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ABSTRACT: In this work, scaffolds with a shish-kebab (SK)
structure formed by poly(ε-caprolactone) (PCL) nanofibers
and chitosan−PCL (CS−PCL) copolymers were prepared via
electrospinning and subsequent crystallization for bone tissue
engineering applications. The aim of this study was to
introduce nanosized topography and the high biocompatibility
of chitosan onto PCL nanofibers to enhance cell affinity to
PCL scaffolds. CS−PCL copolymers with various ratios were
synthesized, and then spontaneously crystallized as kebabs
onto the electrospun PCL fibers, which acted as shishes.
Scanning electron microscopy (SEM) results demonstrated
that the copolymer with PCL to chitosan ratio of 8.8 could hierarchically decorate the PCL nanofibers and formed well−shaped
kebabs on the PCL nanofiber surface. Water contact angle tests and biomimetic activity experiments revealed that the shish-
kebab scaffolds with CS−PCL kebabs (PCL−SK(CS−PCL8.8)) showed enhanced hydrophilicity and mineralization ability
compared with smooth PCL and PCL−SK(PCL) shish-kebab scaffolds. Osteoblast-like MG63 cells cultured on the PCL−
SK(CS−PCL8.8) scaffolds showed optimizing cell attachment, cell viability, and metabolic activity, demonstrating that this kind of
scaffold has potential applications in bone tissue engineering.
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1. INTRODUCTION

The optimum choice for bone repair is the employment of
autogenous bone grafts. However, autogenous bone grafting
has limitations, such as significant clinical morbidity, prolonged
hospitalization, delayed rehabilitation, and surgical complica-
tions. Tissue engineering provides an alternative option for
fabricating scaffolds for bone tissue replacement. The fabricated
tissue engineering scaffolds should have the following character-
istics: (1) appropriate levels and sizes of porosity allowing for
cell migration and the transport of nutrients and metabolic
waste, (2) a suitable surface area and surface chemistry that
encourage cell adhesion, growth, migration, and differentiation,
and (3) sufficient mechanical properties to support the
surrounding native tissue.1,2 Electrospinning is a commonly
used technique for fabricating scaffolds for tissue engineering
purposes.3−6 The great advantage of electrospinning over other
techniques is that the prepared structure features a morphology
similar to extracellular matrix (ECM).7

Electrospun synthetic polymers, such as poly(ε-caprolac-
tone) (PCL), poly(lactic acid) (PLA), and poly(D,L-lactide-co-
glycolide) (PLGA), have been extensively investigated for use

in tissue engineering due to their good mechanical properties
and biocompatibility.8 Despite being biocompatible and
biodegradable, cell affinity toward these synthetic scaffolds are
generally poor because of their low hydrophilicity and lacking
of cell recognition sites.9 Methods such as surface coating,
blending, and chemical grafting have been used to modify these
scaffolds. For the surface coating method, the scaffold is
immersed in a solution containing biomolecules, such as
collagen, gelatin, chitosan, or natural adhesive protein. This
method is simple but the coated layer is not stable and easily
detaches under physiological conditions.10 To fabricate a hybrid
scaffold containing both synthetic and natural polymers, the
components need to be dissolved in their respective cosolvents,
leading to a blended system that suffers from phase separation
and nonuniform dispersion of biomolecules due to their
differences in physiochemical properties (e.g., dissolvability,
hydrophilicity).11,12 To chemically graft the biomolecules on a
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polyester scaffold, carboxylates and hydroxyl groups need to be
introduced via hydrolysis and then the biomolecules can be
bonded to these groups. However, during activation, the
polymer backbone is affected which sacrifices the mechanical
strength of the scaffolds.13−15

Surface topography is another important factor that
influences the adhesion and subsequent behavior of cells. The
nanoscale topography of the scaffold surface has been found to
have significant positive effects on the response of osteoblast
cell, including initial cell adhesion and subsequent proliferation,
as well as expression of differentiation markers. The beneficial
effect of the material surface nanotopography on cell
colonization has been ascribed to an increased amount of
protein adsorption, such as fibronectin and vitronectin, and an
improved spatial conformation of the adsorbed cell adhesion-
mediating proteins.16,17 However, the surface of electrospun
fibers is smooth, which is not beneficial for cell adhesion.
Inspired by cell behavior on rugged surfaces and the
morphology of the shish-kebab structure,18,19 our group
introduced the shish-kebab structure onto electrospun PCL
scaffolds via controlled PCL crystallization. The resulting
scaffolds were favorable for 3T3 mouse fibroblast cell and
human fibroblast cell growth.13,20 In the PCL shish-kebab
structure, PCL electrospun nanofibers acted as shishes, while
the kebabs had PCL lamellae crystals growing epitaxially on the
PCL shishes.
To the best of our knowledge, few studies have been devoted

to studying the use of the shish-kebab structure in electrospun
scaffolds to enhance the surface roughness for bone tissue
engineering applications. Although the kebabs on the surface
enhanced cell adhesion on PCL scaffolds to some extent, the
lack of integrin binding sites on the surface of the prepared
scaffolds is still a major shortcoming for tissue engineering
applications. Therefore, to combine the advantages of good
biocompatibility of natural polymers (rich in cell recognition
sites) and the enhanced surface roughness of the shish-kebab
structure, we proposed to use a copolymer of natural and
synthetic polymers to crystallize on the surface of the
electrospun nanofibers. The prepared structure is expected to
not only provide integrin binding sites for cell growth from the
natural polymer but also to introduce the shish-kebab structure
to facilitate cell adhesion.
PCL is a bioresorbable polymer with potential applications

for bone and cartilage repair.21,22 Compared with other
synthetic biocompatible polymers, PCL has excellent mechan-
ical properties and degrades at a rate compatible with bone
regeneration.23 Much research has been focused on the use of
PCL biocomposites and copolymers of PCL with both natural
and synthetic polymers24,25 to enhance the cell response on
PCL scaffolds. Chitosan is a deacetylated derivative of naturally

occurring polysaccharide chitin. The polycationic character of
chitosan in combination with the presence of reactive
functional groups, including hydroxyl and amine groups,
enhanced both adherence to negatively charged molecules
and cell adhesion.26 Many attempts have been made to
introduce chitosan into PCL scaffolds to enhance cell growth.
For example, mouse preosteoblast cells on PCL−chitosan
hybrid electrospun fibers exhibited elevated cell activity
compared to pure PCL scaffolds26 and SaOs-2 osteosarcoma
cells showed the highest alkaline phosphatase (ALP) activities
on the PCL/chitosan/PCL layer by layer nanofibrous
scaffolds.27

In this study, caprolactone and chitosan copolymers with
various ratios were synthesized. Then the copolymers were
used to periodically crystallize on the electrospun PCL
nanofibers to yield the desired periodic shish-kebab structure.
The properties and morphologies of the copolymers and
scaffolds were characterized by 1H nuclear magnetic resonance
(1H NMR), X-ray photoelectron spectroscopy (XPS), differ-
ential scanning calorimetry (DSC), polarized optical micros-
copy (POM), scanning electron microscopy (SEM), and water
contact angle tests. The bone-binding ability of the scaffolds
was investigated via incubating in simulated body fluid (SBF).
Moreover, MG63, osteblast-like cells, were seeded on the
scaffolds for up to 14 days to study cell behaviors including cell
attachment, viability, proliferation, as well as cell morphology
by cytoskeleton study and SEM. The metabolic activity of the
cells cultured on the scaffolds was evaluated by measuring their
alkaline phosphatase activity and osteocalcin expression to
explore their potential application in bone tissue engineering.

2. MATERIALS AND METHODS
2.1. Materials. PCL (Mn = 80 000), chitosan (Mn = 50 000−

190 000, low molecular weight) with a viscosity of 20−300 cP (1 wt %
in 1% acetic acid), methanesulfonic acid (MeSO3H, 99.5%), ε-
caprolactone (ε-CL), chloroform (ACS regent), N,N-dimethylforma-
mide (DMF) (ACS regent), and acetic acid (ACS regent) were
purchased from Sigma-Aldrich (Milwaukee, WI, U.S.A.). Other
chemicals involved in this study were also purchased from Sigma-
Aldrich unless otherwise stated.

2.2. Preparation of CS−PCL Copolymers. CS−PCL was
synthesized by grafting ε-caprolactone oligomers onto CS via ring-
opening polymerization following the methods used in previous
studies.28,29 In a typical reaction procedure, vacuum-dried chitosan
(600 mg, 3.5 mmol of glucosamine units, taking into account the %
DD, degree of deacetylation 80% via analysis of their 1H NMR
spectra) and MeSO3H were put into a flame-dried 50 mL round-
bottom flask equipped with a Teflon-coated magnetic stirring bar. The
mixture was stirred at 45 °C for 30 min to allow the CS to be
completely dissolved, followed by the addition of distilled ε-CL
monomer (4.79 g, 42 mmol, 12 equiv). The reaction mixture was
stirred at 45 °C under nitrogen atmosphere for 5 h. Then, the mixture

Figure 1. Schematic of preparing shish-kebab structured scaffolds using CS−PCL copolymers.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00900
ACS Appl. Mater. Interfaces 2015, 7, 6955−6965

6956

http://dx.doi.org/10.1021/acsami.5b00900


was transferred into a solution containing 100 mL of 0.2 M KH2PO4,
16 mL of 10 M NaOH, and 100 g of crushed ice. The resulting CS−
PCL (1:12) copolymer was collected by vacuum filter and washed with
deionized water several times until the pH reached 7. The final
products were dried using a freeze drier at −56 °C for 1 week. Graft
copolymer CS−PCL (1:36) was also synthesized according to a similar
procedure by using different molecular ratios of chitosan and ε-CL
monomer.
2.3. Preparation of PCL Nanofibrous Scaffolds by Electro-

spinning. A PCL solution with a concentration of 12 wt % was
prepared by dissolving PCL pellets into a mixture of chloroform and
dimethylformamide (DMF) (v/v = 6/4) and stirring for 12 h at room
temperature. The solution was loaded into a 6 mL syringe connected
by Teflon tubing to an 18 gauge blunt needle. A flow rate of 0.5 mL/h
was obtained using a digital syringe pump (Harvard Bioscience
Company). The applied voltage was 18 kV. Grounded aluminum foil
and round stainless steel washers (inner diameter of 8.33 mm,
McMaster-Carr, U.S.A.), kept 17 cm away from the needle tip, were
used as collectors.
2.4. Preparation of Scaffolds with Shish-Kebab Structure.

The shish-kebab structured scaffolds were prepared by hieratically
decorated PCL nanofibers with controlling pure PCL and CS−PCL
copolymers crystallization on the surface. The preparation process is
shown in Figure 1. Dilute PCL, CS−PCL (1:12), and CS−PCL (1:36)
copolymer solutions were used to form different shish-kebab structures
on the surface of the electrospun PCL nanofibers. Briefly, 0.5 wt %
PCL and the copolymers were dissolved in aqueous acetic acid (acetic
acid: deionized water =77:23 v/v) at 40 °C for 1 h, respectively. Then,
the solutions were cooled down to room temperature and the PCL
nanofibers were incubated in the prepared solutions for 2 min. After
incubation, the scaffolds were taken out from the corresponding
solutions and placed into a vacuum oven at room temperature for 24 h
to evaporate the solvent. The shish-kebab structure was formed during
the incubation and drying procedures. The prepared shish-kebab
structure using different solutions were named as PCL−SK (PCL),
PCL−SK (CS−PCL 1:12), and PCL−SK (CS−PCL 1:36) based on
the composition of kebabs, respectively.
2.3. Characterization Methods. 2.3.1. 1H NMR and Fourier

Transform Infrared (FTIR) Spectroscopy. 1H NMR spectra of various
samples were collected on a Bruker DPX 300 spectrometer at 25 °C
using deuterated DMSO (DMSO-d6) (TMS, 99.9+%, NMR grade,
Aldrich) as the solvent with tetramethylsilane as an internal reference.
The 1H NMR spectrum of chitosan was collected using 1%
CD3COOD/D2O as the solvent. FTIR spectra were recorded in
transmittance mode using a Bruker Tensor 27 spectrometer in the
range of 4000−400 cm−1 with a resolution of 4 cm−1.
After preparing the copolymer, its molecular weight (obtained from

gel permeation chromatography, GPC) and average number of ε-CL
units (CLn) grafted onto one glucosamine unit of CS were
summarized in Table 1. CLn was determined by proto nuclear
magnetic resonance (1H NMR) using the following equation:29

= ′A ACL /n a[( )/2] [(3,4,5,6,6 )/5]

where A[(a)/2] represents half of integral area of protons in PCL units at
2.2 ppm and A[(3,4,5,6,6′)/5] means one-fifth of the total integral area of
protons 3, 4, 5, 6, and 6′ of saccharine units in CS at 3.4−3.9 ppm.

2.3.2. Gel Permeation Chromatography (GPC). GPC data were
collected with a model VE2001 gel permeation chromatographer
(GPC) equipped with a 302 tetra detector array. Tetrahydrofunan
(THF, HPLC grade, Fisher Scientific) was used as an eluent and the
flow rate was set at 1 mL/min with an injection volume of 100 μL.
Calibrations of columns were carried out using a standard polystyrene
(PS) solution. All test solutions were prepared at a concentration of
2.5 mg/mL.

To verify the stability of PCL and its copolymers in the cosolvent,
GPC tests were performed to investigate the molecular weight change
of PCL and its copolymers after dissolution into the cosolvent. The
procedures were carried out as follows. First, pure PCL and its
copolymers at a concentration of 0.5 wt % were dissolved into aqueous
acetic acid (77% acetic acid) at 40 °C for 1 h. Then, the solutions were
put into a vacuum oven at room temperature to evaporate the
cosolvent completely. Next, the resulting pure PCL and CS−PCL
copolymer powders were redissolved into THF to measure their
molecular weight.

2.3.3. Morphological Characterization. The morphologies of the
nanofibrous scaffolds were observed using a scanning electron
microscope (SEM) after sputter coating with gold for 40 s. The
scaffolds were observed on a fully digital LEO GEMINI (Zeiss,
Germany) at a voltage of 3 kV. The fiber diameter was measured from
the SEM images using Image-Pro Plus software. Fifty fibers were
measured from three SEM images to obtain the fiber diameter
distribution and average fiber diameter.

2.3.4. Differential Scanning Calorimetry (DSC) Tests. Differential
scanning calorimetry (DSC) measurements were performed with a
DSC Q20 (TA Instruments). Pure PCL and CS−PCL copolymers
were heated to 150 °C at a heating rate of 5 °C/min and held
isothermally for 3 min to eliminate any thermal history. Samples were
then cooled down to −100 °C at 5 °C/min and reheated to 150 °C at
the same rate. All tests were carried out under the protection of a
nitrogen atmosphere.

2.3.5. X-ray Photoelectron Spectroscopy (XPS). The chemical
compositions of the scaffolds were analyzed by X-ray photoelectron
spectroscopy (XPS). XPS measurements were performed on an X-ray
photoelectron spectrometer with a focused, monochromatic Kα X-ray
source and a monatomic/cluster ion gun (Thermo Scientific, USA).
Overlapping C peaks were resolved into their individual components
by XPSPEAK 4.1 software.

2.3.6. Surface Wettability. Surface water contact angles (WCAs) of
the nanofibrous scaffolds were assessed using the sessile drop method
at room temperature with a video contact angle instrument
(Dataphysics OCA 15). The droplet size was set at 4 μL. The surface
contact angle was measured 15 s after dropping the deionized water.
Three samples for each group were tested, and the average value was
reported with standard deviation (SD).

2.3.7. Biomineralization Behavior Characterization. Biominerali-
zation behavior was studied by incubating the scaffolds in the
simulated body fluid (SBF) for up to 1 week. The procedure for SBF
preparation was according to published ref 30. After incubating in 2 ×
SBF for 1 day, 3 days and 7 days, scaffolds were taken out and washed
with deionized water twice. After drying, the scaffolds were sputter
coated with gold and imaged with the aforementioned SEM. Energy
dispersive X-ray spectroscopy (EDS) was performed to detect the
compositions of the deposits on the scaffolds.

2.4. Biocompatibility Evaluations. With MG63 cells used as the
cell model, cell morphology, cell viability, and proliferation, alkaline
phosphatase (ALP) activity and osteocalcin expression were detected
to investigate the biological performance of the pure PCL, PCL−
SK(PCL), and PCL−SK (CS−PCL 1:36) scaffolds. The detailed
experimental procedures of this section were shown in the Supporting
Information.

Table 1. Characterization of Polycaprolactone Grafted
Chitosan by GPC and 1H NMR

GPC analysis

Mn Mw PI CLn
a

PCL 169766 254170 1.5
CS−PCL (1:12) 7800 19420 2.5 6.5
CS−PCL (1:36) 8586 22313 2.6 8.8
PCLb 160808 241412 1.5
CS-PCLb (1:12) 7024 18970 2.7
CS-PCLb (1:36)2 7953 21473 2.7

aAverage number of CL units per glucosamine unit in CS, CLn =
A[(a)/2]/A[(3,4,5,6,6′)/5], calculated from 1H NMR. bPCL means that the
pure PCL was treated by aqueous acetic acid before running GPC
tests.
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2.5. Statistical Analysis. All data obtained from the biological
experiments in the study are shown as mean ± standard deviation
(SD) unless specifically indicated otherwise. Statistical analyses were
performed on the data using a one-way ANOVA. The difference
between factors was analyzed by a Tukey test. A p-value of less than
0.05 and 0.01 was considered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Chitosan Grafting with ε-Caprolactone (CS−PCL).

Hydrophobic ε-CL was grafted onto the hydroxyl groups of CS
via ring-opening reactions using methanesulfonic acid as both
solvent and catalyst. Because of the protection of strong acidic
media on the amino groups onto CS, the grafting reaction of ε-
CL predominantly occurred on the hydroxyl groups of CS. The
chemical structure of CS−PCL is shown in Figure 2. The

chemical shifts of 1H NMR at 3.4−3.9 and 3.2 ppm were
assigned to H3,4,5,6,6′ and H2′ of pyranose repeat units in CS,
respectively.31 The characteristic peaks of the PCL chains can
be seen at 2.2 (Ha), 1.5 (Hb,d), 1.4 (Hc), and 4.0 (He).

32 The
characteristic peaks of CS and PCL can be seen in the 1HNMR
curves of CS−PCL copolymers, indicating that PCL was
covalently grafted onto CS. However, compared with pure
chitosan, protons of chitosan in the copolymers experienced
upfield shifts, which demonstrated the existence of a chemical
reaction.
The molecular weight results of the neat PCL and CS−PCL

copolymers with different CS to PCL feed ratios (1:12 and
1:36) are summarized in Table 1. Compared with CS−PCL
(1:12), the CS−PCL (1:36) showed higher CL repeat unit
numbers (CLn) and increased molecular weights including Mn
and Mw. To express the difference in molecular structure of
CS−PCL copolymers, the CS−PCL (1:12) was renamed as
CS−PCL6.5 based on the 1H NMR results (shown in Table 1),
which means that one CS backbone contained 6.5 poly-
caprolactone repeating units, and the CS−PCL (1:36) was
renamed as CS−PCL8.8. In Table 1, it was also found that after
aqueous acetic acid treatment, the molecular weights of pure
PCL and CS−PCL copolymers decreased slightly. However, on
the basis of published report,33 this slight degradation would
not affect their biocompatibility.
FTIR was used to characterize the chemical structure of the

CS−PCL copolymers, while CS and PCL were used as

controls. The results are shown in Figure 3. The characteristic
bands of the saccharine structure of CS appeared at 1154 and

896 cm−1, while the amide I band (CO) and amino groups
can be seen at 1640 and 1546 cm−1, respectively.34 The ester
stretching at 1721 cm−1 on the PCL curve was regarded as a
characteristic peak of PCL.35 The FTIR spectra of CS−PCL
copolymers exhibited obvious peaks at 1721, 1660, and 1542
cm−1, which were assigned to the characteristic bands of ester
in PCL, amide I band, and amino groups in CS, respectively.
The intensity of stretching vibrations of C−O on 1721 cm−1 of
CS−PCL copolymer became much stronger than that of PCL.
These indicated the success of graft copolymerization of ε-CL
monomer onto CS.

3.2. Crystallization Behavior of Pure PCL and CS−PCL
Copolymers. The crystallization behavior of pure PCL and
CS−PCL copolymers was investigated via DSC and the results
are shown in Table 2. The degree of crystallinity of pure PCL

was significantly higher than that of CS−PCL copolymers.
Meanwhile, for CS−PCL copolymers, their crystallinity degree
increased with an increase of caprolactone content in the
copolymers, indicating the hindrance of chitosan on the
crystallization of PCL. The reason for this suppression might
be the intermolecular hydrogen bonds between the carbonyl
bonds of PCL and the hydroxyl groups on the chitosan chains,
which affected the molecular mobility of PCL chains during
crystallization. Another possible factor affecting PCL crystal-
lization was that the relaxation temperature of the chitosan
chains was much higher than the crystallization temperature of
PCL. Hence, the amorphous regions of chitosan were in the
glassy state at the crystallization temperature of PCL, resulting

Figure 2. 1H NMR spectra of PCL, CS, and CS−PCL6.5 copolymers.

Figure 3. FTIR spectra of CS, PCL, and CS−PCL8.8.

Table 2. Statistical Results of DSC Tests of Pure PCL and
CS−PCL Copolymers

Tc (°C) Tm (°C) χc
a (%)

PCL 27.3 ± 0.1*b 57.3 ± 0.3*b 41.4 ± 0.6*b

CS−PCL6.5 15.6 ± 0.4 38.5 ± 0.1 28.2 ± 0.8
CS−PCL8.8 18.4 ± 0.2 42.7 ± 0.2 34.3 ± 0.3

aχc = ΔHm/ΔHm° , where ΔHm° = 139.5 J/g (heat of fusion for 100%
crystalline PCL). bThe Turkey test was run to compare the differences
between PCL and CS−PCL copolymers. Values marked with an
asterisk (*) were significantly different from the values of other groups
(p < 0.05). Three samples from each group were tested to obtain the
average value.
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in the entrapment of PCL molecules, which further decreased
the degree of crystallinity of the CS−PCL copolymers. The
crystalline morphologies of PCL and CS−PCL copolymers are
shown in Figure S1, which also demonstrated the differences of
crystallization behavior of pure PCL and CS−PCL copolymers.
Similar behaviors have also been observed in PCL and chitosan
blends and other polyester−polysaccharide systems.36−38

3.3. Morphology of Nanofibrous Scaffolds. In this
study, the synthesized CS−PCL copolymers were used to
create a laminated kebab structure on electrospun PCL
nanofibers by inducing crystallization as illustrated in Figure
1. The PCL chains on the CS backbone gradually attached and
crystallized onto the PCL nanofibers as the solvent evaporated,
which exposed the CS molecular chains outside of the kebabs,
thus forming chitosan wrapped layers outside of the kebab
surface. The morphologies of the shish-kebab structured
scaffolds formed by different CS−PCL copolymers were
compared with the smooth PCL nanofibers and the PCL
nanofibers decorated by pure PCL solution. The results are
shown in Figure 4.

The original electrospun PCL nanofibers (Figure 4a) were
smooth and beadless with the fiber diameter ranging from 200
nm to over 1000 nm. After incubating the electrospun PCL
nanofibers in the diluted PCL, CS−PCL6.5, and CS−PCL8.8
solutions, the PCL and CS−PCL molecules crystallized on the
surface of the nanofibers leading to the formation of
hierarchically laminated kebabs. It was found that all three
solutions could induce the formation of a shish-kebab structure
as presented in Figure 4 b−d, respectively. The typical shish-
kebab structure with CS−PCL8.8 crystal lamellae grew
perpendicularly to the PCL nanofiber axis was observed in
Figure 4d, indicating CS−PCL8.8 could attach and crystallize on
PCL nanofibers easily. However, it is observed in Figure 4c that
the CS−PCL6.5 could not form regular kebabs on PCL
nanofibers, which showed film-like flat kebabs. These differ-
ences might be caused by the difference in the crystallinity
ability of the three kinds of polymers. For the CS−PCL6.5
copolymer, the larger amount of chitosan resulted in the
formation of chitosan film on the surface of PCL nanofibers.

The periodic distance and kebab size were measured to
quantitatively investigate these differences. The measurements
performed are illustrated in Figure 5a, and the related results

are shown in Figure 5b. It was found that the kebab size of
copolymer groups was smaller than those formed by PCL,
especially for those formed by CS−PCL6.5. Furthermore, the
periodic distance of adjacent kebabs formed by copolymers was
larger than those formed by neat PCL. In comparison, the
kebabs formed by CS−PCL6.5 were smaller and showed larger
periodic distances than those formed by CS−PCL8.8.
The reasons for the different shish-kebab structures prepared

by the different kebab materials are as follows. During the
formation of the shish-kebab structure, the compatibility of the
shish and kebab materials is important because the kebab
materials need to be adsorbed onto the shish surface prior to
the crystallization process to nucleate on the nanofiber surface.
The electrospun PCL nanofibers acted as shish in the process.
The molecules in the kebab inducing solution precipitated from
the dilute solution and attached to the PCL nanofiber surface
because of physical interactions. Then the attached molecule
chains were exclusively parallel to the long PCL nanofiber axes
due to the geometric confinement of the nanofibers. As a result,
a shish-kebab structure with crystal lamellae perpendicular to
the long PCL nanofibers was obtained.39 The mechanism for
the formation of the shish-kebab structure has been elaborated
upon in ref 39. However, the attachment behavior of PCL and
CS−PCL onto the shish was different. For the CS−PCL
copolymers, the PCL segments in the copolymers need to
overcome the hindrance of the chitosan backbone to attach
onto the PCL shish surface, which takes a much longer time
than pure PCL. On the other hand, the crystallization ability of
the copolymers is not as good as neat PCL (as indicated in
Section 3.2) because of the negative effect of chitosan on the
crystallization of PCL segments in the copolymers. In light of
the geometrical and topographical similarity of PCL−SK
(PCL) and PCL−SK (CS−PCL8.8), the latter were used in
the following experiments to compare with PCL−SK (PCL)
scaffolds that exhibit a similar structure but with no chitosan.

3.4. Chemical Compositions of Scaffolds. The chemical
compositions of the PCL, CS, and PCL−SK (CS−PCL8.8) were
characterized by XPS. Figure 6a shows the C 1s XPS spectra of
the tested scaffolds. Besides the C−C, C−O, and CO bonds
endowed by the original PCL scaffolds, the scaffolds decorated
with CS−PCL copolymer showed C−N bonds that belonged
to the CS. This result confirmed the existence of CS on the
surface of PCL−SK (CS−PCL8.8) scaffolds. However,

Figure 4. SEM micrographs of (a) PCL (the inset is the fiber diameter
distribution of PCL scaffolds), (b) PCL−SK(PCL), (c) PCL−
SK(CS−PCL6.5), and (d) PCL−SK(CS−PCL8.8). Scale bars in the
inset images are 500 nm.

Figure 5. (a) Schematic of shish-kebab structure and (b) the kebab
size and periodic distance of kebabs of the different compositions of
the shish-kebab structured scaffolds.
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compared with neat CS, the peak of the C−N bond in PCL−
SK (CS−PCL8.8) shifted from 287.8 to 285.9 eV (shown in
Figure 6b), which might have been caused by the interaction
between CS and PCL during the reaction process. The survey
scans were also carried out as shown in Figure 6c, from which it
was noticed that the PCL−SK (CS−PCL) scaffolds showed not
only C 1s and O 1s components, but also a N 1s component
which belonged to CS, indicating that the CS−PCL had been
crystallized on the surface of the PCL nanofibers.
3.5. Surface Wettability. The surface hydrophobicity of

the scaffolds is well-known as a key factor for governing cell
response, which can be assessed by measuring the contact angle
through water spread of a droplet on the surface. The lower the
contact angle, the more hydrophilic the surface is. As shown in
Figure 7, PCL was found to be hydrophobic with a water
contact angle of 129°. The water contact angle of PCL−SK
(PCL) was 137° because of the increased roughness on the
surface of the PCL−SK scaffolds. However, the contact angle of
PCL−SK (CS−PCL8.8) decreased to 64°, which can be
attributed to the high hydrophilicity of chitosan. Previous
studies have reported that a hydrophilic surface would facilitate
cell adhesion on the scaffolds. For example, mouse osteoblasts
on a hydrophilic surface demonstrated accelerated metabolic
activity,40 and osteodifferentiation and fibroblasts were found to
have maximum cell adhesion when contact angles were
between 60° and 80°.41 Therefore, the enhanced hydrophilicity
of the scaffolds should be favorable for cell attachment. The

introduction of CS on the surface might also be helpful for cell
growth due to the good biocompatibility of chitosan.42

3.6. Biomimic Mineralization Behavior. When bioactive
materials are implanted into the body, they will bond to bone
via an apatite layer deposited on the surface.43 Researchers have
been using SBF to assess the bone-binding ability of scaffolds in
vitro. Figure 8 shows the morphological evolution of
mineralized PCL−SK (CS−PCL8.8) after mineralization for 1,
3, and 7 days. After mineralization for 1 day, the nanofibers
retained their shape, wrapped by the formed minerals with a
periodic distance. Crystal growth occurred preferentially along
the longitudinal direction of the nanofibers. After 3 days of

Figure 6. (a) High-resolution C 1s core level signals of PCL, CS, and PCL−SK (CS−PCL8.8) scaffolds obtained from X-ray photoelectron spectra.
(b) Compositions of functional groups of PCL, CS, and PCL−SK (CS−PCL8.8). (c) The whole survey scans of PCL, CS, and PCL−SK (CS−
PCL8.8).

Figure 7. Water contact angles of the nanofibrous scaffolds.
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mineralization, the fibrous and porous structure of the scaffolds
was absent due to the overgrowth of apatite minerals. Seven
days later, the nanofibers were completely wrapped by the
deposited mineral layers, which were much thicker than at 3
days, and formed into globules. The elements of the formed
minerals were detected by EDS. Both calcium and phosphorus
elements were detected from the minerals, thereby indicating
the formation of apatite. The control experiments were
conducted on neat PCL and PCL−SK (PCL) scaffolds for up
to 7 days. The morphological results of the samples after testing
for 7 days are shown in Figure 8e and f, from which it was

found that there were only a few deposition clusters on these
scaffolds, and the minerals only presented on the surface of the
scaffolds.
Previous studies have concluded that enhanced hydro-

philicity and the introduction of functional groups, such as
−COOH and −NH2, can accelerate calcium phosphate
deposition, which could lead to enrichment of Ca2+, resulting
in local supersaturation and crystal nucleation.44 The in situ
formation of nanohydroxyapatite on a chitosan-gelatin network
has also been studied and it was found that the carboxyl groups
of gelatin, carbonyl groups, and amino groups of gelatin and
chitosan play a key role in the formation of hydroxyapatite.45 In
this work, the introduction of chitosan via induced crystal-
lization of CS−PCL copolymers on the electrospun PCL
nanofibers successfully induced fast and uniform calcium
phosphate deposition on the scaffolds. The improved hydro-
philicity and introduced anionic groups by chitosan onto the
scaffolds could be the result of accelerated mineral deposition.
However, the PCL and PCL−SK (PCL) scaffolds exhibited
hydrophobicity and a relatively inert surface, which resulted in
low apatite deposition.46

3.8. Biocompatibility Evaluations. 3.8.1. Cell Attach-
ment and Cytoskeleton Investigation. The process of cell
adhesion on biomaterials is comprised of a cascade of four
different partly overlapping events: cell attachment, cell
spreading, organization of actin cytoskeleton, and formation
of focal adhesions.47 In the initial attachment step, cells contact
the scaffold surface and some ligand occurs that allow cells to
attach on the scaffold. This is the foundation for cell growth on
the scaffold. Cell attachment on the scaffold after culturing 4 h
was investigated by staining the cell nucleus using DAPI. The
results are shown in Figure S3. It was found that the cell
attachment on PCL−SK (PCL) scaffolds was higher than that
of neat PCL scaffolds. The reason for this is that the enhanced
surface roughness from the shish-kebab structure was helpful
for cell attachment.48 The PCL−SK (CS−PCL8.8) scaffolds
supported the highest cell attachment compared with others
tested due to the biologically relevant binding sites of the
chitosan domains present on the surface of the PCL−SK (CS−
PCL8.8) scaffolds.

49

The surface properties of scaffolds play a pivotal role in
regulating cell growth on the scaffolds and directly influence the

Figure 8. Morphological mineralized PCL−SK (CS−PCL8.8) after
mineralization for (a) 1, (b) 3, and (c) 7 days, (d) EDS pattern of
PCL−SK (CS−PCL8.8) after mineralization for 7 days and SEM
images of (e) PCL nanofibers and (f) PCL−SK (PCL) after
mineralization for 7 days.

Figure 9. Cytoskeleton and SEM images of cells grown on (a, d) PCL, (b, e) PCL−SK(PCL), and (c, f) PCL−SK(CS−PCL8.8) scaffolds after
culturing 24 h.
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cell response. The cytoskeleton of MG63 cells growing on
scaffolds was assessed by actin staining followed by SEM
observation to clearly detect the cell shape on the scaffolds. The
organization of actin structures of cells on the different scaffolds
were compared as shown in Figure 9. Most cells grown on the
neat PCL nanofibrous scaffolds showed a spherical or narrow
shape, which is a nonadherent and nonspreading morphology
of cells on scaffolds (as shown in Figure 9a and d). By contrast,
cells showed a higher spreading morphology on the PCL−SK
(PCL) scaffolds. Moreover, it is interesting to find that cells on
the PCL−SK (CS−PCL8.8) scaffolds showed a more spreading
morphology than cells on PCL−SK (PCL) scaffolds, with
clearly extended pseudopodia showing up on the bodies of the
cells.
3.8.2. Cell Viability and Proliferation. Cell viability assays

were performed on the scaffolds and the obtained results are
shown in Figures 10 and 11a. After 3 days of culture, most cells
were alive (indicated by green fluorescence), with few dead
cells (shown in red color in the images) detected on the three

groups of scaffolds indicating nontoxicity of the scaffolds.
Compared with the rounded cells on PCL scaffolds, cells on
PCL−SK (PCL) are more spread. However, more flattened
and stretched cells with higher viability on PCL−SK (CS−
PCL8.8) were observed, suggesting a flourishing living state of
cells. After 7 and 14 days of culture, more cells were observed
on all three groups of scaffolds, with the cells living better on
the PCL−SK (CS−PCL8.8) scaffolds. Furthermore, cell viability
on the CS−PCL shish-kebab structured scaffolds was higher
than 95%, followed by PCL−SK (PCL) and PCL (as shown in
Figure 11a).
Consistent with the cell adhesion and viability results, it was

found that the PCL−SK (CS−PCL8.8) scaffolds supported the
highest degree of cell proliferation, as shown in Figure 11b.
After 3 days of culture, the cell population on the PCL−SK
(PCL) scaffolds was higher than on the PCL scaffolds, but still
lower than on the PCL−SK (CS−PCL8.8) scaffolds, indicating
that the enhanced surface roughness and the appearance of CS
domains were favorable for cell growth. After 7 days of culture,

Figure 10. Day 3, 7, and 14 live/dead cell assays showing MG63 cells cultured on (a, d, g) PCL, (b, e, h) PCL−SK (PCL), and (c, f, i) PCL−SK
(CS−PCL8.8) scaffolds (the images on the first, second and third rows are the results of Day 3, 7, and 14). Live cells showed green fluorescence and
red fluorescence represented dead cells (scale bar = 200 μm).

Figure 11. (a) Cell viability based on live/dead assay after culturing for 3 days, 7 days, and 14 days. (b) Proliferation of MG63 cells on the scaffolds
after culturing for 3 days, 7 days, and 14 days determined by MTS assay (*p<0.05, **p<0.01).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00900
ACS Appl. Mater. Interfaces 2015, 7, 6955−6965

6962

http://dx.doi.org/10.1021/acsami.5b00900


the cell population on all scaffolds was much higher than that
on Day 3. The cell number on the PCL−SK (CS−PCL8.8)
scaffold was significantly higher than on the PCL−SK (PCL) or
PCL scaffolds. The same result remained after 14 days of
culture. Therefore, it can be concluded that the enhanced
surface roughness by the shish-kebab structure facilitated cell
attachment and proliferation, with the introduction of CS−PCL
kebabs providing integrin binding sites, thus resulting in even
greater cell viability and proliferation.
3.8.3. ALP Activity and Osteocalcin Expression of Cells on

the Scaffolds. To evaluate the differentiation behavior of
MG63 cells on the scaffolds, we performed alkaline phosphate
activity (ALP activity) and osteocalcin expression measure-
ments.50 ALP, which is commonly expressed by preosteoblasts
and mineralizing osteoblasts as well as MG63 cells, is often
used as an early marker for osteoblast differentiation. In
addition, osteocalcin is typically used as a later maker of bone
biomineralization.51 ALP activity results are shown in Figure
12a, which shows increased ALP intensity with an increase of
culture time. When compared with PCL scaffolds, there was a
significant increase of ALP activity of cells on PCL−SK (CS−
PCL8.8) scaffolds for all tested time points, indicating that the
formation of the shish-kebab structure and the presence of
chitosan molecules enhanced the osteoblast-like activity of the
MG63 cells. It has been reported that greater cytoskeletal
tension of cells has been linked to enhanced ALP activity,52

which is in agreement with our results. Cells grown on PCL−
SK (CS−PCL8.8) scaffolds, which showed elongated morphol-
ogies and enhanced cytoskeletal tension (recall Figure 9), had
high ALP activity and differentiation ability. Moreover,
according to the osteocalcin expression results (Figure 12
(b)), the PCL−SK (CS−PCL8.8) scaffolds showed the highest
osteocalcin activity, also attributed to the shish-kebab structure
formed by the CS−PCL copolymer. These results demon-
strated that the PCL−SK (CS−PCL8.8) scaffolds could
stimulate MG63 cell to differentiate toward osteoblast-like
cells and that these scaffolds have the potential of being used in
bone tissue engineering.

4. CONCLUSIONS

In this study, scaffolds with a special structure were prepared by
combining electrospinning and controlled copolymer crystal-
lization, which not only endowed a shish-kebab structure, but
also introduced the biocompatibility of natural biopolymers.
Chitosan−PCL copolymers with various molar ratios were
synthesized. Electrospun PCL nanofibers were used as the shish
to induce crystallization of PCL domains in the CS−PCL
copolymers. The CS−PCL copolymer with CS:PCL = 1:36

formed uniform kebabs on the PCL fibers, while the structure
formed by CS−PCL (CS:PCL = 1:12) was irregular due to
excess chitosan molecules. XPS analysis demonstrated the
presence of chitosan on the surface of the prepared scaffolds.
The exposed chitosan backbone on the PCL−SK (CS−PCL8.8)
scaffolds rendered a higher hydrophilicity than those comprised
of PCL. These scaffolds exhibited excellent mineralization
ability in SBF as well. MG63 cells were cultured on the
prepared scaffolds for up to 14 days to verify cell attachment,
viability, proliferation, and differentiation abilities. The results
demonstrated that the PCL−SK (CS−PCL8.8) scaffolds were
the most favorable for cell growth, with enhanced cell
attachment, higher cell viability, and good interaction with
scaffolds, as well as a better ability to form bones. Therefore,
the prepared PCL fibrous scaffolds that possessed CS−PCL
kebabs could be promising candidates to be used in bone tissue
engineering in the future.
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