next stage of study.
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Micropatterning technology is a highly advantageous approach for directly assessing and comparing the effects of different
factors on stem cell functions. In this study, poly(vinyl alcohol)- (PVA-) micropatterned polystyrene surfaces were prepared using
photoreactive PVA and ultraviolet photolithography with a photomask. The micropatterned surface was suitable for single-cell
array formation and long-term cell culture due to the nanometer thickness of nonadhesive PVA layer. Different degrees of cell
spreading with the same cell shape were established by adjusting the sizes of circular, cell-adhesive polystyrene micropatterns. Cell
spreading and differentiation of mesenchymal stem cells (MSCs) on the micropatterns were investigated at the single-cell level. The
assembly and organization of the cytoskeleton were regulated by the degree of cell spreading. Individual MSCs on large circular
micropatterns exhibited a more highly ordered arrangement of actin filaments than did those on the small circular micropatterns.
Furthermore, the differentiation of MSCs was dependent on the degree of cell spreading. Increased cell spreading facilitated the
osteogenic differentiation but suppressed the adipogenic differentiation of MSCs. This micropatterning method is valuable for
stem cell research in tissue engineering and regenerative medicine.

1. Introduction

Stem cells, a reservoir of undifferentiated cells with the
capacity for unlimited or prolonged self-renewal, have the
potential to produce differentiated and specialized progenies
[1]. They hold the key to a number of cellular processes,
including development, tissue regeneration, and aging, and
the promise of cures for many diseases and injuries. They are
a versatile and promising cell source for tissue engineering
and regenerative medicine [2].

The inherent plasticity and multilineage potential of
stem cells have brought about the requirement for strictly
controlling cell functions, such as growth, phenotypic
expression, and differentiation [3-7]. Traditionally, the fate
of stem cells has been regulated by biological factors, such
as cytokines and growth factors [8—11]. Recently, more
and more evidence has revealed that physical factors also
contribute to the overall behaviors and functions of stem

cells [12-16]. The area of cell spreading is one such physical
factor that has been demonstrated to affect cell behaviors and
functions. Bhadriraju and Hansen [17] have reported that
the stiffness of hepatocytes is affected by cell spreading. Cell
stiffness increases with cell spreading but remains low in cells
with round morphology. Szabo et al. [18] have demonstrated
the high adipogenic potential of wild-type embryonic stem
cells (ESCs) on non-adhesive substrata, where cell spreading
is hindered. However, during routine cell culture, the process
of cell spreading is often accompanied by a change in cell
shape, the area of cell spreading is diverse among cells, and
the heterogeneity within a cell population, such as cell-cell
interaction, is complex. Therefore, a convenient method for
strictly controlling the spreading area of a large number of
individual cells with the same shape is extremely desirable
for investigating the effect of cell spreading on cell functions.

Micropatterning technology [19] is particularly suitable
for this purpose and is already used for investigating the



effects of physical parameters on cell behaviors, such as the
orientation of the cell division axis [20], cell polarization [21,
22], proliferation [23], apoptosis [24], and differentiation
[25]. However, one of the main obstacles in applying
cell micropatterning technologies is that few of them are
compatible with long-term cell culture. Extended culture
time is normally required because many cell functions, such
as differentiation, need a long time to respond to external
stimuli.

In this study, we prepared poly(vinyl alcohol)- (PVA-)
micropatterned polystyrene surfaces using ultraviolet pho-
tolithography with a photomask. This method is simple
and reproducible. The micropatterned surfaces were used to
culture mesenchymal stem cells (MSCs), form a stable cell
array at the single-cell level for long-term cell culture, and
compare the effect of cell spreading on the adipogenic and
osteogenic differentiation of MSCs.

2. Materials and Methods

2.1. Synthesis of Azidophenyl-Derivatized Poly(vinyl alcohol).
Azidophenyl-derivatized poly(vinyl alcohol) (AzZPhPVA) was
synthesized by coupling the hydroxyl groups of PVA to 4-
azidobenzoic acid, as previously described [26, 27].

2.2. Micropatterning of Poly(vinyl alcohol). A polystyrene
plate was cut from a polystyrene tissue culture flask (BD
Falcon). The AzPhPVA solution (0.15mL, 0.3 mg/mL) was
placed on the polystyrene plate and air-dried in the dark at
room temperature. The plate was covered with a photomask
with UV blocking circular micropatterns of different areas
and irradiated with UV light (Funa-UV-Linker FS-1500)
at an energy of 0.2J/cm? from a distance of 15cm. After
irradiation, the plate was immersed in MilliQ water and then
ultrasonicated to completely remove any unreacted polymer
from the unirradiated areas. After washing completely, the
PVA-micropatterned surface was obtained.

2.3. Observation by Atomic Force Microscope (AFM). The
surface topography of the PVA-micropatterned polystyrene
plate was observed using an MFP-3D-BIO atomic force
microscope (Asylum Research). A commercially available
cantilever (spring constant: 0.06 N/m; oscillation frequency:
12-24 kHz; DNP, Veeco Probes) with a silicon nitride tip was
used to measure the samples (90 X 90 yum?) in MilliQ water
in contact mode. The diameter and thickness of the circular
micropattern were measured by section analysis of the
acquired image. Three randomly selected micropatterns were
measured to calculate the means and standard deviations.

2.4. Cell Culture. Human bone marrow-derived mesenchy-
mal stem cells (hMSCs) were obtained from Osiris Thera-
peutics (Columbia, MD) at passage 2. The cells were seeded
in culture flasks using proliferation medium purchased
from Lonza. The proliferation medium contained 440 mL
of MSC basal medium, 50 mL of mesenchymal cell growth
supplement, 10 mL of 200 mM L-glutamine, and 0.5 mL of
a penicillin/streptomycin mixture. The cells were further
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subcultured once after reaching confluence and used at
passage 4. The cells were collected by treatment with
trypsin/EDTA solution and suspended in control medium
at a density of 1.5 x 10* cells/mL. The control medium was
composed of Dulbecco’s modified Eagle’s medium (DMEM,
Sigma) supplemented with 4500 mg/L glucose, 584 mg/L
glutamine, 100 U/mL penicillin, 100 yg/mL streptomycin,
0.1 mM nonessential amino acids, 0.4 mM proline, 50 mg/L
ascorbic acid, and 10% fetal bovine serum (FBS). The
micropatterned polystyrene plates were placed in 6-well
cell culture plates, and a glass ring (diameter: 15 mm;
height: 10 mm) was placed over each PVA micropatterned
polystyrene plate. Three milliliters of control medium were
added to each well, and then the cell suspension solution
(0.36 mL, 1.5 x 10 cells/mL) was placed inside the glass
ring (seeding density: 3.0 x 10° cells/cm?). After 6h, the
glass rings were removed, and the control medium was
replaced with adipogenic or osteogenic medium. The adi-
pogenic medium consisted of DMEM supplemented with
4500 mg/L glucose, 584 mg/L glutamine, 100 U/mL peni-
cillin, 100 ug/mL streptomycin, 0.1 mM nonessential amino
acids, 0.4 mM proline, 50 mg/L ascorbic acid, 10% FBS, 1 M
dexamethasone, 0.5 mM methylisobutylxanthine, 10 ug/mL
insulin, and 100 M indomethacin. The osteogenic medium
consisted of DMEM supplemented with 1000 mg/L glucose,
584 mg/L glutamine, 100 U/mL penicillin, 100 yg/mL strep-
tomycin, 0.1 mM nonessential amino acids, 50 mg/L ascorbic
acid, 10% FBS, 100nM dexamethasone, and 10mM f-
glycerophosphate disodium salt hydrate. The adipogenic and
osteogenic media were changed every 3 days.

2.5. F-Actin Staining. After incubation for 6h in control
medium, the cultured cells were fixed with 4% paraformalde-
hyde, permeabilized with 0.2% Triton X-100, and blocked
with 1% BSA solution. The F-actin and nuclei of cells were
stained with Alexa Fluor 488 phalloidin (Invitrogen) and
4',6-diamidino-2-phenylindole (DAPI, Vector Laboratories,
Inc.), respectively. Fluorescence photographs of the stained
MSCs were captured by an Olympus BX51 microscope with
a DP-70 CCD camera (Olympus, Tokyo, Japan).

2.6. Oil Red O Staining. After incubation in adipogenic
induction medium for 7 days, the cultured cells were fixed
with 4% paraformaldehyde, incubated in 60% isopropanol
for 5min, and then stained with fresh Oil Red O for
5min. The Oil Red O solution was prepared by mixing
three parts stock solution, 0.3% in isopropanol with two
parts MilliQ water and filtering through a 0.2-ym filter.
Photomicrographs were captured by an optical microscope
with a DP-70 CCD camera (Olympus, Tokyo, Japan). The
probability of MSC adipogenesis at different cell spreading
areas was studied by calculating the percentage of MSCs
that committed to an adipocyte lineage. MSCs containing
lipid vacuoles positively stained by Oil Red O were con-
sidered to be adipocytes, and only single cells on each
circular micropattern (as confirmed by nuclear staining)
were counted. Three samples were used to calculate the
means and standard deviations.
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FIGURE 1: (a) Preparation scheme of the PVA-micropatterned surface. (b—d) Phase contrast micrographs of the photomask. (e—g) Phase
contrast micrographs of the PVA-micropatterned polystyrene surface. Three types of circular polystyrene micropatterns with different
diameters were formed and surrounded by PVA domains. Scale bars: 50 ym.

2.7. Alkaline Phosphatase (ALP) Staining. Cellular alkaline
phosphatase (ALP) activity was assessed after culture for 7
and 21 days in osteogenic induction medium. The cultured
cells were rinsed three times with phosphate-buffered saline
(PBS) and fixed with 4% paraformaldehyde for 10min
at 4°C. The fixed cells were soaked in 0.1% naphthol
AS-MX phosphate (Sigma) and 0.1% fast red violet LB
salt (Sigma) in 56 mM 2-amino-2-methyl-1,3-propanediol
(pH 9.9, Sigma) for 10 min at room temperature, washed
with PBS, and then observed by an optical microscope
with a DP-70 CCD camera (Olympus, Tokyo, Japan). The
probability of MSC osteogenesis at different cell spreading

areas was studied by calculating the percentage of MSCs
that committed to an osteoblast lineage. MSCs positively
stained were considered to be osteoblasts, and only single
cells on each circular micropattern (as confirmed by nuclear
staining) were counted. Three samples were used to calculate
the means and standard deviations.

2.8. Statistical Analysis. A one-way analysis of variance
(ANOVA) with Tukey’s post hoc test for multiple compar-
isons was used for statistical analysis. A value of P < .05 was
considered to be a statistically significant difference.
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FIGURE 2: Three-dimensional AFM images of the three types of circular polystyrene micropatterns with different diameters measured in

MilliQ water in contact mode.

3. Results

3.1. Preparation and Observation of PVA-Micropatterned Sur-
faces. The preparation scheme for the PVA-micropatterned
polystyrene surface is illustrated in Figure 1(a). The
AzPhPVA-coated plate was covered with a photomask and
irradiated with UV light. The photomask had three different
circular micropatterns with diameters of 40, 60, and 80 ym
(Figures 1(b)-1(d)). These circular micropatterns were UV
blocking, and the underlying AzPhPVA was protected from
UV light, unreacted during UV irradiation, and washed away
by MilliQ water after UV irradiation. However, the AzPh-
PVA under the surrounding UV transparent domains was
exposed to UV light, inter- and intramolecularly crosslinked,
and grafted to the polystyrene surface. Therefore, three
different circular polystyrene micropatterns were formed
and surrounded by PVA domains (Figures 1(e)-1(g)). The
circular polystyrene micropatterns promoted cell adhesion,
whereas the surrounding PVA domains inhibited cell adhe-
sion.

To measure the diameter of each circular polystyrene
micropattern, the PVA-micropatterned polystyrene surfaces
were observed by AFM in MilliQ water in contact mode. The
three-dimensional images of the three circular polystyrene
micropatterns are shown in Figure 2. The diameter and

TaBLE 1: The designed diameter of the circle on the photomask
and the measured diameter and thickness of the prepared circular
micropatterns, as determined by AFM section analysis. Data
represent mean + SD (n = 3).

Designed diameter Measured diameter ~ Measured thickness

(pm) (um) (nm)

40 39.2 +0.5 514+ 1.9
60 59.9 + 0.4 53.6 +2.8
80 79.8 + 0.6 52.9+3.0

thickness of the circle were analyzed by section analysis
of the acquired images (Table 1). The diameters of the
circular micropatterns formed from the 40-, 60-, and 80-
pym-diameter photomask micropatterns were 39.2 + 0.5,
59.9 = 0.4, and 79.8 = 0.6 ym, respectively. The circular
polystyrene micropatterns had almost the same diameters
as the designed photomask micropatterns. The thickness of
the PVA layer was ranged from 51.4 to 53.6 nm. Therefore,
circular polystyrene micropatterns with different diameters
were formed, and their structures could be controlled by
designing the micropatterns of a photomask.
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FIGURE 3: Fluorescence images of MSCs with different spreading areas stained for F-actin (green) and nuclei (blue) after culture in control
medium for 6 h. “Nonpattern” indicates a bare polystyrene surface without micropatterning and grafting of PVA. Scale bars: 50 ym.

3.2. Cell Adhesion and Spreading. The micropatterned sur-
faces were used for the culture of MSCs in control medium.
After 6h of culture, MSCs only adhered to cell-adhesive
circular polystyrene micropatterns, and MSCs on non-
adhesive PVA regions were removed by a medium change.
About 85% of circular micropatterns were occupied by
a single cell, as confirmed by cell nuclear staining using
DAPI. Therefore, the heterogeneity of the cell population in
routine cell culture could be reduced, and the behaviors and
functions of MSCs could be studied at a single-cell level.

As shown in Figure 3, F-actin staining revealed that
the spreading of MSCs followed the underlying circular
polystyrene micropatterns and was confined by the sur-
rounding non-adhesive PVA domains, whereas MSCs spread
freely on bare polystyrene surfaces (nonpatterned). Interest-
ingly, the assembly and organization of the actin structure of
the MSCs were affected by the degree of cell spreading. Circu-
lar MSCs with the largest degree of spreading (80 ym) mainly
assembled actin in the radial and concentric directions of
the circle. However, such organization of the actin structure
weakened as the degree of cell spreading decreased. On
the smallest circle (40 ym), MSCs predominately assembled
actin along their edges, between the adhesive polystyrene

and non-adhesive PVA. The MSCs cultured on the bare
polystyrene plate did not exhibit any regular organization.

3.3. Adipogenic Differentiation of MSCs with Different Cell
Spreading Areas. MSCs were cultured on the micropatterns
in adipogenic induction medium for 7 days. Some MSCs
on micropatterns committed to adipocytes that contained
lipid vacuoles. Lipid vacuoles were stained with Oil Red
O, a specific marker for adipogenic differentiation. Rep-
resentative optical photographs of positively stained cells
with different cell spreading areas are shown in Figure 4(a).
The probabilities that MSCs with different degrees of cell
spreading committed to adipocytes were evaluated. The cells
containing lipid vacuoles positively stained by Oil Red O
were considered to be adipocytes, and only single cells on
each circular micropattern were counted. The results show
that the probability of MSC adipogenesis was dependent on
the degree of cell spreading (Figure 4(b)). The percentages
of MSCs undergoing adipogenic differentiation were 45.3 +
3.4%, 26.3 + 3.4%, and 14.7 £ 4.2% for 40- to 80-ym
circles and 12.4 = 2.0% for the bare polystyrene surface
(nonpatterned). Therefore, the probability of adipogenic



Journal of Nanomaterials

40 ym 60 ym 80 um
) ¥ we =
i R
f%.? o s
‘.,'g‘ 'S
¥ o)
(a)
100 A
90
2 80 A
g 701
£
= 60+
I
& 50 —_—
=5 T
2 40 1
=
& —_—
. }
2 207 I
<
10 4
0 T T T T
40 ym 60 yum 80 um Nonpattern

7 days in adipogenic induction culture

(b)

FIGURE 4: (a) Representative optical photographs of MSCs with different spreading areas stained by Oil Red O after culture in adipogenic
induction medium for 7 days. (b) The percentage of adipogenic differentiation of MSCs with different spreading areas. Data represent mean
+SD (n =3).*P <.05, **P < .01, and ***P < .001. Scale bars: 50 gm.

differentiation of MSCs decreased as the degree of cell
spreading increased.

3.4. Osteogenic Differentiation of MSCs with Different Cell
Spreading Areas. MSCs were cultured on the micropatterns
in osteogenic induction medium for 7 and 21 days. The cells
that were constrained on the micropatterns did not spread
out from the micropatterns, even after 21 days of culture,
while a confluent cell layer already formed on the bare
polystyrene surface (Figure 5(a)). This result indicates that
the micropatterned surfaces were stable and useful for long-
term cell culture and assessment. Osteogenic differentiation
was evaluated by ALP staining, a marker for osteogenesis.
Representative optical photographs of positively stained cells
are shown in Figure 5(b). The probabilities that MSCs with
different degrees of cell spreading committed to osteoblasts
are shown in Figure 5(c). The percentages of MSCs under-
going osteogenic differentiation were 13.0 = 2.2%, 28.3 +
3.0%, and 41.2 + 1.9% on micropatterns with 40- to 80-
pm circles and 54.6 + 4.2% on the bare polystyrene surface
(nonpatterned) after 7 days of osteogenic induction cul-
ture. The probability of osteogenic differentiation of MSCs
increased as the degree of cell spreading was enhanced. After
osteogenic induction culture for 21 days, the percentages

of MSCs undergoing osteogenic differentiation were 17.5 +
3.5%, 40.2 + 3.8%, and 53.9 * 5.4% on the micropatterns
with 40- to 80-ym circles and 86.0 = 3.0% on the bare
polystyrene surface (nonpatterned). Although the trend of
the probability of osteogenic differentiation at 21 days was
similar to that at 7 days, more cells underwent osteogenic
differentiation after long-term culture. These results indicate
that cell spreading facilitated osteogenic differentiation of
MSCs, and long-term cell culture on the micropatterned
surfaces was realized.

4. Discussion

In this study, different degrees of cell spreading with the same
cell shape were controlled using micropatterning technology,
and the effect of differential cell spreading area on the
differentiation of MSCs was investigated on a micropatterned
surface at the single-cell level.

Although many methods have been adopted to construct
micropatterned surfaces for cell culture [28], few of them
would be compatible with long-term cell culture (especially
longer than 2 weeks), mainly because of the unstable non-
fouling layer. Here, photo-reactive PVA was micropatterned
on cell-culture polystyrene surfaces using photolithography.
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FIGURE 5: (a) Phase contrast photographs of MSCs after culture on micropatterned surfaces in osteogenic induction medium for 21 days. (b)
Representative optical photographs of ALP staining of MSCs with different spreading areas after culture in osteogenic induction medium for
7 and 21 days. (c) The percentage of osteogenic differentiation of MSCs with different spreading areas after culture in osteogenic induction
medium for 7 and 21 days. Data represent mean + SD (n = 3). *P < .05, **P < .01, and ***P < .001. Scale bars: 50 ym.



Because PVA molecules were intra- and intermolecularly
crosslinked and covalently grafted to the polystyrene surface,
PVA micropattern on polystyrene surface was stable during
long-term cell culture. The thickness of non-adhesive PVA
layer within nanometer scale is important for preventing
protein adsorption and cell adhesion and for trapping single
cell in polystyrene circle. Arima et al. [29] have reported that
highly hydrated PVA layer with the thickness around 53.3 nm
effectively resists serum proteins adsorption. The thickness
of our micropatterned PVA layer was from 51.4 to 53.6 nm,
which protected cell spreading across the micropatterns. The
PVA layer was controlled at nanometer scale to capture the
single cell by means of different surface chemistry other
than topography. Cell adhesion result showed that ~85%
of circular polystyrene domain was occupied by single cell.
However, the surface topography will affect cell behavior
if the PVA layer increases to micrometer level which is
similar to microwell structure. Multilayer cells are likely to
be trapped in such PVA microwell. It has been reported
that microwell structures were adopted to prepare multilayer
cell spheroids [30, 31]. Therefore, nanometer-thick PVA
micropattern on polystyrene surface is compatible with
single-cell array formation and long-term cell culture.

With the advantage of micropatterns, cell adhesion,
shape, and spreading were regulated at the single-cell level.
Hence, the complexity of cell-cell interactions and the
heterogeneity of the cell population during routine cell
culture were significantly reduced [32]. The behaviors and
functions of individual MSCs could be investigated and
compared at specific conditions with a fixed shape but
varied spreading areas. The actin structure of MSCs was
affected by the degree of cell spreading. Well-organized
stress fibers appeared in MSCs that adhered to the large
circular micropatterns. In contrast, MSCs confined to small
circular micropatterns assembled thicker actin filaments at
the edge than in the interior, a phenomenon suggesting
that cells were maximizing their spreading. It has been
reported that actin structures play an important role in
the differentiation of MSCs [33-35]. Thus, the different
actin arrangements suggest a tight relationship among cell
spreading, the cytoskeletal network, and stem cell functions.

The long-term effects of different degrees of cell spread-
ing on the differentiation of isolated individual MSCs
without direct cell-cell interactions were directly compared
on the same PVA-micropatterned polystyrene surface. This
way, uncertain factors arising from separate cell cultures
and heterogeneity of cell population in common cell cul-
ture were greatly reduced. The differentiation of MSCs
strongly depended on the degree of cell spreading. However,
osteogenic and adipogenic differentiation of MSCs exhibited
opposite correlations. Namely, cell spreading promoted
osteogenic differentiation but suppressed adipogenic dif-
ferentiation of MSCs. This result is consistent with other
reports [14, 36], which also suggests that cell spreading
favors osteogenic differentiation but inhibits adipogenic
differentiation of MSCs. The reason may be that cytoskeletal
contractility was enhanced with increased cell spreading [37,
38], and high contractility favors osteogenesis, whereas lower
contractility enhanced the adipogenesis of MSCs [39, 40].
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5. Conclusions

Different degrees of cell spreading with the same cell
shape were established on PVA-micropatterned polystyrene
surfaces. The assembly and organization of actin fila-
ments depended on the degree of cell spreading. MSCs
on larger circular micropatterns exhibited a more highly
ordered actin structure, whereas MSCs on small circular
micropatterns mainly aligned actin fibers along the edge
between cell-adhesive polystyrene and non-adhesive PVA.
The distinct degree of cell spreading also had an effect on
the differentiation of MSCs. Osteogenic differentiation of
MSCs increased with increased cell spreading. In contrast,
adipogenic differentiation of MSCs decreased with increased
cell spreading. This micropatterning technique provides a
convenient method to directly compare stem cell functions
for both short- and long-term cell culture.
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Extracellular matrix (ECM), like biomimetic surface modification of titanium implants, is a promising method for improving
its biocompatibility. In this paper chitosan (Chi) and heparin (Hep) multilayer was coated on pure titanium using a layer-
by-layer (LbL) self-assembly technique. The Hep-Chi multilayer growth was carried out by first depositing a single layer of
positively charged poly-L-lysine (PLL) on the NaOH-treated titanium substrate (negatively charged surface), followed by alternate
deposition of negatively charged Hep and positively charged Chi, and terminated by an outermost layer of Chi. The multilayer
was characterized by DR-FTIR, SEM, and AFM, and osteoblasts were cocultured with the modified titanium and untreated
titanium surfaces, respectively, to evaluate their cytocompatibility in vitro. The results confirmed that Hep-Chi multilayer was
fabricated gradually on the titanium surface. The Hep-Chi multilayer-coated titanium improved the adhesion, proliferation and
differentiation of osteoblasts. Thus, the approach described here may provide a basis for the preparation of modified titanium

surfaces for use in dental or orthopedic implants.

1. Introduction

Titanium (Ti) metal and its alloys have been widely used as
orthopedic and dental implants. However, Ti is a bioinert
material, so that it passively integrated with bone when
implanted, and the process of osseointegration between bone
and Ti surface needs a long time [1]. Considerable research
has been carried out to improve the biocompatibility of
titanium implants. Recently, works on the immobiliza-
tion of biologically active molecules on titanium surfaces
and extracellular matrix- (ECM-) like biomimetic surface
modification have generated great interest in the dental
and orthopedic fields [2—-4]. The approach includes passive
adsorption, silicate coupling, self-assembled monolayers
(SAMs), Langmuir-Blodgett (LB) membranes, and layer-
by-layer (LbL) self-assembly methods [3, 5-9]. The LbL
deposition process was discovered and developed in the
1990s by Decher and coworkers [10]. This technique is based
on the consecutive adsorption of polyanions and polycations

via electrostatic interactions. LbL allows for the deposition
of homogeneous films with layer thickness controlled on the
nanometer scale and with controlled surface structure and
charge. Compared with the classic chemical immobilization
method, the LbL technique has the least demand for reactive
chemical bonds and efficiently keeps molecular activity
[8]. Thus, The LbL self-assembly has already been applied
extensively in biomaterial fields [11, 12]. In 1995, Cai et al.
[8] built a multilayer with chitosan and gelatin (gelatin as
the outmost layer) on titanium surface via LbL technique,
which was proved to improve titanium biocompatibility.
Later reports [13, 14] showed that, if chitosan was the
outmost layer, the coating would have similar effect, and
would be stable for more than 3 weeks immersed into PBS
solution in room temperature. Hu et al. [15] demonstrated
that Chi/pGB (plasmid DNA) LbL-modified titanium films
were beneficial for sustained in situ inducing osteoprogenitor
cells to differentiate into mature osteoblasts over a long
time.



Glycosaminoglycan (GAG) is an important component
of the extracellular matrix (ECM) and has the specific
affinity with growth factors and adherence proteins [16,
17]. Heparin (Hep) is an anionic polysaccharide, and can
interact with many growth factors to benefitosseointegration
indirectly. Heparin-binding growth factors (HBGFs), such as
transforming growth factor-f (TGF-f) and bone morpho-
genetic proteins (BMPs), modulate bone formation and bone
resorption by acting as autocrine or paracrine effectors on
bone cell proliferation and differentiation [18-20]. Heparan-
like molecules, like heparin or heparan sulfates, are able
to induce bone regeneration of skull defects and possibly
mediated by potentiation of endogenous growth factor
activities and/or by neutralization of proteolytic activities
[21]. Chitosan (Chi) is a cationic natural biopolymer
produced by alkaline N-deacetylation of chitin, with an
analogous structure to GAG, and has been extensively used in
medicine due to its good biocompatibility, biodegradability,
low toxicity, and low cost [22, 23]. Thus, in this study,
Chi and Hep were used for an LbL self-assembly system
to “build” the bioactive coating on titanium substrate.
To our knowledge, little has been studied up to now
that Chi and Hep are immobilized on titanium surface
via the LbL technique to enhance titanium biocompatibil-
1ty.

Titanium carries net negative charge at a physiological
pH [24] and can be used as substrates for LbL assembly.
Furthermore, surface properties and structure of titanium
play an essential role in protein adsorption. The increase of
hydroxyl groups, surface energy, and submicrometer mor-
phology of titanium surface would enhance the reactivity
of titanium with the protein and reduce the release of the
biomacromolecules [25, 26]. Titanium treated with alkali
solution has the surface property with large hydroxyl groups,
higher surface energy, hydrophilicity, and submicrometer
porous morphology [27]. Thus, we chose NaOH-treated
titanium as the substrate surface to build a multilayer coating
composided of chitosan and heparin. We expect that this
Hep-Chi multilayer coating can improve Ti biocompatibil-
1ty.

2. Materials and Methods

2.1. Materials. Commercial pure titanium was purchased
from Baoji Non-ferrous Metal Co. Ltd. (Shanxi Province,
China). Chitosan (degree of deacetylation 96.5%; viscosity
55mPa.s) was from Yuhuan Ocean Biochemical Co. Ltd.
(Zhejiang province, China). Heparin was from Suolaibao
Biochemical Co. Ltd. (Shanghai, China). Dulbecco’s mod-
ified Eagle’s medium (DMEM), trypsin and fetal bovine
serum (FBS) were from GIBCO Life Technologies (Grand
Island, NY, USA). Poly-L-lysine (PLL, 15-30kDa), MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide), dimethyl sulfoxide (DMSO) were from Sigma-
Aldrich Inc. (USA). the ALP activity kit was from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Other
chemical reagents (A. R.) were from Changzheng Chemical
Agent Company (Chengdu, China).
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Figure 1: DR-FTIR spectra of untreated titanium (Ti), NaOH-
treated titanium (TiOH), PLL-coated titanium (TiPLL), and
Ti/PLL/(Hep/Chi)s(coated Ti).

2.2. Preparation of Titanium Surface with NaOH. Titanium
(Non-ferrous Metal Co. Ltd., Baoji, China) disks (10 mm
in diameter and 2 mm thick) were polished to a reflective
mirror-like finish. Firstly the specimens were ultrasonically
cleaned in a detergent solution, then in acetone, ethanol, and
de-ionized water, and finally dried at 60°C. These original
titanium samples would be used as the control ones in the
later cell experiments. The cleaned specimens were soaked in
5M NaOH solution at 60°C for 24 hours and followed by de-
ionized water at 80°C for 24 hours, then were cleaned with
de-ionized water, and at last dried at 60°C.

2.3. Fabrication of Multilayers of Heparin-Chitosan. Chitosan
(Chi, a polycation) was dissolved in 1% (V/V) acetic acid
with a concentration of 5mg/mL, and its pH value was
adjusted to about 4 with 1% (V/V) acetic solution and 0.1 M
NaOH. Heparin (Hep, a polyanion) was dissolved in de-
ionized water with concentration of 5mg/mL, and its pH
value was also adjusted to about 4. Poly-L-lysine solution
of 2.5mg/mL was dissolved in a phosphate buffer solution
(PBS, pH = 7.4).

The NaOH-treated samples were immersed in PLL
solution for 30 minutes, thus, obtaining a precursor layer
with the stable positive charge to initiate the LbL assembly
process. The multilayers were fabricated by alternately and
successively immersing the titanium samples in the heparin
and chitosan solution, followed by 10 minutes of adsorption
and subsequently rinsing two times with de-ionized water for
1 minute every cycle. The cycle was repeated n times to obtain
the desired film, terminated with a layer of Chi—denoted
as Ti/PLL/(Hep/Chi),—and dried at ambient environment.
The surface-modified titanium samples with eighteen-layer
films, Ti/PLL/(Hep/Chi),s, were achieved by such alternative
deposition for the further cell experiments.

2.4. Analysis of the Morphology and Chemical Character of
the Surfaces. The morphology of all the specimen surfaces
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(a)
FIGURE 3: SEM images of sample surfaces: Ti/PLL/(Hep/Chi);j.

was characterized by scanning electron microscopy (SEM;
QUANTA 200, FTI, Holland) at the accelerating voltage of
20 KV and atomic force microscopy (AFM; SPI3800N Seiko,
Japan) with tapping mode and standard Si tips. The chemical
character of the surfaces was studied by diffuse reflectance
Fourier transform infrared spectroscopy (DR-FTIR; agna-IR
550, Nicolet, Madison, Am) at the resolution of 4 cm™".

2.5. Cell Culture. Osteoblasts were isolated via sequential
collagenase digestions of neonatal rat calvaria according
to the established protocol [28]. They were cultured in
25mL culture bottles containing 5 mL DMEM 10% FBS, and
incubated at a humidified 5% CO, atmosphere at 37°C. The
medium was changed every third day and for sub-culture.
Osteoblasts at passage no. 2-3 were used in the following
experiments.

2.6. Cell Adhesion. At passage no. 2 cells were seeded onto
the original titanium samples and LbL-modified titanium
samples at a density of 5 x 10* cells/cm? in a 24-well plate.

1 ym

The samples were sterilized with ethylene oxide in West
China Hospital affiliated to Sichuan University.

After being cultured on the samples for 4 hours and
24 hours, respectively, the cells adhered to the samples
were gently washed with PBS 3 times, fixed with 2.5%
glutaraldehyde solution for 2 hours at 4°C, dehydrated
through a series of graded ethanol solution, critical point
dried, and then sputter gold coated in vacuum. The two-
group samples were observed by SEM (Philips, FEI inspect
E Holland) for the morphologic change of cell attachment
and spreading.

2.7. Cell Proliferation. Proliferation of the cells was studied
by the MTT assay. Yellow MTT reagent can be converted
to a dark blueformazan by mitochondrial succinate dehy-
drogenase of viable cells [29]. Therefore, the production
offormazan may reflect the number of viable cells or cell
viability.

Osteoblasts were seeded at a density of 8 x 10* cells/cm?
in a 24-well plate containing the original titanium samples
and LbL-modified titanium samples. The culture medium in
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FIGURE 4: SEM images of sample surfaces: Ti/PLL/(Hep/Chi);s.
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FIGURE 5: SEM images of sample surfaces: Ti/PLL/(Hep/Chi);s.

wells was refreshed every 3 days. After 1, 4, and 7 days of
the culture, respectively, 40 uL MTT (5 mg/mL) was added to
each well containing 1 mL culture medium and incubated for
4 hours at 37°C. Then, the blue formazan reaction product
was dissolved by adding 420 uL. DMSO and transferred to
a 96-well plate (200uL every well). The absorbance was
measured at 570 nm using a Bio Assay Reader (HTS7000
plus, PERKIN ELMER, USA). Four replicates were read for
each sample, and the mean value was used as the final
result.

2.8. Cell Differentiation. Alkaline phosphatase (ALP) activity
is one of the most widely used early osteodifferentiation
markers for osteoblasts [30]. ALP can convert the substrate
p-nitrophenyl phosphate into yellow p-nitrophenol and
phosphate.

Osteoblasts (2 x 10° cells/cm?) were seeded onto the
LbL-modified titanium samples and control ones in two 6-
well plates and cultured for 7 days. Cells were removed off
the samples by trypsinization and centrifuged (1000 r/min, 8
minutes). We moved away the supernatant, added 5 mL PBS
solution to be a suspension, and counted the cell number

and adjusted to the same concentration between the control
and experimental groups. Then, aliquot of cell suspension
was centrifuged (1000 r/min, 8 minutes) again, resuspended
in 120 uL PBS solution, and maintained at —20°C. These
suspensions were experienced three freeze-thaw cycles, and
used for determining the ALP activity with p-nitrophenyl
phosphates substrate as the kit instruction. The absorbance
at 405 nm was measured by a Bio Assay Reader (HTS7000
plus, PERKIN ELMER, USA).

2.9. Statistical Analysis. All data were expressed as means =+
standard deviation (S) for n = 4. Single factor analysis of
variance (ANOVA) technique was used to assess the statistical
significance of the results between the two groups. The
statistical assessment was done by the software SPSS 15.0 at a
confidence level of 95%.

3. Results and Discussion

3.1. DR-FTIR. In the FTIR spectrum of the NaOH-treated
titanium (Figure 1), the broad peak at 3354 cm~! suggested
that the surface was rich in hydroxyl groups.

In Figure 1 of PLL-coated sample (Ti/PLL), the dis-
tinctive -NH,(C=0) symmetric vibrational I and II bands
were centered at about 1643 cm™!, 1543 cm™!; the peak at
2956 cm~! was attributed to alkyl vibrational band. These
indicated that PLL was coated onto the NaOH-treated
titanium.

A comparison of the DR-FTIR spectra of untreated tita-
nium (Ti), NaOH-treated titanium (TiOH), and the coated
titanium (TiPLL, Ti/PLL/(Hep/Chi),s) (Figure 1) confirmed
that Hep-Chi were coated on the titanium surface; that is,
the distinctive peaks of chitosan at 1150 cm™! and 926 cm™!,
sulphonic acid group peaks of heparin at 1218 cm~! and
872 cm~! existed in spectra (Figure 1 blue line).

3.2. SEM. The SEM photos (Figure2) showed that the
surface of NaOH-treated titanium was characterized by
uniform submicron pores and a mesh-like morphology.
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(d)

FIGURE 6: AFM images of sample surfaces: NaOH-treated titanium (Ti-OH) ((a), (c)) and coated titanium (Ti/PLL/(Hep/Chi)s) ((b), (d)).

The image size is 5 ym X 5 ym ((a), (b)) and 2 um x 2 um ((c), (d)).

The SEM images of the multilayers are shown in
Figures 3-5. In the increasing of cycles of multilayers, the
net structures have disappeared gradually, and submicron
pores have changed by Hep and Chi deposition. As the
arrow showed in Figure 3, some mesh-like structures were
still found in the surface of Ti/PLL/(Hep/Chi),y samples
because of the incomplete coverage of coating. But after
16 times cycles of the preparation (Ti/PLL/(Hep/Chi)je),
displayed in Figure 4, the mesh-like structure could not
been seen, replaced by tightly deposited polysaccha-
rides chitosan granules (Figure4(b)). Up to 18 times
cycles (Ti/PLL/(Hep/Chi)s), more polysaccharides granules
deposited, the coating became denser and smoother, and
obvious granules could not been seen via SEM on partial
surface (Figure 5).

3.3. AFM. The surface morphology of the multilayers was
further confirmed by AFM (Figure 6). AFM photos of
NaOH-treated Ti (Figures 6(a) and 6(c)) showed that
the mesh-like morphology in SEM images was formed of
many taper-pointed granules, is which “topography” was
like valleys and peaks. Ra (Arithmetic Average Roughness)
was about 65.7nm. For the multilayer-coated samples
(Ti/PLL/(Hep/Chi)s) (Figures 6(b) and 6(d)), ball or oval
granules deposited on the substrate surface, and Ra became
about 47.5nm. The surface was smoother than NaOH-
treated Ti, with the similar images observed by SEM.

3.4. Cell Adhesion. The cellular initial behavior on a
biomaterial is an important factor for evaluation of its
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FIGURe 7: SEM images of osteoblasts adhered to original titanium (a) and LbL-modified titanium (Ti/PLL/(Hep/Chi)s) (b) after seeding

4 hours.
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FIGURE 8: SEM images of osteoblasts adhered to original titanium (a) and LbL-modified titanium (Ti/PLL/(Hep/Chi)s) (b) after seeding

for 24 hours.

biocompatibility. Cell adhesion, spreading, and migration on
materials are the first sequential reactions when contacting
with a material surface, which is important for cell survival
[8].

Figure 7 showed, after seeding for 4 hours, that cells ran-
domly adhered and spread on both LbL-modified titanium
surfaces and control ones. The number of adhered cells on
modified titanium surfaces were greater than on original
ones. Many adhered cells on modified titanium extended

their pseudopods and showed a tendency to spread, whereas
the cells on original titanium still retained a flat shape.
Compared with that of control ones, osteoblasts adhered
to LbL-modified titanium surface fully spread after seeding
for 24 hours, as shown in Figure 8, and developed more
cellular processes to facilitate cell-substrate and cell-cell
interactions [31]. Strong interactions between the cells and
modified titanium surfaces would promote cell adhesion and
tend to be helpful for cell proliferation. These indicated that
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represent means + S for n = 4; *P < .01 (compared with the
control).

the LbL-modified titanium was more favorable for the cell
adhesion than the control.

3.5. Cell Proliferation. Figure 9 showed that the absorbance
offormazan produced by viable cells adhered to LbL-
modified titanium and the control ones at 1 day, 4 days, and 7
days of culture, respectively. MTT test results showed that the
number of the cell proliferation had no significant difference
between the two groups at 1 day (P > .05), the cells cultured
on modified titanium surfaces proliferated faster than those
on original ones at 4 days and 7 days, and the differences had
statistical significance (P < .05).

Osteoblasts cultured on LbL-modified titanium showed
higher proliferation viability compared with those on orig-
inal titanium. Tryoen-T6th et al. [11] revealed that the ter-
minating layer in polyelectrolyte multilayer films influenced
the cell adhesion and cell viability. Our study also indicated

that Chi as the outmost layer of polyelectrolyte multilayers
was biocompatible with osteoblasts.

3.6. Cell Differentiation. When cultured up to 7 days,
osteoblasts grow into maturation and osteo-differentiation
stage and express a large number of ALP. The ability of
cell differentiation could be estimated by ALP activity assay.
Figure 10 showed a statistically significant difference of ALP
activity between the two groups (P < .01). The osteoblasts
cultured on the modified group displayed much higher ALP
expression than those on the control group, and they owned
the stronger ability of cell differentiation. As demonstrated
in a previous study, ALP was significant in bone matrix
mineralization [32]. Thus, the modification with heparin-
chitosan multilayers on titanium surface via LbL technique
is promising to improve theosseointegration of the titanium-
based implants.

The results in this study regarding osteoblast prolifera-
tion and differentiation are consistent with previous studies
and indicate that LbL modification of titanium is helpful for
the osteoblast growth [8, 13—15]. These results also suggest
that the biological responses such as cell adhesion, cell prolif-
eration, as well as cell differentiation depend markedly on the
surface properties of the substrates. Chitosan was con?rmed
as a good candidate to improve the biocompatibility of the
titanium substrate [33].

4. Conclusion

Polyelectrolyte multilayer of chitosan and heparin was
successfully coated on titanium substrate using a layer-by-
layer self-assembly technique. The multilayer can promote
the adhesion, proliferation, and differentiation of osteoblasts
in vitro. We suggest that heparin-chitosan multilayer on
titanium surfaces via LbL method is beneficial to osteoblast
biocompatibility.
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Eu’*-doped Y,05 nanoparticles were produced through proteic sol-gel technique, and the adjustment of pH was tested in order
to control the particle size of the powders. A strong correlation between the initial pH and the temperature of crystallization was
observed, allowing the production of particles with controlled diameter from 4 nm to 50 nm. The samples were characterized by
X-ray diffraction, high-resolution transmission electron microscopy, optical microscopy and photoluminescence spectroscopy in
both absorption and emission modes. A blue shift of the excitation peak corresponding to energy transfer from Y,O5:Eu®* host to
Eu’" ions was observed, as the particle size was reduced from 50 to 4 nm. The suppression of a charge transfer band also resulted
from the reduction of the particle size. The emission spectrum of the Y,Os: with particles of 50 nm was found to be similar to that

of bulk material whereas 4 nm particles presented broadened emission peaks with lower intensities.

1. Introduction

There is currently a great deal of interest on the development
of luminescent nanoparticles for biomedical applications.
Compared to traditional organic dyes and fluorescent pro-
teins, inorganic phosphors can offer several advantages such
as tunable emission from visible to infrared wavelengths,
large absorption coefficient across a wide spectral range,
high quantum yield and stability against photobleaching
[1]. In the past few years, luminescent quantum dots
(QDs) have been investigated aiming their application as
labels in biosensing and imaging [2-6]. However, one of
the major concerns in the medical applications of QDs is
their inherent toxicity, since the most widely used QDs
probes, like CdSe, CdTe, CdS, PbSe and ZnSe, are heavy
metal-based materials. A number of mechanisms, such as
free radical formation of heavy metal, interaction of QDs
with intracellular components and surface oxidation, have
been postulated to be responsible for QDs cytotoxicity [5,
6]. Considering these limitations, the production of heavy
metal-free luminescent nanoparticles becomes a matter of
the highest importance and rare earth-doped nanocrystals

are pointed out as the best candidates to substitute QDs
luminescent probes [7-10].

Amongst a variety of luminescent rare earth-doped
systems, Eu’"-doped Y,O; shows the highest quantum
efficiency (almost 100%), and it is widely investigated for
applications in fluorescent lamps, display panels and lumi-
nescent inks [11-13]. Different methods have been employed
to produce nanocrystalline Y,O3:Eu’* [14-16]. In this work,
a coconut water-based sol-gel synthesis, also known as
proteic sol-gel route, was investigated. The advantages of
this new method are the simplicity and low environmental
impact, since it employs the protein chains of coconut water
and metal salts in substitution of alcoxide precursors [17].

As it is widely known, the reactivity of the particles
increases as their size decreases. This high reactivity leads to
the agglomeration of these small particles and can result in
undesirable coalescence [18] during thermal treatments for
the crystallization of the samples. On the other hand, there
are reports on the influence of pH on the agglomeration
degree and particle size of the materials produced by
wet chemistry and combustion synthesis [19-21]. In a
previous work, the proteic sol-gel route was used, without



(222)

Intensity (a.u.)

20 30 40 50 60 70 80
26(°)

Fiure 1: X-ray diffraction patterns of Y,03:Eu®* produced by sol-
gel with pH control: (a) amorphous phase (xerogel), (b) pH = 7.0,
crystallised at 350°C and (c) pH = 9.0, crystallised at 400°C.

pH control, to produce Y,03; [22]. The smallest particles
obtained by this method sized 50 nm. In the present work,
the adjustment of the pH during the synthesis was tested
in order to produce even smaller particles, establishing a
direct relationship between the initial pH and the final
granulometry of the powders. The influence of the particle
size on the luminescent properties of these phosphors are
also presented and discussed.

2. Experimental

The Y,03:Eu*" nanopowders were prepared via proteic sol-
gel [17] using the salts Y(NO3); and Eu(NOs3); (Alfa Aesar,
grade purity 99.99%) as precursor materials. These reactants
were mixed with processed coconut water, according to
the formula (Y.93Eu,02)203, and homogenized by stirring
at room temperature. In this route, the metal ions are
believed to bind to the polymeric chains present in coconut
water, forming a colloidal suspension (sol). To adjust pH,
ammonium hydroxide, NH;OH (Vetec, PA.) was added
drop by drop into the sol, while it was stirred, and the pH
values of the sol were monitored using a Lutron 206 pH
meter. It has been reported that the pH of the solution can
modify the size of nanoparticles [19-21]. The pH values
investigated in this work were 5.0, 7.0, and 9.0. A sample
without pH control was also produced and used as reference.
After stirring for 10 minutes, the sol was polymerized and
formed a gel, which was dried at 100°C/24 hours. The dried
material (aerogel) was homogenized and calcined to reach
the crystalline phase. Several calcination temperatures were
tested from 300°C up to 850°C. After the calcinations, the
samples were washed in distilled water to eliminate residual
KCl phase, which is an ionic salt present in coconut water.
The crystalline phase of the powders was inspected by X-
ray diffraction (XRD-Rigaku RINT 2000/PC) in continuous
scanning mode using Cu K, radiation. The average crystallite
size of the samples was obtained from the full width at
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half maximum (FWHM) of the diffraction peaks, with
instrumental correction using LaBg standard powder [20,
23]. Transmission electron microscopy (TEM) images were
obtained with a Tecnai 20 microscope and they were used to
analyse morphology and size of the produced nanoparticles.
Micrographs of the samples illuminated with ultraviolet
(UV) light were obtained with an optical microscope. For
both electron and optical microscopy, the powders were
dispersed in isopropyl alcohol with the aid of an ultrasonic
bath.

The optical properties of the Eu**-doped Y,03 samples
were inspected via photoluminescence technique in emission
and excitation modes. These optical spectra were acquired
at room temperature in an ISS PC1TM spectrofluorometer
that uses a 300 W Xenon lamp as excitation source. The
emission spectra were measured with excitation fixed at
245nm whereas the excitation spectra were measured by
monitoring the intensity of luminescence at 614 nm (°Dy —
’F, transition of Eu®*).

3. Results and Discussion

Figure 1 presents the X-ray diffraction patterns of 2% Eu’*-
doped Y,0O3 nanocrystals produced at pH = 7.0 and pH =
9.0. For all the samples studied, the obtained XRD patterns
were consistent with the cubic phase of Y,0O3 with spatial
group a3 (JCPDS No 79-1257). The most intense peaks
correspond to the crystal planes (222), (400), (440), and
(622). These peaks are broadened due to the small size of
the nanoparticles. From the diffraction patterns, one can
observe that the sample produced at pH = 7.0 was crystallised
after calcination at 350°C. At this temperature, all the other
samples were amorphous. For the sample synthesized at pH
= 9.0, the lowest crystallization temperature was 400°C and
the other samples only presented crystalline structure after
calcinations at 450°C.

The crystallite size could be estimated from the FWHM
of the diffraction peaks using Scherrer’s equation d = KA/(f3-
cos 0p), where K is the shape coefficient for the reciprocal
lattice point (in this work K = 0.89), A is the wavelength of
the X-rays (A = 0.15405 nm), 83 is the peak position, and § =
V/B? — b? is the width of specimen’s peak (B) corrected by a
instrumental broad factor (in this work, b = 0.005192 rad).
The results are presented in Table 1, where it can be observed
that the biggest crystallite size were obtained for the sample
calcined at 850°C, departing from the sol without pH
control. The smallest crystallites were produced at pH =
7.0 and T = 350°C. As expected, the samples calcined at
lower temperatures presented smaller crystallites. One can
also observe that the particles produced at pH = 7.0 present
a pronounced growth at 500°C, reaching the average size
of 18 nm whereas the samples produced at lower pH values
remain smaller than 10 nm at this temperature.

The reduction of the surface energy is the driving
force for both nucleation and particle growth. This ther-
modynamic parameter depends on the surface tension of
curved interfaces and also on the net surface area of the
particles [24]. Nanoparticles have high surface energy due
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FIGURE 2: Micrographs of powder produced at pH = 7.0 and calcined at 500°C. (a) TEM image showing spherical-like produced particles.
(b) HRTEM image indicating that each particle contains only one crystallite.
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FIGURE 3: Emission spectra of Y,O3:Eu*" nanocrystals with particle
sizes of 50 nm (curve a), 7 nm (curve b), and 4 nm (curve ¢).

to the small curvature radius and large surface area, so
the system spontaneously tends to decrease the interface
solid solution, and particles tend to grow in order to
minimize the surface energy. On the other hand, the surface
tension (and, consequently, the surface energy) of particles
in suspension can be decreased by adsorption of the amine
groups from the ammonium hydroxide [25], which promote
both electrostatic and steric stabilization of nanoparticles.
This stabilization prevents the grown of the particles, so
the acidity of the medium of synthesis strongly influences
the particle size [26]. Besides that, as temperature can
also influence surface energy [26], lowering the synthesis

TasLE 1: Crystallite size of the Y,Os:Eu**-particles produced by
proteic sol-gel as a function of pH and temperature (n.d. stands for
not determined).

Wl;i‘g;;fH pH=50 pH=70 pH=90
T =350°C amorphous amorphous 3nm amorphous
T =400°C amorphous amorphous 4nm 6 nm
T =450°C 7nm 7nm 5nm 7nm
T =500°C 9nm 9nm 18 nm n.d.
T =850°C 50 nm n.d. n.d. n.d.

temperature results in a wider size distribution with an
increased amount of small particles.

Figure 2 presents TEM images of the powder prepared
at pH = 7.0 and treated at 500°C. In Figure 2(a), one can
observe spherical-like particles with reduced agglomeration
degree when compared with the results from other synthesis
methods [11]. For the samples shown in Figure 2, the average
particle size observed in the micrographs was 20 nm, which
agrees with the crystallite size determined from the X-
ray diffraction patterns (see Table 1). Figure 2(b) presents
the high-resolution (HRTEM) image of the same sample,
where one can observe the lattice planes indicating that
each particle contains only one crystallite. Consequently,
the crystallite sizes presented in Table 1 can be interpreted
as the average particle size of the samples. In Figure 2(b),
the distance between [222] family planes is 3.067 A, which
is consistent with the value of 3.066A obtained from
crystallographic database [27].

One important step on the development of alterna-
tive nontoxic nanocrystals for biomedical imaging is the
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FIGURE 4: Micrographs of Y,03:Eu®" produced by proteic sol-gel: (a) without pH control and calcined at 850°C and (b) at pH = 7.0 and
calcined at 350°C. The images were registered during illumination with UV light.
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FIGURE 5: Excitation spectra of Y,O3:Eu®* nanocrystals with average
particle size of 4, 18, and 50 nm, monitored for *D, — ’F,
(614 nm) emission.

investigation of their luminescence properties. In this work,
the emission and excitation spectra of doped Y,O3:Eu®*
produced by proteic sol-gel were measured for samples
with different particle sizes. Figure 3 presents the emission
spectra for samples with particle sizes of 50 nm (curve a),
7nm (curve b), and 4nm (curve c), under excitation of
245nm. In these spectra, the intensity was normalized by
the excitation intensity (Ip), so the luminescent intensities
are comparable. For particle sizes of 50 nm, the features
of the emission spectrum are similar to those of the bulk
material [28]. The main peak at 614 nm originates from
°Dy — ’F, forced electric-dipole transition of Eu’*;
the one centered at 633 nm corresponds to Dy — Fs
transition and the peaks around 595nm correspond to
°Dy — ’F, transition, which is a magnetic-dipole transition
[29]. For the samples with average diameter of 7 and 4 nm,
the emission peaks are at the same positions, indicating

the same electronic transitions, but they are significantly
broadened due to local disorder surrounding the Eu’* ions.
The intensity of luminescence also depends on the particle
size and this dependence should be taken into account for
the application of these nanoparticles as biological labels.
At 614 nm, the intensity of the 4nm particles is 3.3% of
that observed for the 50 nm particles. On the other hand,
the dimensional similarity of the smaller particles with some
biological macromolecules such as nucleic acids and proteins
would allow a better integration of these nanoparticles with
biological systems, with possible applications in medical
diagnostics and targeted therapeutics. Figure 4 presents the
images obtained with optical microscope (magnification of
400x) of the powder samples with particle diameter of 50 nm
(Figure 4(a)) and 4nm particles (Figure 4(b)), under UV
excitation. Due to the low magnification, it is not possible
to distinguish isolated particles, but from these images, it can
be concluded that the luminescence of the smaller particles is
still strong enough to be detected by fluorescence microscopy
techniques.

The excitation spectra for the Dy — ’F, transition of
Eu’" is presented in Figure 5 for the samples with particle
sizes of 50 nm, 18 nm and 4 nm. For smaller particles, it is
observed a lower overall intensity of the spectra, compared
to the 50 nm sample. An excitation band near 214 nm was
observed for all the samples and was assigned to the energy
transfer excitation from the Y,Os host to Eu* [30]. This
band is slightly blue shifted to 209 nm for the 4 nm sample.
For the particles with average size of 50 nm and 18 nm, it is
also observed a band at around 210 nm, which is associated
with a charge transfer (CT) from O?~ to Eu®*. Electrons
from the 2p orbital of oxygen are transferred to the Dy
excited level of Eu*", and the red light is emitted when the
decay Dy — ’F, occurs [31]. As the CT band is especially
sensitive to the local order surrounding O2~, its intensity is
reduced for the particles with 18 nm and suppressed for the
particles with 4 nm. Similar behaviour was ascribed by other
authors to Y,O3:Eu®t particles smaller than 10 nm [30].
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4. Conclusions

Size-controlled Y,O3:Eu®" nanoparticles were successfully
obtained via proteic sol-gel with pH adjustment at the
initial stage of the synthesis. The average particle size was
tunable from 4 to 50nm by the control of the pH and
calcination temperature of the samples. The advantages of
this synthesis route are the simplicity, low environmental
impact, and low cost of production, since it employs a
natural resource (coconut water) instead of the conventional
metallic alkoxides. The temperature of 350°C, used for the
production of particles with average diameter of 4nm, is
at least 500°C lower than those reported in the literature
for the crystallization of this material [22]. The luminescent
characterization of the samples has shown a dependence
of the quantum yield on the particle size, probably related
to the suppression of the charge transfer from the oxygen
to the excited level of Eu®*. Nevertheless, the particles
with diameter of 4 nm still presented strong red emission,
suggesting that they are suitable to be used in conjugation
with biological systems. These conjugation tests are currently
being performed in our research group.

Acknowledgments

The authors wish to acknowledge CETENE for the use
of microscopy facilities and the financial agencies CNPq,
CAPES, FINEP, and FAPITEC/SE.

References

[1] X. Gao, L. Yang, J. A. Petros, E. F. Marshall, J. W. Simons, and
S. Nie, “In vivo molecular and cellular imaging with quantum
dots,” Current Opinion in Biotechnology, vol. 16, no. 1, pp. 63—
72,2005.

[2] R. Dey, S. Mazumder, M. K. Mitra, S. Mukherjee, and G.
C. Das, “Review: biofunctionalized quantum dots in biology
and medicine,” Journal of Nanomaterials, vol. 2009, Article ID
815734, 17 pages, 2009.

[3] W. Zhong, “Nanomaterials in fluorescence-based biosensing,”
Analytical and Bioanalytical Chemistry, vol. 394, no. 1, pp. 47—
59, 2009.

[4] A.M. Smith, G. Ruan, M. N. Rhyner, and S. Nie, “Engineering
luminescent quantum dots for in vivo molecular and cellular
imaging,” Annals of Biomedical Engineering, vol. 34, no. 1, pp.
3-14, 2006.

[5] A. P. Alivisatos, W. Gu, and C. Larabell, “Quantum dots as
cellular probes,” Annual Review of Biomedical Engineering, vol.
7, pp. 55-76, 2005.

[6] T. Jamieson, R. Bakhshi, D. Petrova, R. Pocock, M. Imani,
and A. M. Seifalian, “Biological applications of quantum dots,”
Biomaterials, vol. 28, no. 31, pp. 47174732, 2007.

[7] W. Cai, A. R. Hsu, Z. B. Li, and X. Chen, “Are quantum
dots ready for in vivo imaging in human subjects?” Nanoscale
Research Letters, vol. 2, no. 6, pp. 265-281, 2007.

[8] J. Yuan and G. Wang, “Lanthanide-based luminescence probes
and time-resolved luminescence bioassays,” Trends in Analyti-
cal Chemistry, vol. 25, no. 5, pp. 490-500, 2006.

[9] N. Pradhan, D. M. Battaglia, Y. Liu, and X. Peng, “Efficient,
stable, small, and water-soluble doped ZnSe nanocrystal

emitters as non-cadmium biomedical labels,” Nano Letters,
vol. 7, no. 2, pp. 312-317, 2007.

[10] K. Manzoor, S. Johny, D. Thomas, S. Setua, D. Menon, and
S. Nair, “Bio-conjugated luminescent quantum dots of doped
ZnS: a cyto-friendly system for targeted cancer imaging,”
Nanotechnology, vol. 20, no. 6, p. 113, 2009.

[11] Z. Wei-Wei, X. Mei, Z. Wei-Ping et al., “Site-selective spectra
and time-resolved spectra of nanocrystalline Y,O3:Eu,” Chem-
ical Physics Letters, vol. 376, no. 3-4, pp. 318-323, 2003.

[12] M. Abdullah, . Astuti, and . Khairurrijal, “Synthesis of
luminescent ink from europium-doped Y,Os dispersed in
polyvinyl alcohol solution,” Advances in OptoElectronics, vol.
2009, Article ID 918351, 8 pages, 2009.

[13] P. Psuja, D. Hreniak, and W. Strek, “Rare-earth doped
nanocrystalline phosphors for field emission displays,” Journal
of Nanomaterials, vol. 2007, Article ID 81350, 7 pages, 2007.

[14] B. Bihari, H. Eilers, and B. M. Tissue, “Spectra and dynamics
of monoclinic Y05 and Eu’*': Y,04 nanocrystals,” Journal of
Luminescence, vol. 75, no. 1, pp. 1-10, 1997.

[15] A. Konrad, U. Herr, R. Tidecks, F. Kummer, and K. Samwer,
“Luminescence of bulk and nanocrystalline cubic yttria,”
Journal of Applied Physics, vol. 90, no. 7, pp. 3516-3523, 2001.

[16] D. Dosev, B. Guo, and I. M. Kennedy, “Photoluminescence of
Eu’": Y,05 as an indication of crystal structure and particle
size in nanoparticles synthesized by flame spray pyrolysis,”
Journal of Aerosol Science, vol. 37, no. 3, pp. 402412, 2006.

[17] M. A. Macédo and J. M. Sasaki, “Processo de fabricacdo de pds
nanoparticulados,” Patent Pending 0203876-5/BR.

[18] H. Eilers, “Synthesis and characterization of nanophase yttria
co-doped with erbium and ytterbium,” Materials Letters, vol.
60, no. 2, pp. 214-217, 2006.

[19] F. A. Andrade de Jesus, R. S. Silva, A. C. Hernandes, and
Z. S. Macedo, “Effect of pH on the production of dispersed
Bi,Ge; Oy, nanoparticles by combustion synthesis,” Journal of
the European Ceramic Society, vol. 29, no. 1, pp. 125-130, 2009.

[20] C. T. Meneses, W. H. Flores, F. Garcia, and J. M. Sasaki, “A
simple route to the synthesis of high-quality NiO nanoparti-
cles,” Journal of Nanoparticle Research, vol. 9, no. 3, pp. 501
505, 2007.

[21] W. Luan and L. Gao, “Influence of pH value on properties of
nanocrystalline BaTiO; powder,” Ceramics International, vol.
27, no. 6, pp. 645-648, 2001.

[22] P. J. R. Montes, M. E. G. Valerio, M. A. Macédo, F. Cunha,

and J. M. Sasaki, “Yttria thin films doped with rare earth

for applications in radiation detectors and thermoluminescent

dosimeters,” Microelectronics Journal, vol. 34, no. 5-8, pp. 557—

559, 2003.

B. D. Cullity and S. R. Stock, Elements of X-ray Diffraction,

Prentice Hall, Upper Saddle River, NJ, USA, 3rd edition, 2001.

[24] A. 1. Rusanov, “Surface thermodynamics revisited,” Surface
Science Reports, vol. 58, no. 5-8, pp. 111-239, 2005.

[25] J. P. Jolivet, S. Cassaignon, C. Chanéac, D. Chiche, O.
Durupthy, and D. Portehault, “Design of metal oxide nanopar-
ticles: control of size, shape, crystalline structure and function-
alization by aqueous chemistry,” Comptes Rendus Chimie, vol.
13, no. 1-2, pp. 4051, 2010.

[26] G. Cao, Nanostrutures ¢ Nanomaterials—Synthesis, Properties
& Applications, Imperial College Press, London, UK, 2004.

[27] G. Baldinozzi, J. F. Bérar, and G. Calvarin, “Rietveld refine-
ment of two-phase Zr-doped Y,05,” Materials Science Forum,
vol. 278-281, no. 2, pp. 680-685, 1998.

[23



(28]

Z. Fu, S. Zhou, T. Pan, and S. Zhang, “Preparation and
luminescent properties of cubic Eu**:Y,0; nanocrystals and
comparison to bulk Eu**:Y,0;,” Journal of Luminescence, vol.
124, no. 2, pp. 213-216, 2007.

S. Setua, D. Menon, A. Asok, S. Nair, and M. Koyakutty,
“Folate receptor targeted, rare-earth oxide nanocrystals for
bi-modal fluorescence and magnetic imaging of cancer cells,”
Biomaterials, vol. 31, no. 4, pp. 714-729, 2010.

J. W. Wang, Y. M. Chang, H. C. Chang et al., “Local structure
dependence of the charge transfer band in nanocrystalline
Y,05:Eu*” Chemical Physics Letters, vol. 405, no. 4-6, pp.
314-317, 2005.

S. J. Dhoble, I. M. Nagpure, J. G. Mahakhode, S. V. Godbole,
M. K. Bhide, and S. V. Moharil, “Photoluminescence and XEL
in Y,05:Eu’* phosphor,” Nuclear Instruments and Methods in
Physics Research. Section B, vol. 266, no. 15, pp. 3437-3442,
2008.

Journal of Nanomaterials



Hindawi Publishing Corporation
Journal of Nanomaterials

Volume 2011, Article ID 246847, 5 pages
doi:10.1155/2011/246847

Research Article

BN Nanoparticles/Si; N, Wave-Transparent Composites with
High Strength and Low Dielectric Constant

Dongliang Zhao, Yujun Zhang, Hongyu Gong, Baoxin Zhu, and Xiaoyu Zhang

Key Laboratory for Liquid-Solid Structural Evolution and Processing of Materials, Ministry of Education and Shandong University,

Jinan 250061, China

Correspondence should be addressed to Yujun Zhang, yujunzhang1956@126.com

Received 9 November 2010; Revised 20 January 2011; Accepted 7 March 2011

Academic Editor: Wei He

Copyright © 2011 Dongliang Zhao et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

SizNy4 wave-transparent composites with different volume content of BN nanoparticles (BN,,,/SisN,) were prepared by gas pressure
sintering at 1800°C in N, atmosphere. The effects of BN nanoparticles on the dielectric and mechanical properties of BNy,,/SizNy
composites were investigated. The results showed that the addition of the BN nanoparticles improved the dielectric properties of
BNy, /SisNy composites effectively and decreased the mechanical properties. When the volume content of BN nanoparticles was
10%, the dielectric constant and dielectric loss tangent were 4.31 and 0.006, respectively, and the bending strength and fracture
toughness still reached 198.9 MPa and 3.36 MPa-m"2. The high mechanical properties of BN,,,/SisN, composites with 10% BN
nanoparticles were attributed to homogeneously dispersed BN nanoparticles which were embedded in the pores formed by the

rod-like 3-SizNy.

1. Introduction

Silicon nitride (SisN4) was one of the most promising
ceramic materials for the applications of microwave trans-
parent materials which protected the spacecraft from the
influences of harsh environment [1, 2], due to its high
mechanical strength, good thermal shock resistance, and
excellent rain erosion resistance [3-5]. However, its relatively
high dielectric constant and dielectric loss tangent at room
and elevated temperatures limited the wider applications as
the advanced vehicles [6, 7]. To solve this problem, Xia et
al. [8] prepared porous SizN, ceramics with a porosity of
30-55% for decreasing the dielectric constant, and Zhang
et al. [9] prepared BN/SisN, composites by adding the
BN particles with low dielectric constant. All of those
methods could effectively decrease the dielectric constant
and dielectric loss tangent, yet unfortunately, a drastic
degradation of strength occurred unbearably.

It was well known that the addition of nanoparticles to a
ceramic matrix could improve the mechanical properties of
ceramic nanocomposites [10, 11]. BN/Si3N4 nanocomposite
with superior mechanical properties, prepared by Gao et

al. alleviated the shortcoming of low strength encountered
in conventional BN/SizNy composite [12]. In this paper,
BN nanoparticles were introduced into the SizN4 matrix to
fabricate BNy,/Si3N4 composites by gas pressure sintering.
The dielectric and mechanical properties of BNyp/SisNy
composites with different volume content of BN nanopar-
ticles were investigated.

2. Experimental Procedure

a-Si3Ny powders (a-SisNg > 93%, Dsy < 0.5um; UNIS-
CERA, Beijing, China) and BN nanoparticles (purity >
99.5 wt.%, D5y < 100 nm; NNT Co., Ltd., Taiwan, China)
were used as the starting materials. Figure 1 showed the XRD
pattern of SisN4 raw powders, and the principal crystal phase
was a-Si3Ny. The dry gel of yttrium aluminum garnet (YAG),
which prepared from yttrium chloride and polyaluminium
chloride by sol-gel method, were used as sintering aids
[13]. The XRD patterns of dry gel of YAG before and after
sintering at current temperature were shown in Figure 2,
which indicated that the dry gel of YAG transformed to YAG
after sintering.
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FIGURE 2: The XRD patterns of the dry gel of YAG before and after
sintering. (a) dry gel of YAG; (b) dry gel of YAG after sintering.

The Si3Ny, BN nanoparticles and 4 vol% dry gel of YAG
were ball milled for 24 h in anhydrous ethanol, followed by
drying at 70°C for 24 h under vacuum. The mixture was then
molded by isostatic pressing method under 120 MPa. The
green body was sintered at 1800°C for 120 minutes under
the pressure of 6~8 MPa in N, atmosphere.

The apparent porosity and density were determined by
Archimedes’ displacement method. The bending strength
was measured by the three-point bending test and the
fracture toughness was determined by the single-edge-
precracked beam (SEPB) method. The samples were
machined into 22.76 X 10.06 X 5mm to measure the
dielectric properties by the method of completely filled short
circuited waveguide technique at a frequency of 9.36 GHz.
The phase composition and microstructure was investigated
by the XRD (PANalytical X’Pert Alpha-1) and SEM (ZEISS).
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FiGURre 3: XRD patterns of BN,,/SisNy composites with different
contents of BN nanoparticles. (a) 5vol %; (b) 10 vol %; (c) 15 vol
%; (d) 20 vol %.

3. Results and Discussion

Figure 3 shows the XRD patterns of BN,,/Si3N4 composites
with different volume content of BN nanoparticles. As can
be seen, the principal crystal phase in all the four samples
is B-SizNy4, which indicates that the a-SisNy raw powders
transform to f phase during sintering process. But the
random diffraction peaks can be seen in sample (b) and
(d) near 31° (20), which indicates that trace a-Siz;N4 does
not transform to  phase. Distinct reflections of h-BN
are observed in the XRD pattern at 26.7° (26), and the
diffraction peak intensities of the h-BN increase with the
increasing of BN nanoparticles. However, YAG phase is not
detected in XRD patterns due to the amount being too small
to be detected. Because the dielectric constant and dielectric
loss tangent of YAG were higher than BN and SizNy, the
composites using fewer amounts of YAG as sintering aids
could posses lower dielectric constant and dielectric loss
tangent.

Figure 4 shows the SEM images of BN,,,/Si3N4 compos-
ites. The fracture surfaces of the composites with 10 vol %
and 20 vol % BN nanoparticles were shown in Figures 4(a),
and 4(b), and the surfaces that were polished and chemically
etched in molten NaOH were shown in Figures 4(c), and
4(d). From the SEM graphs, the massive rod-like f3-SizsNy
can be observed, that is consistent with the result of XRD
patterns shown in Figure 3. The dense packing rod-like j3-
Si3Ny grains form tough interlocking microstructure, which
could absorb more energy during the fracture process. For
the dielectric properties, a large amount of rod-like grains
accumulate together to form a lot of pores with the size
of 0.5-1 ym, which may decrease the dielectric constant of
BN,,p/Si3Ny composites effectively. Furthermore, as can been
seen in Figures 4(a), and 4(c), the homogeneously dispersed
BN nanoparticles, which embed in the submicron pores
formed by rod-like 3-SisNy grains, may prevent the crack
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F1GURE 4: The SEM images of the BN,,,/Si3N, composites. (a) 10 vol% fracture surface; (b) 20 vol% fracture surface; (c) 10 vol% polished

and etched surface; (d) 20 vol% polished and etched surface.

propagating along the submicron pores or prolong the crack
propagation path. So BNy,,/Si3Ny composites with 10% BN
nanoparticles maintained relatively good mechanical proper-
ties. But when the content of BN nanoparticles increases to a
high level in Figures 4(b), and 4(d), agglomerate structure
of BN nanoparticles could cause a drastic loss of strength
inevitably.

Figures 5 and 6 show the apparent porosity and dielectric
properties of BN,,,/SisN, composites with different volume
content of BN nanoparticles. It can be seen that the
dielectric constant and dielectric loss tangent of BN,,/Si3Ny
composites decreases obviously with the increasing of BN
nanoparticles and the apparent porosity increases. When the
volume content of BN nanoparticles is 10%, the dielectric
constant and dielectric loss tangent are 4.31 and 0.006,
respectively. Because, for the well-distributed two-phase
composites, the addition of the BN nanoparticles with lower
dielectric constant could decrease the dielectric constant

3.2
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T T T T T T 0
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FIGURE 5: The apparent porosity and density of BN,,,/SisNy com-
posites.
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and dielectric loss tangent of the composites according
to Lichtencker’s logarithmic equation [14]. Furthermore,
the apparent porosity increases with the addition of BN
nanoparticles, and the increasing of apparent porosity could
also decrease the dielectric constant and dielectric loss
tangent of the composites [7, 8].

Figure 7 shows the bending strength and fracture tough-
ness of BN,,,/5i3N4 composites. As can be seen, the bending
strength and fracture toughness of the composites decrease
monotonously with the increasing of BN nanoparticles. It is
attributed to not only the increase of apparent porosity but
also the weaker bonds between BN and Si3Ny [15]. When the
content of BN nanoparticles increases to a high level, a drastic
loss of strength occurs inevitably for the agglomeration
of BN nanoparticles. However, the bending strength and
fracture toughness of BN,,,/SisN4 composites with 10% BN
nanoparticles still reach 198.9 MPa and 3.36 MPa-m'?2. The
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homogeneous distribution of BN nanoparticles should be
responsible for the high strength of BN,,,/SisN4 composites.

4. Conclusion

The BN,p/SisN4 composites with low dielectric constant
and excellent mechanical properties were prepared. The
dielectric constant and dielectric loss tangent of BN,,,/Si3Ny
composites decreased obviously with the addition of the
BN nanoparticles, and the bending strength and fracture
toughness decreased. When the volume content of BN
nanoparticles was 10%, the dielectric constant and dielec-
tric loss tangent were 4.31 and 0.006, respectively, and
the bending strength and fracture toughness still reached
198.9 MPa and 3.36 MPa-m"2. Distinct reflections of h-BN
were observed in the XRD pattern, along with the reflections
of 3-SisNy. The homogeneously dispersed BN nanoparticles
may improve the mechanical properties of the BN,,,/Si3Ny
composites.
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This paper aims at developing a mathematic model to characterize the mechanical properties of single-walled carbon nanotubes
(SWCNTs). The carbon-carbon (C-C) bonds between two adjacent atoms are modeled as Euler beams. According to the relation-
ship of Tersoff-Brenner force theory and potential energy acting on C-C bonds, material constants of beam element are determined
at the atomic scale. Based on the elastic deformation energy and mechanical equilibrium of a unit in graphite sheet, simply form
ED equations of calculating Young’s modulus of armchair and zigzag graphite sheets are derived. Following with the geometrical
relationship of SWCNTs in cylindrical coordinates and the structure mechanics approach, Young’s modulus and Poisson’s ratio
of armchair and zigzag SWCNTs are also investigated. The results show that the approach to research mechanical properties of
SWCNTs is a concise and valid method. We consider that it will be useful technique to progress on this type of investigation.

1. Introduction

Since the discovery by lijima in 1991 [1], carbon nanotubes
(CNTs) have generated huge activities in most areas of
science and engineering due to their unprecedented mechan-
ical, electrical, and thermal properties [2—13]. Especially in
mechanical field, experimental measurements have deter-
mined that CNTs possess excellent mechanical properties
[14-21]. Therefore, an effective method to analyze the basic
characteristics of nanosized CNTs is essential.

In the past, researchers used experimental method to
measure mechanical properties of CNTs. Treacy et al. [14]
firstly measured the amplitude of intrinsic thermal vibrations
observed in transmission electron microscopy (TEM). The
average value of Young’s modulus of CNTs derived from this
experimental technique is 1.8 TPa by 11 tubes, in which the
lowest value and the highest value are 0.40 TPa and 4.15 TPa,
respectively. Later, Poncharal et al. [18] obtained Young’s
modulus of CNTs which is between 0.7 and 1.3TPa by
electromechanical resonant vibrations. In addition, based on
an atomic force microscope (AFM), Wong et al. [20] in 1997
firstly directly measured the stiffness constant of armchair

MWCNTs pinned at one end, from which the value of
Young’s modulus of CNTs is 1.28 TPa. Salvetat et al. [21] used
the AFM for experiment of bending an armchair (multi-
walled carbon nanotubes) MWCNT pinned at each end over
a hole and obtained an average modulus value of CNTs
of 0.81 TPa. These experiments all promote the research
of mechanical properties of CNTs. However, in description
of nanoscale structures, the results are with experimental
errors.

Meanwhile, for researching mechanical properties of
CNTs, a number of researchers solved the difficulties in
nanosized experiments in terms of computer simulation. For
the analysis of nanostructural materials, atomic simulation
methods such as first-principle quantum-mechanical meth-
ods [22], molecular dynamics (MD) [23, 24], and Monte
Carlo [25] simulations have been routinely adopted. As early
as 1993, Overney et al. [26] calculated Young’s modulus of
rigid short SWCNTs which is 1.5 TPa, approximately equal
to that of graphite. This was followed by a range of papers
predicting that Young’s modulus of CNTs is close to 1 TPa
independent of type and diameter [27]. Yakobson et al. [28]
fitted these results by MD simulations of the continuum shell



model. Unlike the previous work that assumed a thickness of
0.34 nm, both the thickness and Young’s modulus were taken
as the fitting parameters, yielding a thickness of 0.066 nm
and Young’s modulus of 5.5 TPa. The MD approach was also
used by Lu [27, 29] who reported that Young’s modulus
is 1TPa and claimed that chirality and the number of
walls have little effect on the value of Young’s modulus. A
different potential model was used by Yao and Lordi [16] who
obtained Young’s modulus of CNTs as 1 TPa. Although MD
method has been widely used in simulating the properties of
nanostructural materials, it is complex and time consuming,
especially for large amount atomic systems. Therefore,
the continuum mechanics seems to be a better way to
investigate the properties of CNTs. However, for the case
of nanoreinforced adhesives, these models cannot accurately
describe the influence of the relationship between carbon
atoms upon the mechanical properties and their interactions
in the composite systems because they lack the appropriate
constitutive relations that govern material behavior at this
scale [30]. Another modeling approach is the atomic-based
continuum technique, which has the unique advantage of
describing atomic structured properties in a continuum
framework for reducing the computational demand while
employing the appropriated atomic constitutive relations.
Therefore, there is a demand of developing a modeling
technique that could analyze the mechanical properties of
CNTs at the atomic scale. Considering CNTs as a rolled
cylindrical graphite sheet, we step from Young’s modulus
of the C—C bonds counted as Euler beam at atomic scale
and extend the theory of classical structural mechanics into
the modeling of carbon graphite sheet. The effects of tube
curvature on the mechanical properties of SWCNTs are con-
sidered in closed-form solutions. The mechanical properties
of SWCNTS, including Young’s modulus, Poisson’s ratio, the
length of C—-C bonds and the angle between the adjacent C-C
bonds are discussed as functions of nanosized structure.

2. The Structure of CNTs

CNTs can be considered as graphite sheets rolled into
cylindrical shape. The one-atom-thick graphite sheet looks
like chicken wire which is made of a single-carbon-atom
thickness. The structure of CNTs as shown in Figure 1 is
conveniently explained in terms of the chiral vector integers
(n, m) and the chiral angle 0 [31]:

9=tan1(\/§n). (1)

2m+n

CNTs are classified into three categories named as zigzag
(n, 0): 6, = 0°; armchair (n, n): 6, = 30°; and chiral (n,
m): (m# n#0). The relationship between radius 7, and
integers (n, m) is expressed as

3L
Tent = V3 €€ Jn2+m? + mn, (2)

2

where Lcc is the length of G-C bonds, 0.142nm, for
SWCNTs.
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FIGURE 1: Schematic diagram of hexagonal graphite sheet.

3. Mechanics Model of Graphite Sheet

From the viewpoint of molecular mechanics, CNTs are
treated as a large array of molecules consisting of carbon
atoms. According to the Tersoff-Brenner force field theory
[3, 32], the total molecular potential energy of the force field
for nanostructured material can be defined as the sum of
bonding and nonbonding energies:

V=>V4> Vo+> Vot D Vot > Vigwt 2.V,
(3)

where V;, is the energy induced by bond stretch interaction,
Vg is the energy by the bond angle bending, V, is the
energy by the dihedral angle torsion, V, is the energy by
improper torsion, Vygy is the energy by the nonbonding
van der Waals (vdW) interaction, and V,; is the energy by
the electrostatic interaction. As the axial loading, improper
torsion and nonbonding interactions subjected to CNTs are
very small [33], for covalent systems, the main contributions
to the total molecular potential energy come from the first
four terms of (3). Simplified system potential energy of CNTs
with C-C bonds is given as

S PAPSRERY J 2
Vr - zkr(r TO) - ZkT(Ar) >

1 1
Vo = Sko(6 — 60)" = Sko(A0)", )

1
Ve=V,+V, = EkT(Agb)Z,

where k;, kg, and k, are the bond stretching, bond bending,
and torsional resistance constants, respectively, while Ar,
Af, and A¢ represent the bond stretching increment, the
bond angle change, and the angle change of bond twisting,
respectively.

According to classical structural mechanics, the strain
energy of a uniform beam in graphite sheet is expressed as

_ EA 2

U = TLCC(AI) ;
_EI 2

Up = TLCC(A@) , (5)
4G 2

Ug - ZLCC (A¢) >
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FIGURE 2: Force analysis of armchair graphite sheet unit subjected to axial tension loading.

where EA is the tensile resistance of beam (C—C bonds),
EI is the flexural rigidity, GJ is the torsional stiffness, and
Al, AO, and A¢ are the axial stretching deformation, the
rotational angle at the end of the beam, and the relative
rotation between the ends of the beam, respectively.

Based on energy conservation law, a linkage between the
force constants in molecular mechanics and the sectional
stiffness parameters in structural mechanics is established.
Equations (4) and (5) are equal to each others in one-to-one
corresponding directions. The direct relationship between
the structural mechanics parameters and the molecular
mechanics parameters is deduced as follows:

EA = Lcck,, EI = Lccky, GJ = Leck.. (6)

As long as the force constants k;, kg, and k, are known,
the sectional stiffness parameters EA, EI, and GJ can be
determined, then the deformation and elastic behavior of
CNTs at atomic scale can be modeled. By further analysis of
(4) and (5), three more constants of C—C bonds D (diameter
of C—C bonds), E, and G depend on k;, kg, and k;:

ko k*Lce k2k:Lcc
D=4,]—, E=-" , G=-"L .
\ k, 4rke 8k}

3.1. Young’s Modulus for Armchair Graphite Sheet. Knowl-
edge of Young’s modulus (E) is the first step towards
the material using as a structural element for various
applications. SWCNT5 can be regarded as a two-dimensional
continuum shell which is composed of discrete molecular
structures linked by C—C bonds. The unrolled graphite sheet
of armchair SWCNTs is shown in Figure 2. Figure 2(b) plots
the smallest unit of armchair graphite sheet, in which the
force P, and moment M are displayed. The unit of armchair
graphite sheet can be analyzed based on solid mechanics, and
the unit along BD bond is symmetry of both structure and

(7)

force. Therefore, in terms of the elastic deformation energy,
the energy of an armchair unit is written as

 (Pysin,)” x 1,

Wa 2EA

I, _ 2
+J (Paxcos B, — M) dx,  (8)
0

2EI ’

where E is Young’s modulus of beam and I, is the C-C bonds
of armchair graphite sheet. When the relationship between
force P, and moment M,y is determined, the strain of the
unit can be resolved by using energy W,,.

According to Castigliano’s Law, the rotation angel on
point C is zero due to symmetry of structure and force that
is shown in

Wa _ 0. (9)

eac = aMaO =

Substituting (8) into (9), the relationship between force
P, and moment M, is obtained:

P.l,

My = cos 0,. (10)

Meanwhile, the elastic deformation energy W, is rewritten as

follows:

P2], sin’6,
2EA

P2[3cos?0,
24E1

W, = (11)

Based on Castigliano’s law, the displacement of the unit is
defined by the elastic deformation energy differential

_OW, P, sin’f,  P,lcos?6,

) ,
¢ 9P, EA 12EI

(12)

and the strain of armchair graphite sheet is defined as
follows:

& = O
¢ 1,sin0,

(13)
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FIGURE 3: Force analysis of zigzag graphite sheet unit subjected to axial tension loading.

For an armchair graphite sheet being subjected to the
tension stress 0,, the equation of static equilibrium of the
unit is expressed as

0,4tl,(1+ cosB,) = P,. (14)

Based on Hooke’s law, the relationship of the tension
stress and the strain is

0, = E,é,. (15)

When 6, = 60°, Young’s modulus of armchair graphite sheet
E, yields

CVBE(9l, B\
Ea= r \aa " 161) (16)

where f is the thickness of the graphite sheet.

3.2. Young’s Modulus for the Zigzag Graphite Sheet. For a
zigzag graphite sheet, the analytical approach is similar to
that of the armchair graphite sheet. The unit of a zigzag
graphite sheet is drawn in Figure 3, and the energy of the unit
is drawn in

P, .., P23 cos’6,
sz EA (sm 02+2)+W, (17)

where I, is the C-C bonds of the zigzag graphite sheet. The
displacement of the zigzag unit is defined as

P,Ecos?0,

_ Pl
0 12EI

= (sin®0 +2) + (18)

Then the strain of per unit length is obtained as follows:

6.

= Lsinb,+ 1) (19)

&z

For a zigzag graphite sheet being subjected to the tension
stress o, the force acting on the unit can be written as

o,td cos 0, = P,. (20)

When 6, = 30°, we can obtain Young’s modulus E, of
zigzag graphite sheet:

CVBE(9, B\
Ee=—\aa"161) - 1)

4. Molecular Mechanics Model of SWCNTs

SWCNTs can be ideally constructed starting from a graphite
sheet. According to the chiral vector, there are three kinds of
structure, as shown in Figure 4. After the two-dimensional
sheets are rolled into a three-dimensional tube, intrinsic
properties of the structure will be changed, such as mechan-
ical and physical characteristics.

4.1. Angle Measurement for SWCNTs. Figure 4(a) shows an
armchair SWCNT. According to (2) the radius of armchair
SWCNTs is 74ente = 37 - Lec/2m. Meanwhile, by geometric
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F1GURE 4: Classification of SWCNTs by chiral vector and chiral angle (a) armchair SWCNT, (b) zigzag SWCNT, and (c) chiral SWCNT.

relationships in cylindrical coordinates shown in Figure 4(a),
we obtain the coordinates of carbon atoms:

A = (rucnt) 0) O))

27 . 2n
B = (racnt COS ——, Tacnt smf,O),
3n 3n

i .1 /3 (22)
C = | Taent €08 —, aene SIN —, ———Lcc |,
n n 2

T .o /3
D = (racnt COS —, Tgent SIN —, chc>-
n n 2
Because of the effect of curvature, the lengths of the

bonds between carbon atoms in vector space are shorter
than those in plane and characterized in different numerical

values, which are displayed in Figure 4(a) and given as
follows:

- 2
a= 'BA‘ = Si, l2—2cos£Lcc,
21 3n

- - 3n A
= |BD| = |BC| = 22,/2 = 2cos - + - Lcc.
b ' ‘ ' C‘ 27'[\/ COSSn 32 ¢

(23)

In cylindrical coordinates, on account of the curvature,
the included angles between the adjacent bonds in a carbon
cycle of SWCNTs are different from those of graphite sheets.
In accordance with geometrical relationships, the included
angle between the adjacent bonds for an arbitrary unit
of armchair SWCNTs plotted in Figure 4(a) relates with
coordinate figures of carbon atoms in the unit:

BD - BC

cosa = — —.
5| |c|

(24)



Substituting (23) into (24), we obtain the included angle
of armchair SWCNTs

(25)

o cos-! 6n*(1 — cos w/3n) — m?
B 6n2(1 — cosm/3n) + 2 |’

Figure 4(b) shows a zigzag SWCNT. According to (2) the
radius of zigzag SWCNTTs is 7,cnt = /31 - Loc/27. Consid-
ering geometric relationships in cylindrical coordinates, the
coordinate figures are described as

A = (rzcnt: 0) 0))

T Lol
B = (rzcnt COS —, I'zent S —, 7LCC> >
n n 2
(26)

27 . 2m
C= (rzcm COS =, Tzent SIN 7,0 ,

T .3
D= (rzcnt COS —, I'zent SIN —, *Lcc>.
n n 2

The distances of the bonds in vector space are as follows:

c= ’Bb‘ =Lcc,

- - 2
d= ’BA‘ - ‘BC‘ _ @,/2—2cos5+”—Lcc.
2w n  3n?

For zigzag SWCNTs, the analysis method resembles
armchair SWCNTSs; we calculate the included angle for zigzag
SWCNTs as follows:

B = c0s1< 7 ) (28)

\J6n2(1 — cosn/n) + 2

(27)

4.2. Elastic Properties for SWCNTs. Considering space curva-
ture, Young’s modulus of SWCNTs in cylindrical coordinates
depends on bond length and included angle between two
bonds. The method for calculating Young’s modulus of
armchair SWCNTs in three-dimensions resembles that in
two dimensions. Affecting factors in three dimensional
coordinates of Young’s modulus of armchair SWCNTs are
mentioned in (23) and (25); Young’s modulus of armchair
SWCNTs is expressed in

1 1\7!
Eucnt - an (kal X + kuZ ﬁ) > (29)
where & = (E/t), A\, = sin(a/2)/a + b cos(a/2), ka = sin’a/2,
and kp, = b? cos*a/2.

We obtain Young’s modulus of zigzag SWCNTs given in
the following in the same way

1 1\!
Ezcnt = EAZ (kzl X + kzZﬁ) 5 (30)

where A, = (dsin( — (7/2)) + ¢)/(d cos( — (1/2))), k1 =
dsin’*(B — (1/2)) +2¢, and k,, = cos®(B — (1/2))d>.
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4.3. Poisson’s Ratio for SWCNTs. For armchair SWCNTs, the
stretch deformations of the bonds caused by concentrated
force and bending moment are schematically signed in
Figure 5(a) to analyze Poisson’s ratio. The equilibrium of
force P, and bending moment M, can be computed from
Figure 5(a)

2M, = P,bsin % (31)

According to geometric properties and elastic theory,
taking the included angle between two bonds in three
dimensions into consideration, we obtain the equilibrium
equations about extension variation of the C-C bonds

5Pl = P, sina/2
@ EA
P,b3 cosa/2
&= SEL (32)
oM — ~ M,b* cosa/2
@ 2E1

where EA and EI are the tensile resistance and the flexural
rigidity of beam, and 8!, 872, and 8 are the deformations
of beam caused by force P, and bending moment M,, respec-
tively. The strains in axial direction and circumferential
direction are defined as follows, respectively:

0P cos(a/2) — (88? + 0)) sina/2
a a+bcosa/2

al >

(33)
0PV sin(a/2) + (882 + 6)) cos a/2
B bsina/2 '

a2

Poisson’s ratio of armchair SWCNTs can be defined as
the ratio between circumferential strain, and axial strain,
substituting (31) and (32) into (33) we can get Poisson’s ratio
of armchair SWCNTs

€al (121 — Ab?)sin®(a/2) cos(a/2)

a = = =

&a2 (IZIsinz((x/Z) + Ab3coszcx/2) ((a/b) + cosa/2)
(34)

For zigzag SWCNTs, the analysis step is similar to
that for armchair SWCNTs. To analyze Poisson’s ratio of
zigzag SWCNTs, Figure 5(b) schematically signs the stretch
deformations of the bonds caused by force P, and bending
moment M;; the relationship of force and bending moment
is given in

2M, = P,bsin % (35)
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FIGURE 5: Analysis of axial deformation and angular displacement of armchair and zigzag SWCNTs.

The equilibrium equations about extension variation of
the bond are described as

P, sin(B — (n/2))

Pl _
%" = EA ’
57— P.d? cos(B — (n/2))

= 3EI ’

(36)

e 2P, sin(B — (1/2))

= EA ’

oM — _Mzd2 cos(B — (7/2))

= 2EI

The strains in axial direction and circumferential direc-
tion are defined as follows, respectively:

_ 0P cos(B — (m/2)) — (8652 + M) sin(B — (71/2))
£ = d cos(m — B) ’

OPlsin(B — (71/2)) + (882 + 6M) cos(B — (n/2)) + 6F3
c+dsin(m — p) '

€2 =

(37)

Poisson’s ratio of armchair SWCNTs can be defined as the
ratio between circumferential strain and axial strain; then we
obtain

(121 — Ab®) ((c/d) + sin(B — (n/2)))sin(B — (n/2))
(IZIsin2 (B = (7/2)) + Ad3cos? (B — (7/2)) + 24A) .
(38)

5. Results and Discussions

The atomic-based continuum mechanic approach described
in the previous section was implemented for studying the
effective elastic properties of graphite sheets and SWCN'Ts. In
this section, the mechanical characteristics of graphite sheet
and SWCNTs are examined.

5.1. Mechanics Model of Graphite Sheet. In the present
simulation, k,/2 = 46 900 kcal/mole/nm?, kg/2 = 63 kcal/
mole/rad® and k,/2 = 20kcal/mole/rad®, are taken [34].
Lcc and ¢ are 0.142 nm and 0.34 nm, respectively. According
to (6) and (7), the constants of beam are obtained and
summarized in Table 1. Comparing the evaluated elastic
moduli of graphite sheets with the literature results, Tserpes
[8] and Kalamkarov [9] reported E = 5.49 TPa and



TaBLE 1: Geometrical and material properties of C-C bonds.
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Beam element

Abbreviation

Value

Unit

Diameter
Cross-section area
Moment of inertia
Young’s modulus
Shear elastic modulus

D

A
I
E
G

0.146
1.678 x 1072
2.241 X 1073

5.530

0.871

nm
nm
nm
TPa
TPa

G = 0.871 TPa, E = 5.488 TPa and G = 0.8711 TPa of G-C
bonds, respectively.

Comparing (16) to (21), Young’s moduli of the armchair
graphite sheet and the zigzag graphite sheet have the same
expression form except for [, and I,. Because the carbon cycle
is a regular hexagon, graphite sheets have I, = I, = Lcc. We
obtain Young’s moduli of both armchair and zigzag graphite
sheets as 1.0424 TPa, which is close to the value of 1.033 TPa
calculated by Li and Chou [31] and the value of 1.04 TPa
computed by Shokrieh and Rafiee [11]. It can be seen that
the predicted values obtained from the model at the atomic
scale agree well with those reported in the literatures.

5.2. Molecular Mechanics Model of SWCNTs. Since SWCNTs
are defined as rolled graphite sheets, the lengths of bonds in
vector space are changed owing to the effect of curvature.
For armchair SWCNTs rolled by armchair graphite sheets,
all of the lengths of C-C bonds become shorter because of
the connection with curvature in circumferential direction,
while, for zigzag SWCNTs rolled by zigzag graphite sheet,
the length ¢ is only in vertical direction equal to the C-C
bonds length of graphite sheets. According to (23) and (27),
the variation of C-C bonds lengths with radius are shown
in Figure 6. With increasing radius of SWCNTs, the bond
lengths a, b, and d approach to the length ¢ = 0.142nm
which is the bond length of graphite itself, owing to the
curvature approaching to zero in infinite radius.

When graphite sheets are rolled into SWCNTs, the
lengths and spatial relations of C-C bonds change obviously.
Figure 7 shows the variation of included angles of two
adjacent C-C bonds with radius according to (25) and
(28). It expresses that the included angles are quite sensitive
to SWCNTs in small radius. The included angle of zigzag
SWCNTs is a little larger than that of armchair SWCNTs
in the same radius. As being larger than 1.1 nm, the radius
makes less influence on the included angles of both armchair
and zigzag SWCNTSs, and the two lines show a tendency to
be 120 degree which is close to that of graphite sheets, due to
the SWCNTs being regarded as graphite sheet when radius is
infinite.

Comparing (29) to (30), Young’s moduli of armchair and
zigzag SWCNTs have the same expression form except for
coefficients A4, ka1, ko and Az, k1, k2. As the two Young's
moduli shown in Figure 8, Young’s moduli predicted by the
present theory decrease monotonically with the increase of
radius. Young’s modulus of armchair SWCNTs is slightly
higher than that of zigzag SWCNTs with the same smaller

0.142 +

0.141 A

Length (nm)

0.14

0.139 1

Radius (nm)

—— Armchair-a
Armchair-b

--- Zigzag-c
coo Zigrag-d

Ficure 6: C-C bonds lengths of armchair SWCNTs and zigzag
SWCNTs.

12044

120.3 A

120.2 A

Angle (deg)

120.1 A

120 -

Radius (nm)
—— Armchair

©oo Zigzag

FiGure 7: Included angles of adjacent C-C bonds in armchair
SWCNTs and zigzag SWCNTs.

radius. When the radius is larger, the two declining curves
gradually develop into horizontal lines, which tend to be
a constant of 1.0424 TPa. The value is Young’s modulus of
graphite sheet.
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FiGure 8: Young’s modulus of armchair SWCNTs and zigzag
SWCNTs.
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FIGURE 9: Poisson’s ratio of armchair SWCNTs and zigzag SWCNTs.

Considering the variations of length and included angles
of two adjacent C-C bonds, from graphite sheets into
SWCNTs, Figure 9 shows the variations of Poisson’s ratio of
the armchair and zigzag SWCNTs as a function of nanotube
radius. It is found that, in general, Poisson’s ratio of armchair
SWCNTs is slightly higher than that of zigzag SWCNTs.
Poisson’s ratios of armchair and zigzag SWCNTs show a
smoothly monotonic decreasing versus increasing radius.
When the radius of SWCNTs is larger, the two curves tend to
be a straight line which means that Poisson’s ratios approach
to be a steady value of 0.26, which makes a great agreement
with those reported in the literatures [6, 33].

6. Conclusions

The mechanical properties of both armchair and zigzag
SWCNTs are characterized by using continuum mechanics

in the atomic scale. In terms of the conjunction of Tersoff-
Brenner force field method and energy conservation law,
the graphite sheet is of isotropic property and Young’s
modulus of graphite sheet is obtained to be 1.04 TPa.
Furthermore, considering the variations of the length and
the included angle of two adjacent C-C bonds rolled from
graphite sheets into SWCNTs, Young’s modulus and Pois-
son’s ratio of SWNCTs with armchair and zigzag structures
are investigated as a function of SWCNT radius. We predict
that Young’s modulus and Poisson’s ratio of SWNCTs are
influenced obviously by relatively smaller radius while being
little affected by larger radius. We are confident that this
model provides a useful method to analyze mechanical
properties of CNTs and other nanosized structures at the
atomic scale.
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The aim of this study was to assess the influence of different types of carbon nanotubes (CNTs) on cell phagocytosis. Three
kinds of carbon nanotubes: single-walled carbon nanohorns (SWCNHs), multiwalled carbon nanotubes (MWCNTs), and ultra-
long single-walled carbon nanotubes (ULSWCNTs) before and after additional chemical functionalization were seeded with
macrophage cell culture. Prior to biological testing, the CNTs were subjected to dispersion process with the use of phosphate
buffered solution (PBS) and PBS containing surfactant (Tween 20) or dimethyl sulfoxide (DMSO). The results indicate that the
cells interaction with an individual nanotube is entirely different as compared to CNTs in the form of aggregate. The presence of the
surfactant favors the CNTs dispersion in culture media and facilitates phagocytosis process, while it has disadvantageous influence
on cells morphology. The cells phagocytosis is a more effective for MWCNTs and SWCNHs after their chemical functionalization.
Moreover, these nanotubes were well dispersed in culture media without using DMSO or surfactant. The functionalized carbon
nanotubes were easily dispersed in pure PBS and seeded with cells.

1. Introduction

Carbon nanotubes (CNTs) are being produced in increas-
ingly large quantities for many technical and medical
applications due to their novel properties, such as enhanced
thermal, electronic, mechanical, and biological properties.
In biological systems, they have been investigated as drug
delivery vehicles, targeted cancer therapies, tissue scaffolds,
and biosensors [1-3]. CNTs due to their relative large length-
to-diameter aspect ratio, with a very large specific surface
are suitable for highly sensitive molecular detection and
recognition. Consequently, a large fraction of the CNT
surface can be modified with functional groups of various
complexities, which would modulate its in vivo and in vitro
behaviour [4].

However, opinions about the biocompatibility of CNTs
in vitro and in vivo environments are not unequivocal. Some
authors indicate that CNTs are biocompatible in contact
with cells and tissue, that is, they stimulate osteoblast and

nerve cells to grow and proliferate and induce muscle
and blood vessels to regenerate [5-7]. Contrary to these
outcomes, many critical results point to the cytotoxicity of
CNTs. The toxicity of CNTs is a prime concern, and several
groups point to their similarity to asbestos fibres [8]. Other
scientists indicate that CNTs may lead to dermal toxicity due
to accelerated oxidative stress in the skin and pulmonary
toxicity through induced lung lesions characterized by the
presence of granulomas [9, 10].

The question arises why the opinions about the biocom-
patibility of carbon nanotubes are so different?

Many scientists explain that CNTs toxicity in both in
vivo and in vitro studies has been attributed to various
factors, for instance, length, type of functionalization, their
concentration, duration and method of exposure, catalyst
impurity, agglomeration, and even the dispersants used to
dissolve the nanotubes [4, 11-16]. However, most aspects of
CNT toxicity remain still not properly recognized. One of
the important aspects is the transport of CNTs across the
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FiGure 1: TEM microphotography of SWCNH (a), MWCNT (b), and ULSWCNT (c¢) before chemical functionalization.

(a) (®)

FIGURE 2: MWCNT in 10% DMSO just after dispersion (a) and 48 h
later (b).

cell membrane. Two potential transport mechanisms of CNT
have been considered: endocytosis/phagocytosis and energy-
independent passive process [4, 17, 18].

The aim of this study is to examine the effect of
dispersion degree of CNTs on cell phagocytosis process. The
CNTs dispersion depends upon a number of factors, such
as the type of CNTs, their geometry, the presence of surface
chemical state as well as the type of surfactants. These factors
are qualitatively analyzed in view of differently prepared
CNTs to their susceptibility to cells response.

2. Materials and Methods

Five kinds of pristine and functionalized carbon nanotubes
(CNTs) were used in this work. The pristine CNTs were
provided by NanoAmor USA and NanoCraft Inc USA. The
pristine carbon nanotubes used in this experiment were
denoted, as follows (Figure 1):

(i) SWCNH—single wall carbon nanohorns,
(i1) MWCNT—multi wall carbon nanotubes,

Absorbance (a.u.)

a

1800 1700 1600 1500 1400 1300 1200 1100 1000 900
Wavenumber (cm™!)

FIGURE 3: IR spectra of MWCNT (a) and MWCNT-F (b).

Absorbance (a.u.)

1800 1700 1600 1500 1400 1300 1200 1100 1000 900
Wavenumber (cm™!)

FIGURE 4: IR spectra of SWCNH (a) and SWCNH-F (b).

(iii) ULSWCNT—ultra-long-single-wall carbon nanotu-
bes.

The diameters of SWCNHs ranged from 2 to 3nm and
length from 30 to 50 nm, with a 19° closed-end called car
bon nanohorns. Carbon nanohorns belong to the carbon
nanotubes family. The tip of this tube is closed by a
conical cap with a cone angle of 19°. The individual carb
on nanohorns have a tendency to aggregate together and
form dahlia-flower-like structured particles (Figure 1(a)).
SWCNH aggregates have been regarded as potentially good
drug carriers, which possess some advantages over other
drug carriers [2, 19].

MWCNTs had diameters in the range of 10-30 nm and
were 1-2 ym long, whereas ULSWCNTs had diameters from
0.7 to 2 nm and length from 15-30 ym.
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TABLE 1: Purity of carbon nanotubes before and after chemical oxidative treatment.
Chemical oxidation Samples Concentration (wt.%) )
Co Al Ni
Before SWCNH 1.8 0.007 0.5 0.2
After SWCNH-F 0.05 0.0001 0.04 0.003
Before MWCNT 0.3 0.006 0.06 1.2
After MWCNT-F 0.01 0.001 0.01 0.1
Before ULSWCNT 0.003 0.8 0.02 0.002
After ULSWCNT-F 0.0001 0.08 0.006 0.0003

50 ym

100 um

(a)

(c)

FIGURE 5: Macrophages in contact with SWCNH dispersed in PBS (a), in PBS + 1% DMSO (b), and in PBS + 1% Tween 20 (c).

A mixture of concentrated H,SO; and HNO; with
volume ratio of 3:1 was made for functionalization of the
CNTs. They were immersed into this mixture and kept four
hours at temperatures between 60°C and 70°C. The main
aim of this process was the removal of metallic catalysts
and chemical modification by introducing of carboxyl acid
groups on the CNT surface. In this way, two types of samples
were prepared

(i) SWCNH-F—SWCNHs after chemical purification in
concentrated acid,

(i) MWCNT-F—MWCNTs after chemical purification
in concentrated acid.

CNTs were sterilized by the UV method for 0.5h. Before
incubation with cells, each type of carbon nanotubes was
sonicated for 1 min using a tip sonicator (PALMER INSTRU-
MENTS, Model: CP 130 PB) in three different solutions:

(i) PBS—phosphate buffered solution,
(ii) PBS + 1% DMSO (DMSO—dimethyl sulfoxide),
(iii) PBS + 1% Tween 20,

with a concentration of CNT 38 yg/mL (a safe concentration
level of CNTs is to be around 40 yg/mL) [20]. Dimethyl
sulfoxide (DMSO) used in our experiments is an appropriate
polar aprotic solvent that dissolves both polar and nonpolar
compounds, miscible in a wide range of organic solvents
as well as in water. In medicine, DMSO is predominantly
used as a topical analgesic, a vehicle for topical application
of pharmaceuticals, as an anti-inflammatory agent and as an
antioxidant. Because DMSO enhances the rate of absorption

of some compounds through organic tissues including skin,
it can be used as a drug delivery system. This solvent
has acceptable biological properties, and the suspensions
prepared with the dispersed CNTs perform a long-lasting
stability (Figure 2).

Tween 20 is a stable and a relative nontoxic detergent and
emulsifier used in a number of pharmacological applications.
It was used as a dispersion agent of carbon nanotubes in
previous works [21, 22]. After sonication, all kinds of CNTs
were observed in contact with RAW 264.7 for 24 h.

The morphology of CNTs before functionalization was
analyzed using transmission electron microscopy (TEM)
(Tecnai G2 F20 (200 kV) and Joel). The degree of purification
of CNTs was determined using inductively coupled plasma
optical emission spectrometry (ICP-OES) (Multiwave 3000,
Perkin Elmer Co.). Evaluation of the functionalization of
carbon nanotubes was done using Fourier transform infrared
spectroscopy (FTIR) (Bio-Rad FTS60V spectrometer). The
transmission of FTIR spectra was registered in the range
of 800-1800 cm™! using KBr pellets. The phagocytosis of
nanotubes by RAW 264.7 macrophages was observed using
inverted microscope (Olympus CKX41, Germany).

The murine macrophage RAW 264.7 cell line (ATCC,
GB) was used in this study. The cells were cultured in 75-
cm? tissue culture flasks (Nunc, Denmark) in Dulbecco’s
modified Eagle’s medium (DMEM; PAA, Austria) supple-
mented with antibiotics (penicillin G 100 U/mL, strepto-
mycin 10 ug/mL (Sigma-Aldrich, Germany)) and 10% fetal
bovine serum (PAA, Austria). The flasks of cultured cells
were incubated at 37°C in humidified 95% air and 5%
CO,. Cells were routinely passaged by harvesting using a cell
scraper and replated in tissue culture flasks at a ratio of 1:5
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FIGURE 6: Macrophages in contact with SWCNH-F dispersed in PBS (a), in PBS + 1% DMSO (b), and in PBS + 1% Tween 20 (c).

for subculturing. Cells were passaged no more than 10 times
before an experiment. In our experiment, cells were placed
into 24-well dishes (Nunc, Denmark) at a population density
of 5 x 10% cells/mL/well and allowed to adhere for 2 h. Next,
10 uL of nanotubes dispersed in different media were added
to cell culture. After 24 h, the supernatant from above cells
was collected for cytotoxic assay and cells in culture dishes
were observed with inverted optical microscope.

3. Results and Discussion

Purity of carbon nanotubes was determined using ICP-OES.
The results are gathered in Table 1.

ICP-OES analysis of the as-prepared SWCNH indicated
mainly the presence of iron (Fe) catalyst (1.8 wt.%) in this
sample. In the case of the pristine MWCNT and ULSWCNT,
the ICP-OES analysis showed mainly the presence of nickel
(Ni) (1.2wt.%) and cobalt (Co) (0.8 wt.%), respectively.
Using this method, the effectiveness of metal catalysts
removal from CNTs after the oxidation process in acid
(H,SO4 : HNO3) was determined. The acid treatment of
CNTs allowed to remove the metal catalyst residues in
CNT samples, to open the end caps of the CNTs, and
to leave them terminated with carboxylic groups [23-26].
The concentration of metal catalysts significantly decreases
for all types of carbon nanotubes after chemical oxidation
(Table 1). The conclusion drawn from this analysis is that the
chemical oxidation method was useful for the purification of
CNTs.

(b)
FIGURE 7: Macrophages in contact with MWCNT dispersed in PBS (a), in PBS + 1% DMSO (b), and in PBS + 1% Tween 20 (c).

To clarify the influence of the acid mixture on the surface
chemistry of MWCNT and SWCNH after the functionaliza-
tion process, the FTIR investigation was carried out and the
corresponding results are shown in Figures 3 and 4. The
spectrum of the as-prepared CNTs shows the C—C stretching
bonds in the range of 1580-1650 cm™! characteristic to the
expected nanotube phonon modes [26]. The spectrum of
the CNTs after oxidation presents two characteristic bands at
1710 cm™! (for MWCNT-F) and at 1704 cm ™! (for SWCNH-
F) and a broad band in the range from 900 to 1220 cm™!
assigned to vc-o and vc_o carbonyl and carboxyl groups.
These bands were not observed in the spectra of CNTs before
the treatment. This implies that the oxygen-containing
functional groups are introduced on the MWCNT and
SWCNH surfaces during their oxidative treatment. These
functional groups are usually found to be attached to the
ends of the nanotubes or defects along their wall, due to
the enhanced reactivity of these sites [26]. The characteristic
bands of FTIR spectrum of other samples are gathered in
Table 2. The presence of the chemical group on CNTs surface
confirms the effectiveness of functionalization methods.

In order to identify the phagocytosis process, both
pristine and functionalized CNTs were analyzed using
macrophage cell line (RAW 264.7). The proper application
of carbon nanotubes in a biological environment is directly
connected with overcoming the agglomeration problem. Due
to van der Waals interactions, carbon nanotubes have a
strong tendency to orient themselves parallel to each other.
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(b) (c)
FIGURE 8: Macrophages in contact with MWCNT-F dispersed in PBS (a), in PBS + 1% DMSO (b), and in PBS + 1% Tween 20 (c¢).

(a) (®) ()

FIGURE 9: Macrophages in contact with ULSWCNT dispersed in PBS (a), in PBS + 1% DMSO (b), and in PBS + 1% Tween 20 (¢).

TaBLE 2: Results from FTIR spectroscopy of MWCNT and SWCNH
after functionalization in acids.

MWCNT-F SWCNH-F Chemical bond
Wavenumber (cm™!)

1710 1704 C=0 and C-O

900-1220 900-1220

During such an interaction, the CNTs create agglomerates
in the form of ropes and bundles with the binding energy
accompanying this mechanism several hundreds of meV/ym
[27]. The properties of agglomerated carbon nanotubes are
different than those observed for their single, separated
forms [14-16]. Hence, the preliminary step before in vitro
testing is their good dispersion in a medical environment.
All kinds of CNTs were dispersed in the pure PBS or PBS
containing 1% of DMSO or Tween 20, at the concentration
of 38 ug/mL and then introduced to DMEM. The dispersion
was monitored using a digital camera (Camedia C5050Z,
Olympus, Germany) after 24h. The sets of suspensions
containing various CNTs prepared in different way are
visualized in Figure 11.

The aggregates of all types of CNTs were dispersed using
ultrasounds (results not shown). However, a part of carbon
nanotubes after dispersion had a tendency to secondary
aggregation (Figure 11). A complete sedimentation was ob-
served for pristine CNTs in PBS solution and PBS with
DMSO only (Figure 11(A, B, G, H, M, and N)). The Tween

FiGure 10: The macrophage cells after incubation with nanotubes
dispersed in Tween 20.

20 added to PBS improves the dispersity and stability
of SWCNH and MWCNT in culture media (Figure 11(C
and I)). A different situation was observed in the case of
ULSWCNT, namely, the presence of Tween 20 did not inhibit
the sedimentation process (Figure 11(O)). The hydrophobic
nature of the pristine CNTs has a decisive influence on the
agglomeration process of CNT in PBS solution. Moreover,
the presence of culture media ingredients (e.g., protein,
hormones, vitamins, etc.) may have an impact on the sedi-
mentation process. Due to nature of the Tween 20 surfactant,
its presence in the PBS solution improves dispersion of
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FiGure 11: Photographs of CNTs suspensions using three different
liquids 24 h after dispersion.

MWCNT and SWCNH. It is well known that the surfactants
decrease the surface energy of a liquid, allowing easier
spreading, and lowering the interfacial tension between two
liquids, or between a liquid and a solid. The positive impact
of Tween 20 surfactant was observed during dispersion of
MWCNTs and SWCNTHs, while in the case of ULSWCNTs,
the agglomeration was comparable with samples containing

Journal of Nanomaterials

pure PBS and PBS with DMSO (Figure 11(O)). The probable
reason could be the length of ULSWCNT, which limits their
appropriate dispersion in a solvent. The ULSWCNTSs tend to
entangle and bundle, which makes their dispersion process
and assessment of the surfactant’s impact difficult.

A different situation was observed for MWCNT and
SWCNH after functionalization in a mixture of acids.
Both SWCNH-F and MWCNT-F were well dispersed in all
prepared suspensions and maintained their stability up to
24h (Figure 11(D, E, E ], K, and L)). The most effective
process was observed for MWCNT-F (Figure 11(J, K, and
L)). The reason for good dispersion of CNTs in pure PBS
and PBS with additives was the surface chemistry of these
materials. The presence of carboxylic groups on carbon
nanotubes changes their wettability from hydrophobic to
hydrophilic.

The phagocytosis of CNTs by RAW 264.7 macrophages
and its features was qualitatively analysed on the basis of the
series of microphotographs gathered in Figures 5, 6, 7, 8,
and 9.

As it results from analyse of these images, the macro-
phages phagocytose all kinds of CNT with different intensity.
The most intensive phagocytosis process was observed for
the samples after chemical modification (Figures 6 and
8). The presence of chemical groups on CNTs surface
improves their dispersity in solutions. The well-separated
carbon nanotubes in a suspension are easier “devoured” by
cells. Such images are particularly observed for MWCNT-
F (Figure 8), where the cells, regardless of types of solvent,
were entirely filled with those CNTs. A similar situation
was noticed for SWCNH and MWCNT dispersed in PBS
containing Tween 20 (Figures 5(c) and 7(c)). In order to
compare the phagocytoses effectiveness between MWCNT-
F dispersed in different solvent with MWCNT (Figures
8(a), 8(b), and 8(c)) dispersed in PBS containing Tween 20
(Figure 7(c)), the following relationship may be proposed:
Figure 8(a) = Figure 8(b) = Figure 8(c) = Figure 7(c). Com-
parable or higher phagocytosis effectiveness observed for
MWCNT-F (Figures 8(a), 8(b), and 8(c)) in comparison with
MWCNT (Figure 7(c)) can be explained by the presence of
shorter carbon nanotubes after their oxidation in an acidic
medium.

In the case of samples containing higher size agglom-
erates, the phagocytosis was distinctly inhibited (Figures
5(a), 5(b), 7(a), 7(b), and 9). Such a case was noticed
particularly for the cultures contacted with ULSWCNT
where the highest number of cells without carbon nanotubes
can be seen (Figure 9). Additionally, the hampered phago-
cytosis of ULSWCNT by RAW 264.7 could come out of a
high length of this form (15-30 um). The influence of the
length of CNTs on cell phagocytosis could be confirmed by
differentiation between the phagocytosis of SWCNHs (length
from 30 to 50 nm) or MWCNTs (length between 1-2 ym)
and ULSWCNTs. The influence of the length of the CNTs
has already been confirmed in the literature [13]. In spite
of the existing agglomerates in SWCNHs and MWCNTs-
based suspensions, phagocytosis was easier in comparison to
ULSWCNTs-based suspension (Figures 5(a), 5(b), 7(a), 7(b),
9(a), and 9(b)).
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The results indicate that the surfactant (Tween 20) has an
advantageous influence on the dispersion process of carbon
nanotubes in culture media and facilitates phagocytosis by
macrophages. The drawback of the application of Tween 20 is
its disadvantageous impact on cell morphology (Figure 10).
The cell membrane was heterogeneous with numerous vac-
uoles in cytoplasm (black arrows). The similar results were
also observed by Monteiro-Riviere [22]. On the contrary, this
phenomenon was not observed for cells harvested with PBS
and PBS + 1% DMSO additions.

4. Conclusion

Five kinds of pristine and chemically modified carbon
nanotubes were contacted with macrophages to verify their
influence on cell phagocytosis. The appropriate dispersion
of CNTs in culture media is one of the crucial issues
which has a strong impact for interaction cell-CNT. There
were used three types of dispersion agents (PBS, PBS +
DMSO and PBS + Tween 20). PBS + Tween 20 was the
most effective dispersion agent for CNTs, although this
surfactant is probably partially toxic for cells, which limits
its further application. The use of both pure PBS and PBS
with DMSO did not reveal any influence on the good
dispersion process of CNT in culture media. The best
dispersity was observed for carbon nanotubes after chemical
functionalization in an oxidative treatment, irrespective of
dispersing agents. Simultaneously, for these kinds of CNTs
the highest phagocytosis was observed. The results show that
the interaction between CNTs and cells strongly depends on
an average agglomerates size and the length of CNTs.

These results provided preliminary information about
the influence of different types of CNTs and their degree
of dispersity on the phagocytosis processed by macrophage
cells. Further investigations are, however, required for better
understanding of the mechanism of phagocytosis and the
influence of CNTs on the fundamental biological interaction
with cells.
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Silica-modified titania (SMT) powders with different atomic ratios of silica to titanium (Rx) were successfully synthesized by a
simple ultrasonic irradiation technique. The prepared samples were characterized by X-ray diffraction (XRD), FT-IR spectroscopy,
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and ultraviolet visible spectroscopy. The
specific surface area was measured according to BET theory. Results indicate that the addition of silica to titania can suppress
the crystalline size growth and the transformation of anatase phase to rutile phase of titania, enlarge specific surface area of the
titania particles, and result in a blue shift of absorption edge compared to pure titania. The photocatalytic activity of the SMT
samples was evaluated by decolorizing methyl orange aqueous solutions under UV-visible light irradiation. It was found in our
study that this activity was affected by silica content, calcination temperature, H,SO4, and oxidants such as KIOy, (NHy),5,0s
and H,O,. The results reveal that the photocatalytic activity of 0.1-SMT catalyst is the best among all samples calcined at 550°C
for 1 h and it is 1.56 times higher than that of Degussa P-25 titania, which is a widely used commercial TiO, made by Germany
Degussa company and has been most widely used in industry as photocatalyst, antiultraviolet product, and thermal stabilizer. The
optimal calcination temperature for preparation was 550°C. The photocatalytic activity of SMT samples is significantly enhanced

by H,SO, solution treatment and oxidants.

1. Introduction

As a cost-effective, nontoxic, effective photocatalyst, nanosize
TiO, has received much attention during the past three
decades. In its practical application, it is very important
to improve the efficiency of titania-based photocatalysts
because titania usually has a small surface area and pore
volume, which leads to its low adsorption of organic pollu-
tants. Therefore, the enlargement of specific surface area and
adsorption capability is desirable for titania photocatalyst.
Generally speaking, two strategies have been developed
to solve the problem. One is the synthesis of malodorous
titania with high specific surface area resulting in high
adsorbability and photocatalytic activity [1], the other is the
combination of titania materials with adsorbent [2]. For the
former strategy, titania mostly exists in an amorphous or

semicrystalline phase so it has low photocatalytic activity.
It has been proven that the later method is relatively easy
to prepare. As an adsorbent and stabilizer, silica is the
best candidate as it not only possesses a large specific
surface area, but also has no absorption in UV region.
Titania-silica mixed oxide has attracted considerable atten-
tion as attractive materials for photocatalytic applications
because of the synergetic function of the photocatalytic
activity, adsorbability, and stability. This may be partially
the intimate interaction of titanium dioxide and silica, the
new different structural characteristics and physicochem-
ical/reactivity properties of titania-silica complex, such as
quantum-sized crystalline, large surface area, high thermal
stability, high adsorbability of reactant, or high acidity [3, 4].
Most of studies for titania-silica were concentrated on the
structure type of titania supported on silica or titanium



silicate series [5-8], the application of waste air purifi-
cation [9] and wastewater treatment [10]. However, few
studies on wastewater treatment with titania-silica have been
reported.

The purpose of the paper is to explore SMT with high
photoactivity for purifying the water. Methyl orange was
chosen as a probe for its relatively high reactivity and high
stability. We also found that the photocatalytic activity of the
prepared SMT could be greatly improved by H,SO4 solution
treatment. Explanations are provided based on the influence
of sulfuric acid treatment on photocatalytic activity.

2. Materials and Methods

2.1. Materials. Tetraethylorthosilicate (TEOS), tetrabuty-
lorthotitanate (TBOT), methyl orange, sulfuric acid, KIO,,
(NH4)25,0s8, and H,O, were from Shanghai Chemical
Company at analytic purity.

2.2. Methods

2.2.1. Preparation of Silica-Modified Titania (SMT) and
Surface Acid Treatment. Nanocrystalline Titania powders
were prepared by hydrolysis under ultrasonic irradiation
[11, 12]. Tetrabutylorthotitanate (TBOT) was used as a tita-
nium source. Tetraethylorthosilicate (TEOS) was used as a
precursor of the dopant. The mixture of TBOT (0.1125 mol)
and TEOS was directly added dropwise to distilled water
(900 mL) under vigorous stirring at room temperature. The
atomic ratios of silica to titanium, which hereafter was
designated as Rx, were 0, 0.05, 0.1, and 0.2, respectively.
The samples were then irradiated with an ultrasonic cleaning
bath (KQ3200E, 40 kHz, 150 W) for 1 h, followed by aging in
a closed beaker at room temperature for 24 h. After aging,
these samples were dried at 100°C for about 8h in air in
order to vaporize water in the gels and then ground to fine
powders to obtain dry gel samples. The dried gel samples
were calcined at different temperature in air for 1 h.

To enhance the photocatalytic activity of the powders,
we dipped the SMT in 1 mol-L~! H,SO4 aqueous solutions
at room temperature. After 20 mins, the samples were
withdrawn from the H,SO4 solutions. They were carefully
rinsed with deionized water and dried at 100°C for 2h in an
oven in air.

2.2.2. Characterization. XRD patterns were made using a
X'TRA diffractometer (made in ARL Company in Swiss)
with CuKa radiation over the scan range 20-60°C for wide
angle XRD. The average crystalline size of powders was
estimated by the Scherrer formula [13]: D = 0.891/f3 cos¢
(where D is the crystallite size, A is the wavelength of
the X-ray radiation (CuKa = 0.15418nm), K is usually
taken as 0.89, and f3 is the line width at half-maximum
height, after subtraction of equipment broadening). The FT-
IR spectra were recorded by a NEXUS 870 FT-IR, made
in U.S. NICOLET Company in a wavenumber range of
4000—-400cm™'. UV-V is spectroscopic analysis that was
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Ficure 1: Photoreactor system for methyl orange degradation.
(1) Cooling water input, (2) water outflow, (3) UV lamp, (4) Quartz
sleeve, (5) Stirrer bar, (6) reactant solution, (7) exhaust, and
(8) glass reactor.

performed by using a spectrophotometer (SHIMADZU UV-
2401). X-ray photoelectron spectroscopy (XPS) measure-
ments were done with an ESC ALB MK-II XPS System with
a monochromatic Al KR source and a charge neutralizer.
Measurement of BET (BET aims to explain the physical
adsorption of gas molecules on a solid surface and serves
as the basis for an important analysis technique for the
measurement of the specific surface area of a material. In
1938, Stephen Brunauer, Paul Hugh Emmett, and Edward
Teller published an article about the BET theory in a journal
for the first time; “BET” consists of the first initials of their
family names [12], surface area was performed using N,
adsorption/desorption isotherms on a Micromeritics ASAP
2020.

2.2.3. Photocatalytic Activity of Silica-Modified Titania
(SMT). The photocatalytic activity of prepared SMT pow-
ders for decomposition of methyl orange was investigated as
shown in Figure 1. The photocatalytic reactor has an effective
volume of 150 ml. The experiment was performed in the
following condition: UV irradiation (a 400 W high-pressure
mercury lamp from factory of Beijing light with a maximum
wavelength of 365 nm, lo =1.50 mW/cm?), vigorous stirring,
no airflow. The initial concentration of methyl orange was
20mg-L™! and Rx-SMT powders were kept 1.0g/L in all
cases.

Degussa P25 titania particles (50 m?/g) with crystalline
structure of ca. 20% rutile and 80% anatase and primary
particle size of ca. 21nm was taken as a reference to
test the photoactivity of the Rx-SMT powders towards the
degradation of methyl orange.

The concentration of methyl orange was determined
using UV-1600 spectroscopy at wavelength é = 440 nm
quantitatively. Total organic carbon (TOC) was determined
with Shimadzu TOC-5000 analyzer.
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FIGURE 2: XRD patterns of the Rx-SMT xerogel powders (Rx = 0,
0.05, 0.1, and 0.2) and dried at 100°C for 8 h.

3. Results and Discussion

3.1. Crystal Structure and TEM Photomicrography. XRD was
used to investigate the changes of crystalline phase of the
SMT gel powders before and after heat treatment. Figure 2
shows the effects of silica on phase structures of the TiO,
powders dried at 100°C for 8h. The anatase phase is
dominant in the as-prepared TiO, sample, but there is a
small amount of brookite in it. The weak peak at 2¢ = 30.7°
corresponds to the brookite phase of titania. When Rx >
0.1, the intensities of brookite peaks steadily become weaker
and finally disappear. This is probably due to the fact that
silica suppresses the crystallization of brookite by adsorbing
onto the surfaces of TiO, particles. Similar result has been
observed with F ion doping [14].

Figure 3 shows the effects of silica content on the phase
structures of Rx-SMT powders calcined at 550°C. For pure
titania (Rx = 0), significant peaks of rutile phase are observed
obviously. The dominant phase of titania (Rx > 0) is
anatase when some portion of silica is embedded into titania
particles. Apart from the diffraction peaks corresponding to
anatase, there are no other diffraction peaks from 2¢ = 20-60
degree for all SMT samples (except for pure titania) as shown
in Figure 3, indicating that silica exists in an amorphous
phase. The average size of anatase titania from Scherrer
formula was presented in Table 1. The result shows that the
crystallite size decreased sharply with increasing the doping
silica content up to 0.05. When the silica content was over
0.05, there was no significant change in the crystallite size
of SMT particles. This result confirms that the embedding of
some portion of silica into titania particle inhibits the growth
of anatase crystal of titania particles [15].

Figure 4 shows the effects of calcination temperature on
phase structures of 0.1-SMT powders. It can be seen that
the peak intensities of anatase increase and the width of the
(101) plane diffraction peak of anatase (26 = 25.4°) becomes
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FiGgure 3: XRD patterns of Rx-SMT powders (Rx = 0, 0.05, 0.1, and
0.2) calcined at 550°C for 1 h.

TaBLE 1: Textural properties of the Rx-SMT powders prepared at
550°C for 1 h.

Si/Ti .
Surface area  Average size
Samples molecular (m-g1) (nm)
ratio by XPS &

0-SMT 0 20 50.5
0.05-SMT 0.053 160 8.9
0.1-SMT 0.094 196 7.2
0.1-SMT treated by

H,S0, solution 0.093 195 7.2
0.2-Silica titania 0.206 208 6.9

narrower with increasing calcination temperature (from 100
to 750°C). It has been reported that anatase-type TiO,
changes to rutile-type structure by heat treatment above
635°C from the results of a kinetic study on the anatase-
to-rutile phase transformation [13]. At 750°C, anatase is a
main phase and a small amount of rutile phase is detected,
while the phase of pure titania calcained at 550°C was
dominant rutile phase. The resulting SMT powders contain
only anatase phase in the calcination temperature range of
100-650°C. Accordingly, SMT samples show high thermal
stability and the presence of silica seems to be critical for
the stabilization of the anatase phase. The presence of silicon
atoms in the anatase matrix retards the change of face-
centered cubic arrangement of oxide ion in anatase into
hexagonal packing in rutile because this change is associated
with the cleavage of a part of Ti-O bonds [9]. The decrease
of the surface energy caused by substitution of the surface
OH groups with oxide ions also contributes to the thermal
stability of the present products [15]. The average sizes at
different temperatures were calculated, which corresponded
to 1.4, 4.6, 10.1, and 28.8 nm for 100, 450, 650, and 750°C,
respectively. At temperatures lower than 650°C, anatase
phases are present in relatively small grain sizes. However,
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FIGURE 4: XRD patterns of 0.1-SMT powders calcined at (a) 100,
(b) 450, (c) 650, and (d) 700°C for 1 h.

FiGgure 5: TEM image of 0.1-SMT prepared by ultrasonic irradia-
tion hydrolysis and claniced at 550°C.

at 750°C (Rx = 0.1), anatase and rutile phases are both
present and the grains of various phases grow dramatically.
This is attributable to the fact that the phase transitions
accelerate the process of grain growth by providing the heat
of phase transformation [16]. The XRD results revealed that
the heat treatment induced the increase of crystalline size and
phase transformation.

Figure 5 shows TEM photographs of 0.1-SMT powders
calcined at 550°C for 1 h. It can be seen that the dispersion
property of the sample is good. Table 1 indicates that specific
surface area of the samples increase with the increase of the
silica content. This result confirms that the suitable addition
of silica into titania matrix helps to suppress the reduction of
surface area at high calcination temperature. It is well noted
that the specific surface areas of 0.1-SMT (196 m?/g) and
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FIGURE 6: FT-IR spectra of Rx-SMT powders calcined at 550°C for
1h.

0.1-SMT after H,SOy solution treatment (195 m?/g) are not
significantly different.

3.2. FT-IR Spectroscopy. FI-IR spectra of Rx-SMT calcined
at 550°C for 1h are presented in Figure 6. The peak around
1090 cm™! attributed to the asymmetric stretching vibrations
of Si—O-Si band [17], and the Ti—-O-Si linkage stretching
band appears at about 962cm™! [18]. When the ratio of
silicon to titanium was over 0.1, the distinct band for Ti—
O-Si vibration (962cm™!) was observed. The existence of
Si—O-Ti bond in FT-IR analysis may be attributed to the
existence of covalent bond between amorphous SiO, and
crystalline TiO,. The band for the asymmetric Si—O-Si
stretching vibration was observed for all composite samples,
and its intensity was increased with increasing the silicon
content. The presence of Si-O-Si bond in FT-IR is caused by
the formation of SiO; in the samples, which is in agreement
with the reported result [19]. Besides, Ti-O-Ti bond may be
present in the range of 400 to 600 cm™~! [20] for all samples.
From these results of FT-IR, it is clear that the silica exists as
segregated amorphous phase in the anatase titania powders
and some metal-O—metal bonding of Ti—O-Si, which result
from formation of a new ternary amorphous SixTiyOz phase
as there is no match in the XRD analysis and/or existence
of covalent bond between amorphous SiO, and crystalline
TiO,.

The peak around 1650cm™' is due to the bending
vibration of O—H bond, which is assigned to the chemisorbed
water, and the peak around 3460 cm™! is assigned to the
stretching mode of O-H bond and related to free water
[21]. This water band was increased with increasing the
ratio of silica to titanium. This is due to the fact that silica
has the capability to absorb water in air [22]. In addition,
when titania was embedded with silica, crystallite growth was
suppressed and the surface area was kept larger (as shown
in Table 1), and in this case, the capability to hold absorbed
water became larger.

FT-IR spectra of Rx-SMT after H,SO, treatment were
presented in Figure 7. The peak corresponding to 1244 cm™!



Journal of Nanomaterials

Rx = 0.2, acided

Rx = 0.1, acided

Transmittance

Rx = 0.05, acided

T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™1)

FIGURE 7: FTIR spectra of Rx-SMT powders treated by 1M H,SO,
solution. Rx = 0.05, 0.1, and 0.2.
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FiGure 8: XPS spectra of 0.1-SMT calcined at 550°C for 1h and
0.1-SMT treated by H,SO, solution.

is the stretching frequency of S=0, and the peaks correspond-
ing to 1159 and 1078 cm™! are the characteristic frequencies
of SO, which indicated the chelatometric coordinated
adsorption of SO4*~ on SMT. The sulfate ion, both in
surface and bulk, creates high surface acidity to improve the
photocatalytic activity [23].

3.3. XPS Studies. Figure 8 shows the XPS spectrum of 0.1-
SMT powders heat-treated at 550°C for 1h and 0.1-SMT
treated by 1 M H,SO4 solution. XPS peaks show that the
0.1-SMT powders contain nly Ti, O, Si, and a trace amount
of carbon. The following binding energies are used in
our quantitative measurements: Ti 2p at 460.10eV, O 1s
at 531.35eV, Si 2p at 103.8eV, and C 1s at 286.20eV.
The atomic ratio of Ti: O:Si is about 1:2.13:0.13, which
is higher than the nominal atomic composition of TiO,,

indicating that silica atoms are partially concentrated on the
surface region of the titania particles [7]. The C element
is ascribed to the residual carbon from precursor solution
and the adventitious hydrocarbon from the XPS instrument
itself. It is easily observed that 0.1-SMT treated by 1 M H,SO4
solution contains Ti, O, Si, S, and a trace amount of carbon.
The binding energies of Ti 2p, O 1s, Si, S, and C 1s are
460.70, 531.9, 105, 171.1, and 286.45 ¢V, respectively. It is
easily noted from the figure that the binding energy of Ti,p
in 0.1-SMT after H,SOy treatment is higher than that of 0.1-
SMT before H,SO4 treatment; the higher binding energy is
helpful to improve its photocatalytic activity.

3.4. UV-Vis Spectra. As a photocatalyst, the wavelength
distribution of the absorbed light is one of the important
properties regardless of the quantum yield. Figure 9 shows
the UV-Vis diffuse reflectance spectra (UV/Vis DRS) of
prepared powders with the different silica content. Absorp-
tion edge of rutile (Rx = 0) is found to be at the shorter
wavelength than that of anatase. Compared Rx-SMT samples
with pure titania sample, the absorption spectrum of the Rx-
SMT samples show a stronger absorption in the UV-visible
range and a blue shift in the band gap absorption edge was
observed in all SMT samples. The blue shift of absorption
of a photocatalyst means that the photocatalyst has a greater
oxidation-reduction potential and enhance the absorption,
which will improve its photocatalytic activity [24].

The energy band gap of prepared samples could be
estimated from a plot of (ahy) 1/2 versus photon energy
(hy). The intercept of the tangent to the plot will give a
good estimation of the band gap energy for indirect band gap
materials such as TiO; [25, 26]. The absorption coefficient «
can be calculated from the measured absorbance (A) using
the following equation:

_ 2.303p10°

o o (1)

where the density p = 3.9gcm™, molecular weight M =

79.9 gmol™!, ¢ is the molar concentration of TiO,, and [ is
the optical path length.

The calculated band gap energies of all silica-modified
samples with different Rx values (0, 0.05, 0.1, and 0.2) are
about 2.97 eV, 3.29, 3.31, and 3.34 eV, respectively. The above
results imply that the absorption edge was clearly shifted
toward shorter wavelengths for all SMT samples.

3.5. Photocatalytic Activity. As the photocatalytic mechanism
suggests, both photocatalysts and a light source are necessary
for the photo-oxidation reaction to occur [6]. A control
experiment was conducted on three different conditions: (i)
in the dark in presence of 0.1-SMT, (ii) only UV irradiation
without photocatalyst, and (iii) under UV illumination in
presence of 0.1-SMT. In all above conditions, the initial
concentration of Methyl orange is 20 mg/L. In Figure 1, the
concentration of MO is plotted as a function of reaction time.

As can be seen in Figure 10, in the dark, 0.9% of the
initial substrate disappeared after 1h of continuous stirring
due to the adsorption phenomena. Over this time, abatement
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FiGure 9: UV-Vis spectra of Rx-SMT with different Si/Ti ratios.
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FIGURE 10: The variation of MO and TOC concentrations by
photocatalytic technology with 0.1-SMT; (a) MO-dark experi-
ment; (b) MO-direct photolysis; (c) TOC-photocatalysis; (d) MO-
photocatalysis.

of 5.4% after 1.5h was detected. In direct photolysis, about
8% disappearing efficiency was observed during the 1h
irradiation; and 17% of the initial methyl orange disap-
peared after 1.5h. When aqueous 0.1-SMT suspension was
exposed to UV light, the concentration of MO decrease
markedly. About 68-82% of methyl orange was bleached
within 40-60 mins of time experiment, respectively. It can
be clearly seen from Figure 10 that 93.5% of methyl orange
in aqueous solution was photocatalytically degraded, and
its corresponding mineralization efficiency was only 33%. It
indicated that the complete mineralization of Methyl orange
took more time than degradation.

Journal of Nanomaterials

TaBLe 2: The kinetics constants and regression coefficients of
methyl orange photocatalysis on Rx-SMT and Degussa P-25 titania.

Kinetic ) Ratio of K to
Photocatalyst constant r K

(min~!) P25
Rx=0 K, =0.0015 0.9398 0.0789
Rx=0.05 K, =0.0234 0.9949 1.2316
Rx=0.1 K; =0.0296 0.9952 1.5579
Rx=0.2 K3 =0.0149 0.9956 0.7842
Degussa P-25 _
titania Kpys = 0.019 0.9977 1

The photocatalytic activity of Rx-SMT powders is
affected by various factors, such as the doping silica content,
calcined temperature, and sulfuric acid treatment.

3.6. Doping Silica Content. The photocatalytic activity of the
prepared SMT powders for the decomposition of methyl
orange was investigated as a function of silica content.
The photocatalytic degradation follows pseudo first-order
kinetics. The results are presented in Figure 11 and Table 2.
It is clearly seen that the photocatalytic degradation rate
of methyl orange firstly increased with increasing the silica
content when the range of silica content was from 0 to 0.1,
it may be due to the decrease of average sizes as shown
in the XRD analysis in Figure 3 and the increase of surface
hydroxyl group as shown in the analysis of FT-IR in Figure 4.
However, higher silica content (>0.1) did not favor the
further enhancement of the photoactivity of SMT powders
because the crystallinity of anatase decreased in spite of
the larger specific surface area (Table 2), and SiO, did not
exhibit photocatalytic activity. It should be noted that the
photocatalytic activity of 0.1-SMT is the best among all the
samples and it was about 1.56 times of that of Degussa
P25 titania, which is recognized as an excellent photocatalyst
[27]. The difference in both of specific surface area and
anatase crystallites is responsible for this discrepancy of Rx-
SMT photoactivity and the surface area of Rx-SMT samples
were presented in Table 1. Moreover, another reason on
enhancement of SMT is ultrasonic irradiation in the prepara-
tion of samples; ultrasonic irradiation enhances hydrolysis of
titanium and silicon alkoxide, and crystallization of the gel,
because ultrasonic cavitation creates a unique environment
for hydrolysis of titanium and silicon alkoxide. The similar
result has been observed in formaldehyde degradation in
silica titania system, which was reported [9].

It can be seen from Figure 11 and Table 2 that pure
titania (Rx = 0) shows very poor photocatalytic activity,
compared to other samples. This can be easily explained that
the sample was mainly composed of rutile phase with poor
photocatalytic activity and has low specific surface area.

3.7. Calcined Temperature. It is well known that calcination
is a common treatment that can be used to enhance
the photoactivity of nanosized photocatalysts [27]. The
photocatalytic activity of the prepared 0.1-SMT powders
for the decomposition of methyl orange was investigated
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FiGure 12: Concentration changes of methyl orange versus UV
irradiation time with 0.1-SMT powders calcined at 100, 450, 550,
650, and 750°C.

as a function of calcination temperature and the result
was shown in Figure 12. The 0.1-SMT sample calcined at
100°C shows good photocatalytic activity with a reaction rate
constant of 7.9 x 107> min~!. The reaction rate constant
increases with increasing calcination temperature. Enhanc-
ing the photocatalytic activity at elevated temperatures can
be ascribed to an obvious improvement in the crystallinity of
anatase (as shown in Figure 4). At 550°C, the reaction rate
constant k reaches the highest value of 2.96 x1072 min™!
and it is obviously higher than that of Degussa P-25 titania
(k = 1.9 x 102 min~"). The high photocatalytic activity of
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Ficure 13: Concentration changes of methyl orange versus UV
irradiation time with different photocatalysts.

TasLE 3: The kinetics constants and regression coefficients of meth-
yl orange photocatalysis on Rx-SMT treated by H,SO, solution.

Photocatalyst cl(ilnsi:;t r? Rati;ofK to
(min-") P25

Rx =0, acid 0.0094 0.9627 0.4947

Rx = 0.05, acid 0.0295 0.9763 1.5526

Rx =0.1, acid 0.0405 0.9876 2.0558

Rx = 0.2, acid 0.0194 0.9873 1.0210

the sample calcined 550°C is partially due to its large surface
area and small crystallite size. Moreover, both of the intense
absorption in the UV-visible range and a blue shift in the
band gap transition of the SMT samples indicate that more
powerful photogenerated holes and electrons can participate
in the photocatalytic reactions. Calcination temperatures
well above 550°C are not desirable. Samples calcined at
750°C display relatively poor photocatalytic activity.

3.8. Hy,SOy4 Treatment. The photocatalytic activity of the
prepared Rx-SMT powders treated by H,SO,4 solution was
also investigated in the paper. The results are shown
in Figure 13 and Table 3. By comparing Figure 13 with
Figure 11, it is noted from that the photocatalytic activity
of all the catalysts is improved after H,SO4 treatment.
The reaction rate constants of Rx-SMT (Rx = 0, 0.05, 0.1,
and 0.2) after sulfuric acid treatment are 0.0094, 0.0295,
0.0405, and 0.0194 min~!, respectively. The photocatalytic
degradation rate of methyl orange over 0.1-SMT after
sulfuric acid treatment was 2 times of that of Degussa P-25
titania and 1.37 times of that 0.1-SMT without sulfuric acid
treatment. FTIR results (Figure 7) showed that all samples
after H,SO, treatment demonstrate enhanced acidity on
their surface. It was reported that the enhancement in surface



acidity improves the activity of a photocatalytic system
[28]. Therefore the photocatalytic activity of all samples
after H,SOy solution treatment was higher than that of the
samples without H,SOy4 solution.

3.9. Oxidants Affecting the Photodegradation of MO over
1%-FST = 10%). The effect of different oxidants such as in
aqueous solutions on the photodegradation efficiency of MO
in aqueous 1%-FST(rx=100%) suspensions was investigated
here, the addition concentration of the oxidants all was
0.01M and reaction time all was 60 mins. When these
oxidants were separately added into reaction solutions,
the photodegradation efficiencies corresponding to KIOy,
(NH4),S,0g, H,O», and control were 95.1%, 87.5%, 93.2%,
and 82%, respectively, which indicated that these oxidants
enhance the photodegradation of MO. The higher degree of
degradation with the oxidants may be ascribed to formation
of highly reactive radical intermediates and the electron
capture by these oxidants in the following equations [28].

10" +hv — 103" + 0"~ (2)

0" +H" — *OH (3)

$,08% +hv — 2S04"~ (4)
S04~ +H,0 — *OH +S0,* +H" (5)
$,08% +ecp” — SO4°~ +S04% (6)
H,0, + hv — *OH (7)

It was well documented that the electron reduction potentials
of different species such as E(O,/0;"), E(H,0,/°OH) and
E(S,05*7/804*7) are —115mV, 1150mV, and 1100mV,
respectively. It showed that all added oxidants should be
more efficient electron acceptors than molecular oxygen to
inhibit the electron-hole recombination.

4. Conclusion

The Rx-SMT powders calcined at 550°C had pure anatase
phase without other phases, except that pure titania showed
pure rutile phase. XRD and FT-IR results showed that the
silicon formed segregated amorphous silica and embedded
into anatase titania matrix. BET results indicated that specific
surface area increased with increasing the ratio of silica
to titanium. Embedding silica into titania matrix increases
the thermal stability by suppressing the increase of anatase
crystallites and makes it possible to calcine the prepared Rx-
SMT powders at high temperature without reducing surface
area.

The photocatalytic activity of Rx-SMT powders for the
degradation of methyl orange increased with increasing the
ratio of silica/titanium up to 0.1. The highest photocatalytic
activity was obtained at 0.1-SMT and 1.5 times greater
than that of Degussa P-25 titania. It can be confirmed that
the quantization of particle size and large surface area by
embedding silica into anatase titania matrix are beneficial
to improve the photocatalytic activity of samples. The opti-
mum ratio of silica to titania was 0.1. The photocatalytic

Journal of Nanomaterials

degradation of methyl orange was affected by calcination
temperatures. The rate constant at 550°C was higher than
that at other temperature. This may be ascribed to higher
specific surface area, small crystallite size, and improvement
in the crystallinity of anatase.

Sulfuric acid treatment can enhance photocatalytic activ-
ity of SMT powders. The photocatalytic activity of 0.1-
SMT after treatment by H,SOy solution was improved 37%.
This increase in activity can be ascribed to high acidity.
These oxidants such as KIOy4, (NH4),S,0g H,O, enhance the
photodegradation of MO.
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