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a  b  s  t r  a  c  t

Micro/nanofibrous  scaffolds  have  been  used  widely  in biomedical  applications  because  the  micro/nano-
scale  fibres  resemble  natural  extracellular  matrix  and  the  high  surface-to-volume  ratio  encourages
cellular  activities  (attachment  and  proliferation).  However,  poor  mechanical  properties,  low  controllabil-
ity of  various  shapes  and  difficulties  in obtaining  controllable  pore  structure  have  been  obstacles  to  their
use in  hard-tissue  regeneration.  To  overcome  these  shortcomings,  we suggest  a  new  composite  system,
which  uses  a combination  method  of  wet electrospinning,  rapid prototyping  and  a  physical  punching
process.  Using  the  process,  we  obtained  polycaprolactone  (PCL)/alginate  composite  scaffolds,  consisting
of electrospun  PCL/alginate  fibres  and  micro-sized  PCL struts,  with  mean  pore  sizes  of  821  ± 55  �m. To
show  the  feasibility  of  the  scaffolds  for hard-tissue  regeneration,  the  scaffolds  were  assessed  not  only  for
physical properties,  including  hydrophilicity,  water  absorption,  and  tensile  and  compressive  strength,
but  also  in  vitro  cellular  responses  (cell  viability  and  proliferation)  and osteogenic  differentiation  (alka-
line  phosphatase  (ALP)  activity,  and  mineralisation)  by culturing  with  pre-osteoblasts  (MC3T3-E1  cells).

With  the  reinforcing  micro-sized  PCL  struts,  the  elastic  modulus  of  the PCL/alginate  scaffold  was  signif-
icantly  improved  versus  a pure  PCL  scaffold.  Additionally,  due  to the  alginate  component  in  the  fibrous
scaffold,  they  showed  significantly  enhanced  hydrophilic  behaviour,  water  absorption  (∼8-fold)  and  sig-
nificant  biological  activities  (∼1.6-fold  for  cell  viability  at 7  days,  ∼2.3-fold  for ALP  activity at  14  days  and
∼6.4-fold  for  calcium  mineralisation  at 14  days)  compared  with  those  of a  pure  PCL fibrous  scaffold.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Tissue engineering has been introduced as a promising method
f repairing large defect areas in bone tissue. To achieve success-
ul regeneration of bone, biomedical scaffolds are required because
hey perform pivotal roles in seeding osteoblasts and guiding new
one formation into the desired shapes (Hutmacher & Biomater,
001Langer et al., 1995; Ma,  2004; Vacanti & Langer, 1999; Yang,
eong, Du, & Chua, 2001).

To successfully regenerate bone tissue, an engineered scaffold
eeds a physically stable and structurally porous shape, having
igh pore interconnectivity, high porosity and appropriate surface
opography. Appropriate pore size and 100% pore interconnectivity

ot only provide for the migration and proliferation of osteoblasts,
ut also enable the efficient diffusion of various growth factors and
apid vascularisation (Murphy, Haugh, & O’Brien, 2010).

∗ Corresponding author. Tel.: +82 31 290 7828.
E-mail address: gkimbme@skku.edu (G. Kim).

ttp://dx.doi.org/10.1016/j.carbpol.2014.08.008
144-8617/© 2014 Elsevier Ltd. All rights reserved.
To regenerate hard tissues, various synthetic polymers, such
as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(lactic-co-
glycolic acid) (PLGA) and poly(�-caprolactone) (PCL), have been
investigated as biomedical scaffold materials. Of them, PCL is
a biocompatible and biodegradable aliphatic polyester and has
appropriate mechanical strength and good processability in many
shapes, so it has been considered as a potential biomaterial for
bone tissue regeneration (Kneser, Rath, Pryymachuk, & Bleiziffer,
2011Petrie Aronin et al., 2008). However, like other synthetic poly-
mers, it is hydrophobic in nature, impeding the penetration of
aqueous cell suspensions into the interior structure and has poor
cell recognition sites, leading to poor cell affinity and adhesion
(Melchels et al., 2010). Additionally, PCL can produce acidic by-
products during degradation, causing an inflammatory response
(Wu,  Wan, Dalai, & Zhang 2010). To overcome these deficiencies,
PCL may  be blended and/or composited with other synthetic or nat-

ural polymers (Koenig & Huang, 1995; Kweon et al., 2003; Zhu, Gao,
Liu, & Shen, 2002).

Generally, natural biopolymers (e.g. hyaluronic acid, alginate,
collagen, chitosan, elastin) show enzyme-controlled degradability,

dx.doi.org/10.1016/j.carbpol.2014.08.008
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.08.008&domain=pdf
mailto:gkimbme@skku.edu
dx.doi.org/10.1016/j.carbpol.2014.08.008
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ood biocompatibility, low inflammatory potential, high chemical
ersatility and similarities with the extracellular matrix (Malafaya,
ilva, & Reis, 2007). Generally, alginates have been a popular
olysaccharide for tissue engineering applications. Alginates con-
ist of �-L-guluronic acid (G) and �-D-mannuronic acid (M) units,
nd have easy gelation properties with outstanding biocompati-
ility, biodegradability, low immunological stimulation and easy
ontrollability into a designed shape (Cohen, Malone, Lipson, &
onassar, 2006). However, unfortunately, this natural polymer has
oor mechanical properties and limited 3D shape-ability due to

ts hydrophilic nature, so that chemical or physical alterations and
lend/composite systems are commonly used to enhance its low
echanical strength and low processability.
Several methods of preparing biomedical scaffolds based on

icro/nano-fabrication have been developed (Gallego, Ferrell, Sun,
 Hansford, 2008; Hollister, 2005; Kapyla et al., 2012). Of them,
lectrospinning is an easy and effective method for fabrication
f micro/nanofibrous tissue-engineered scaffolds (Barnes, Sell,
oland, Simpson, & Bowlin, 2007; Liang, Hsiao, & Chu, 2007; Ma,
otaki, Inai, & Ramakrishna, 2005; Pham, Sharma, & Mikos, 2006).

Electrospun fibres have great potential in that the structure,
articularly that of micro/nano-scale fibres, resembles the natu-
al extracellular matrix (ECM) and shows a high surface-to-volume
atio, which promotes cellular activities such as attachment and
roliferation (Li, Laurencin, Caterson, Tuan, & Ko, 2002). However,
lthough this method has several advantages, it also has some
rawbacks that may  prevent its use in various tissue regenera-
ive materials. These include small pore size, low controllability
f 3D structure and poor mechanical properties. Small pore size
nd low 3D shape-ability of the fibrous structure constrain the
nfiltration and migration of seeded cells and regeneration of large
nd complex tissues. Additionally, the poor mechanical properties
re a major limitation to its use in hard-tissue regeneration. To
vercome these shortcomings, various methods including modi-
cation of fibre diameter (Soliman et al., 2011), post-processing by
hoto-patterning (Galperin, Long, & Ratner, 2010), 3D-structured
anofibre layers using several patterned collectors (Vaquette &
ooper-White, 2011), wet-electrospun 3D fibrous mats (Kim et al.,
014) and a stacked direct-write electrospinning nanofibrous mat
Lee, Jang, Oh, Jeong, & Cho, 2013), have been suggested.

In this study, we introduce a new method of fabricating highly
orous PCL-based 3D micro/nanofibrous scaffolds with improved
echanical properties and a controllable, homogeneous pore size.

o overcome the shortcomings of PCL as a scaffold material, we
ccommodated alginate with a dispersed phase in the fibrous
caffold. Additionally, to improve the mechanical properties, rapid-
rototyped PCL struts were embedded in the fibrous structure.
he scaffold was finally post-processed with a physical punch-
ng method to obtain sufficient pores (∼820 �m)  channelling from
he top to the bottom of the scaffold. The final fabricated scaf-
old showed high porosity (∼92%) and outstanding mechanical
roperties. Furthermore, the biological performance of the scaf-
old was evaluated using pre-osteoblasts (MC3T3-E1) to determine
hether the dispersed alginate component in the composite scaf-

old affected various cellular activities in vitro, as assessed using
he MTT  assay, fluorescence imaging and evaluation of alkaline
hosphatase (ALP) activity and calcium mineralisation.

. Experimental

.1. Materials
Low-viscosity and high G-content LF10/60 alginate (FMC
ioPolymer, Drammen, Norway) and crosslinking agent, CaCl2
Sigma–Aldrich), of the alginate were used. Poly(�-caprolactone)
lymers 114 (2014) 213–221

(PCL) (density = 1.135 g/cm3, melting temperature = 60 ◦C,
Mn = 60,000 g/mol) was purchased from Sigma–Aldrich (USA).

2.2. Fabrication of 3D fibrous scaffolds

To obtain micro-sized struts of PCL, PCL powder was  injected
into a heating cylinder at 130 ◦C, and the melted PCL was extruded
through a heated 250-�m nozzle. The perpendicular struts were
plotted with a three-axis robot system. The speed of the plotter noz-
zle was set at 5 mm/s, and the applied pneumatic pressure was  set
at 550 ± 20 kPa. Additionally, to prepare PCL/alginate micro/nano-
fibres, various weight fractions (1, 3, 5 wt%) of alginate and PCL
(10 wt%) in a 20:80 solvent mixture of methylene chloride (MC,
Junsei Chem. Co.) and dimethyl formamide (DMF, Junsei Chem. Co.)
were used with a 21-G electrospinning nozzle and a 20-mL glass
syringe. In the target chamber, 95% ethyl alcohol (EtOH, Duksan,
Korea) was  supplied. The surface tension and density of EtOH are
0.0223 N/m and 0.808 g/cm3, respectively. An applied electric field
(1 ± 0.2 kV/cm) and a fixed flow rate of 0.5 mL/h were used. As a
target, an EtOH bath was  used, and the supply rate (10 mL/min)
of EtOH was controlled using a flow meter with a grounded cop-
per plate immersed in the bath. Details of the fabrication of the
bath were described previously (Kim et al., 2014). After fabricat-
ing the PCL/alginate scaffolds, they were immersed in 10 wt% CaCl2
for 10 min. After this cross-linking process, they were washed with
PBS. To obtain dried 3D fibrous structures, the structures were vac-
uum freeze dried using a freeze dryer (SFDSM06; Samwon, Busan,
South Korea) at −76 ◦C for 2 days. The flow rate of the PCL/alginate
solution was controlled using a syringe pump (KDS 230; KD Sci-
entific, Holliston, MA,  USA). A power supply (SHV300RD-50 K;
Convertech, Seoul, South Korea) was  used to produce the electric
field. We  designated the pure PCL fibrous scaffold, and PCL/alginate-
5 wt% fibrous scaffolds with and without the layer of micro-sized
PCL struts as “PP”, “PA-S”, and “PA”, respectively.

2.3. Characterisation of the fibrous scaffolds

A scanning electron microscope (SEM, SNE-3000 M,  SEC Inc.,
South Korea) was used to characterise the surface morphology of
the fibrous scaffolds. Cell morphology was also evaluated by SEM.

To measure the hydrophilic properties of the scaffolds, one
droplet (10 �L) of water mixed with red dye was carefully dropped
onto the surface of the scaffolds, and the hydrophilic behaviour was
captured with a digital camera over various time periods. Water
absorption was calculated by weighing the samples before and
after soaking in distilled water for 12 h. The percentage increase
in water absorption was  calculated as (%)= (W12 h − Wo)/Wo × 100,
where W12 h was the weight of the sample after 12 h, and Wo was
the original weight of the sample.

To assess the mechanical properties, we  used two  testing meth-
ods, tensile and compression. To measure mechanical properties,
the scaffolds were cut into small strip shapes (8 × 10 mm2 for the
tensile test) and cylindrical shapes (diameter = 8 mm and thick-
ness = 3.3 ± 2 mm for the compression test). Tests were conducted
using a tensile instrument (Top-tech 2000; Chemilab, Kyunggi-Do,
South Korea). The tensile test was performed in a ‘dry’ state. The
stress-strain curves were recorded at a stretching and compression
speed of 0.5 mm/s. All values are expressed as means ± standard
deviation (n = 4).

A Fourier-transform infrared (FT-IR) spectrometer (model 6700;

Nicolet, West Point, PA, USA) was  used to compare the chemical
structures of PCL, alginate, and the PCL/alginate mixture. IR spectra
represent the mean of 30 scans at 500–4000 cm−1 at a resolution
of 8 cm−1.
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.4. In vitro cell culture

Samples (6 × 6 mm2) were sterilised with 70% ethanol and ultra-
iolet (UV) light, and then placed in culture medium overnight.
ouse pre-osteoblast cells (MC3T3-E1) of passage five in scaffolds
ere cultured in 24-well plates in �-minimum essential medium

Life Sciences, USA) containing 10% foetal bovine serum (Gemini
io-Products, USA) and 1% antibiotic (Antimycotic, Cellgro, USA).
he cells were seeded onto scaffolds at a density of 1 × 105 per
ample, and incubated at 37 ◦C in an atmosphere of 5% CO2. The
edium was changed every second day.

.5. MTT  assay

Cell viability was determined using the MTT  assay (Cell Prolif-
ration Kit I, Boehringer Mannheim, Mannheim, Germany). This
ssay is based on cleavage of the yellow tetrazolium salt MTT
y mitochondrial dehydrogenases in viable cells to produce pur-
le formazan crystals. Cells on the scaffold were incubated with
.5 mg/mL  MTT  for 4 h at 37 ◦C, and the absorbance at 570 nm was
easured using a microplate reader (EL800; Bio-Tek Instruments,
inooski, VT). Five samples were tested for each incubation period,

nd each test was performed in triplicate.

.6. Fluorescence images

After 1, 3 and 7 days in cell culture, the scaffolds were exposed to
.15 mM calcein AM and 2 mM ethidium homodimer-1 for 45 min

n an incubator to permit observation of live and dead cells. The
tained specimens were visualised under a microscope (TE2000-S;
ikon, Tokyo, Japan) equipped with an epifluorescence attachment
nd a SPOT RT digital camera (SPOT Imaging Solutions, Sterling
eights, MI). Stained images were captured; green and red indi-
ated live and dead cells, respectively. After 7 and 14 days of cell
ulture, the scaffolds were subjected to diamidino-2-phenylindole
DAPI) fluorescence staining to detect cell nuclei. Phalloidin (Invi-
rogen, Carlsbad, CA) staining was also performed to visualise
he actin cytoskeleton of proliferated cells. The same fluorescence

icroscope was used to obtain the images.

.7. ALP activity

ALP was assayed by measuring the release of p-nitrophenol
pNP) from p-nitrophenyl phosphate (pNPP). The scaffolds seeded
ith MC3T3-E1 were rinsed gently with phosphate buffered saline

PBS) and incubated for 10 min  in Tris buffer (10 mM,  pH 7.5) con-
aining 0.1% Triton X-100 surfactant. Then, the lysate (100 �L)
as added to the wells of 96-well plates containing 100 �L of
NPP solution, prepared using an ALP kit (procedure no. ALP-10;
igma–Aldrich). In the presence of ALP, pNPP is converted to pNP
nd inorganic phosphate. ALP activity was determined from the
bsorbance at 405 nm using a microplate reader (Spectra III; SLT
ab Instruments, Salzburg, Austria). The value (unit) of ALP activity
as normalised relative to the total protein content (mg).

.8. Alizarin red S staining

Calcium mineralisation was determined by alizarin red S
taining of MC3T3-E1 cells in 24-well plates. The cells were
ultured in �-MEM containing 50 �g/mL vitamin C and 10 mM �-
lycerophosphate. The cells were then washed three times with
BS, fixed in 70% (v/v) cold ethanol (4 ◦C) for 1 h and air-dried. The

thanol-fixed specimens were stained with 40 mM alizarin red S
pH 4.2) for 1 h and washed three times with purified water. The
pecimens were then destained with 10% cetylpyridium chloride
n 10 mM sodium–phosphate buffer (pH 7.0) for 15 min. An optical
lymers 114 (2014) 213–221 215

microscope was  used to observe the staining. The optical density
(OD) of mineralisation was  normalised relative to the total protein
content.

2.9. Total protein content

The total protein content was  measured using the bicin-
choninic acid (BCA) protein assay (Pierce Kit; Thermo Scientific).
Cell/scaffold samples were assayed after culturing for 7 and 14 days.
Specimens were washed with PBS and lysed with 1 mL  of 0.1% Tri-
ton X-100. An aliquot of the lysate (25 �L) was added to 200 �L of
BCA working reagent, and the mixture was  incubated for 30 min
at 37 ◦C. The absorbance at 562 nm was determined using a plate
reader.

2.10. Statistical analyses

All data are presented as means ± standard deviation. Statis-
tical analyses were performed using the SPSS software (ver. 20.0;
SPSS, Inc., Chicago, IL), and included single-factor analyses of vari-
ance (ANOVA). In all analyses, P values < 0.05 were considered to
indicate statistical significance. “NS” indicates no statistically sig-
nificant difference.

3. Results and discussion

3.1. Fabrication of PCL/alginate composite scaffold

The porous structure of biomedical scaffolds in bone tissue
regeneration is an important design criterion because the pore
structure (pore size, porosity and 100% pore interconnectivity)
affects neovascularisation and even the effective exchange of nutri-
ents and metabolic waste within the scaffold (Karageorgiou &
Kaplan, 2005). In this work, PCL/alginate fibrous scaffolds were fab-
ricated using a combined method with wet electrospinning and
a rapid-prototype process. First, using a melt-plotting machine,
melted PCL was  plotted with a perpendicular mesh structure on
a working stage (Fig. 1(a)). The cylindrical strut diameter was
305 ± 17 �m and the pore size, defined as the distance between the
struts, was  1500 �m.  Second, electrospun PCL/alginate fibres were
deposited on the layer consisting of PCL struts in an EtOH bath, as
shown in Fig. 1(b). In this process, ethanol was  used as a medium
to obtain the 3D fibrous structure of PCL/alginate, because the
electrospun PCL/alginate fibres settled slowly in the ethanol bath,
indicating that control of the ethanol (surface tension = 0.023 N/m)
supply rate can be used to manipulate the thickness of the final
fibrous construction, while the electrospun fibres do not sub-
side in pure water due to its relatively high surface tension
(0.073 N/m). More details of the mechanism of wet  electrospinning
were described in our previous report (Hong & Kim, 2011). As
shown in the schematic in Fig. 1(c), this process was repeated three
times, so that the rapid-prototyped micro-size-PCL struts were fully
embedded in the PCL/alginate nanofibrous structure. Third, the
fabricated PCL/alginate composite was  post-processed to obtain
relatively large pores (∼820 �m;  Fig. 1(d)). Specifically, to obtain
a uniform pore size, the scaffold was  frozen at −76 ◦C to sustain the
3D structure during the process; it was  then punched through with
a sharp steel rod (diameter = 800 �m),  as shown in Fig. 1(d). Previ-
ously, we had attempted to obtain large pores (∼500 �m)  using a
femto-second laser process. However, slightly melted fibres were
seen on the surface of pores due to the laser (Rezwan, Chen, Blaker,
& Boccaccini, 2006). Finally, a highly porous PCL/alginate scaffold

with embedded PCL struts was  obtained (Fig. 1(e)).

Fig. 2(a–d) show SEM images of pure PCL fibres and PCL/alginate
fibres fabricated with various alginate weight fractions (1, 3
and 5 wt%), respectively. The average diameters of pure PCL
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Fig. 1. Schematic of fabrication of a PCL/alginate fibrous scaffold with inserted PCL micro-struts. (a) Rapid-prototyping process for fabrication of micro-sized PCL struts, (b)
wet-electrospinning process, (c) layer-by-layer structure consisting of PCL/alginate fibres and layers of perpendicular PCL struts, (d) punching process to produce micro-sized
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ores,  and (e) an optical image of the final PCL/alginate (PA-S) scaffold with layered

bres, PCL/alginate-1 wt%, PCL/alginate-3 wt% and PCL/alginate-
 wt% were 2.16 ± 0.33, 2.51 ± 0.31, 2.14 ± 0.41 and 1.67 ± 0.37 �m,
espectively. The different fibre diameters resulted from the differ-
ng viscosity, conductivity and surface tension of the PCL/alginate
olutions. The PCL solution had a conductivity of 2.52 �s/cm and
urface tension of 0.018 (N/m), while for PCL/alginate-5 wt%, the
onductivity and surface tension were 1.30 �s/cm and 0.016 (N/m),
espectively. Additionally, as seen in the images, the alginate com-
onent in the mixture was  not fully developed into a fibrous shape.
owever, because our goal was to achieve a homogeneous dis-
ersion of alginate in the structure, the fabricated morphological
tructures are reasonable. Detailed conductivity and surface ten-
ion data for all samples are provided in Table 1.

Fig. 2(e) shows FT-IR spectra of pure alginate, PCL and
CL/alginate-5 wt% fibres. The spectrum of pure PCL contains a
trong peak at 1722 cm−1 attributing to C O stretching. In the
ure alginate spectra, carboxyl peak near 1602 cm−1 characterises
ymmetric COO− stretching vibrations, and asymmetric COO−

tretching vibrations were presented at 1417 cm−1. The FTIR spec-
ra of PCL/alginate indicate that the alginate was well dispersed
ithin the PCL fibrous structure.

Generally, to increase the bioactive properties of the synthetic
olymers, dispersed bioactive materials should be embedded as
uch as possible, if this does not reduce other physical properties

ignificantly. Thus, we sought to fabricate electrospun PCL/alginate
bres using over 5 wt% of alginate in the mixture, but the electro-
pinnability was too low because of the high weight of the alginate
omponent in the mixture.

Based on the processing conditions, we attempted to fabri-
ate PCL/alginate fibrous scaffolds with and without embedded
CL struts, using a rapid-prototyping method. In this work, we

ssessed three 3D scaffolds: a pure PCL fibrous scaffold (PP,
ontrol), PCL/alginate-5 wt% fibrous scaffold (PA), and PCL/alginate-

 wt% fibrous scaffold with embedded perpendicular PCL struts
PA-S).
truts.

Fig. 2(f–h) show optical and SEM images of the final scaffolds
(PP, PA and PA-S). The pores (mean pore size = 820.9 ± 46.9 �m,
823.5 ± 71.1 �m,  and 819.1 ± 49.5 �m,  respectively) were fabri-
cated homogeneously using the punching process, from surface to
bottom. The surface and cross-sectional SEM images demonstrate
that the 3D scaffolds consisted of the electrospun fibres, the fibres
of which in the inner pore surface were sustained; no melting was
evident. In our previous work, fibres in the inner pore surface, gen-
erated by a femto-laser process, showed slight melting (Kim et al.,
2014). Additionally, as shown in the cross-sectional SEM image of
the PA-S scaffold, the micro-sized PCL struts were well embedded
in the scaffold. Details of the pore structure, pore size, and porosity
are provided in Table 2.

3.2. Hydrophilic properties and water absorption

The hydrophilic properties of a scaffold for bone tissue regen-
eration are important for induction of early cell attachment and
growth because osteoblasts favour hydrophilic surfaces (Rezwan
et al., 2006; Zhou, Hutmacher, Varawan, & Lim, 2007). To eval-
uate the hydrophilic properties of the scaffolds, a water droplet
(10 �L) was mixed with red dye, and dropped on to the surface
of the scaffolds (PP, PA, PA-S). Because alginate is hydrophilic in
nature, we  would expect the PCL/alginate composite to exhibit
much stronger hydrophilic properties than pure PCL. This can be
evaluated using the images in Fig. 3(a–c). As shown in the side and
surface-view images, the water droplet was not absorbed in the
pure PCL in 10 min, while the PCL/alginate scaffolds showed out-
standing absorption almost instantaneously. The water absorption
behaviour of the PA and PA-S scaffolds was  similar.

Sufficient water absorption is an essential prerequisite for

numerous scaffolds, because this can affect the absorption of body
fluids and the transport of nutrients and metabolites within the
scaffolds, eventually resulting in cell proliferation and the morphol-
ogy of the regenerated tissue (Hollister, 2005; Roosa, Kemppainen,
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Fig. 2. SEM images of electrospun (a) pure PCL and PCL/alginate micro/nanofibres with various weight fractions of alginate ((b) 1 wt%, (c) 3 wt%, (d) 5 wt%). (e) FT-IR result
for  pure PCL, alginate and PCL/alginate-5 wt%. Surface and cross-sectional optical and SEM images of (f) PP (pure PCL), (g) PA (PCL/alginate-5 wt% without micro-sized PCL
struts), and (h) PA-S (PCL/alginate-5 wt% with micro-sized PCL struts) scaffolds.

Table 1
Conductivity and surface tension of mixtures of PCL and various weight fractions (1, 3, 5 wt%) of alginate.

Sample type Pure PCL PCL/alginate 1 wt%  PCL/alginate 3 wt% PCL/alginate 5 wt%

M
t
a
t
P
f
o
t
w
p

t
d
fi
o
s
p

Young’s modulus: the modulus of the PP was  0.22 ± 0.04 MPa, that
of PA was  0.23 ± 0.02 MPa, and that of PA-S was  4.3 ± 0.6 MPa. The
maximum tensile strengths of PP, PA and PA-S were 322 ± 5, 54 ± 7,
and 729 ± 41 kPa, respectively. Unlike the Young’s modulus, the

Table 2
Pore structures (pore size and porosity) of the PP, PA and PA-S scaffolds.
Conductivity (�s/cm) 2.52 1.56 

Surface  tension(N/m) 0.018 0.013 

offitt, Krebsbach, & Hollister, 2010). Fig. 3(d) shows water absorp-
ion by the PP, PA and PA-S scaffolds. As expected, the addition of
lginate to the scaffold (PA) resulted in greater water absorption
han the pure PCL scaffold (PP). The PA-S scaffold with embedded
CL struts showed lower absorption compared with the PA scaf-
old. This was likely because of the embedded PCL struts, which
ccupy some volume within the PA-S scaffold. However, although
he water absorption of the PA-S was low relative to the PA scaffold,
ater absorption by the PA-S was ∼4-fold greater than that of the
ure PCL scaffold.

The water absorption results for the PA scaffolds indicated that
he alginate component in the PCL fibrous structure was  well
istributed and a small weight percentage (5 wt%) of alginate is suf-

cient to increase the hydrophilic properties of PA scaffolds. Based
n these results, it would be expected that the PA scaffolds will
how considerable cellular activities, initial cell attachment and
roliferation in vitro, due to the accessibility of sustaining nutrients.
1.42 1.30
0.014 0.016

3.3. Mechanical properties

The mechanical properties of scaffolds are also important in
sustaining physical shape during the regeneration of neo-tissues;
they also affect various cellular activities, proliferation and the
cytoskeleton (Discher, Janmey, & Wang, 2005). Fig. 4(a) shows
Sample type PP PA PA-S

Pore size (�m) 820.89 ± 46.97 823.49 ± 71.05 819.09 ± 49.46
Porosity (%) 98.05 97.38 91.86
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Fig. 3. Hydrophilic properties of (a) PP, (b) PA and (c) PA-S sc

ifference in maximum strength between PP and PA was sig-
ificant. The maximum strength of the PA scaffold was reduced
ignificantly by addition of the alginate component, relative to
P, because when the external stress was fully applied to the
ntire PA scaffold, it was concentrated in the alginate component,
hich has a significantly lower Young’s modulus, 9.2% that of pure

CL. However, for the PA-S scaffold, the modulus and maximum
trength were markedly enhanced, ∼20-fold and 2.3-fold, relative
o the pure PCL scaffold due to the reinforcing micro-sized PCL
truts.

Fig. 4(b) shows the compressive moduli of the PP, PA and
A-S scaffolds. As expected, the PA-S scaffold showed a higher
ompressive modulus (116.7 ± 10.6 kPa) compared with the PP
3.6 ± 0.3 kPa) and PA (30.5 ± 5.3 kPa) scaffolds. Also, the PA scaf-
old showed a meaningfully higher compressive modulus than the
P scaffold, because the alginate component plays a reinforcing role
o endure the compressive stress.

To observe the effect of an embedded PCL layer consisted of
icrosized cylindrical struts on the tensile property, we mea-

ured the tensile property of PCL/alginate-5 wt% scaffolds, which
ave three different geometries of PCL layers (strut diame-

er = 305 ± 17 �m and pore size = 300, 1000 and 1500 �m).  In the
CL layers (Fig. 1(a)), the pore size was defined as a distance
etween the cylindrical PCL struts. Fig. 4(c) show the Young’s
odulus and maximum strength. As shown in the results, the

ig. 4. Mechanical properties of PP, PA and PA-S scaffolds. (a) Young’s and (b) compress
ensile  strength for the PCL/alginate-5 wt% scaffolds having various pore sizes (300, 1000
s for various time periods. (d) Water absorption by scaffolds.

mechanical properties of the scaffolds were dependent signifi-
cantly on the geometry of the embedded PCL layers. Based on the
results, we  can conclude that the mechanical properties of the scaf-
folds can be easily manipulated with the embedded layers of the
PCL struts.

3.4. In vitro cellular activities

Pre-osteoblast (MC3T3-E1) cells were cultured on the fibrous
scaffolds to evaluate cellular activity (cell viability and prolif-
eration). Cell viability is one of the most important factors for
evaluating biomedical scaffolds because it directly influences the
final cellular activities, such as proliferation and differentiation. To
observe cell viability on the fibrous scaffolds, pre-osteoblast cells
were stained with calcein AM and ethidium homodimer-1 to enu-
merate live and dead cells. Fig. 5(a–c) show fluorescence images
of live (green) and dead (red) cells on the PP, PA and PA-S scaf-
folds after culture for 1 or 7 days. At day 1, although the dispersed
phase, alginate, cannot induce high cell-adhesion due to lack of
cell-binding sites, cell attachment to the PA and PA-S fibrous scaf-

folds was considerably greater than on the pure PCL fibrous scaffold
(PP), due to the enhanced hydrophilic properties and good wetting
behaviour of PA and PA-S. This tendency of the scaffolds was similar
after 7 days of culture.

ive moduli in a tensile and compression test. (c) Young’s modulus and maximum
 and 1500 �m)  of the interlayered PCL structure.
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Fig. 5. Live (green) and dead (red) cell viability assay of (a) PP, (b) PA and (c) PA-S scaffolds after 1 and 7 days in culture. (d) Results of MTT assay after 1, 3 and 7 days of
culture  (PP, PA and PA-S). *P < 0.05 indicates a significant difference and NS, a non-significant difference. Surface and cross-sectional SEM micrographs of MC3T3-E1 cells
a

f
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f
c

S
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f
c
l

i
t
a
w
b
t

ttached to (e) PP, (f) PA and (g) PA-S scaffolds after culture for 7 and 14 days.

Fig 5(d) shows the numbers of viable cells on the fibrous scaf-
olds at 1, 3 and 7 days of culture as determined by MTT  assay.
he cells proliferated on all fibrous scaffolds during the culture
eriod. However, cell viability was significantly higher on the PA
nd PA-S scaffolds than the pure PCL scaffold (not significantly dif-
erent between the PA and PA-S scaffolds). The MTT results were
onsistent with the live–dead analysis.

To assess the morphology of proliferated cells at 7 and 14 days,
EM images were obtained (Fig. 5(e–g)). As expected from the MTT
esults, at 7 days, the cells on the PA and PA-S scaffolds fully cov-
red the surface, while proliferating cells were observed on the PP
caffold only sporadically. At 14 days, the cells fully covered both
he surface and the cross-sectional area of the PA and PA-S scaf-
olds; however, for the PP scaffold, the cells did not completely
over the surface or cross-sectional area, indicated by the dotted
ine in Fig. 5(e).

These results were validated using fluorescence images show-
ng the nuclei (blue) and F-actin (red) of cells on the surface of
he scaffolds after 7 and 14 days of culture (Fig. 6(a–c)). The PA

nd PA-S fibrous scaffolds showed higher numbers of nuclei and a
ell-developed actin cytoskeleton versus the PP scaffold. This may

e due to provision by the PCL/alginate scaffold of a more attrac-
ive microenvironment for the seeded cells, versus the pure PCL
scaffold, even though the alginate was  not modified with peptides,
such as the RGD peptide.

3.5. Osteogenic expression

As typical markers of osteoblastic differentiation, ALP activity
and calcium deposition were evaluated in the fibrous scaffolds.
Both values were normalised to the total protein content (Table 3)
for each culture day. Fig. 6(d) shows the ALP activity of MC3T3-
E1 cells grown on the PP, PA and PA-S fibrous scaffolds for 7 and
14 days. At 7 days, ALP activity was  not different between the
scaffolds, but at 14 days a significant difference was  evident. Addi-
tionally, the PA-S scaffolds showed the highest ALP levels after
14 days of culture. This may  be due to the effect of mechanical
properties on osteoblastic differentiation, because the cells can
sense the mechanical stiffness of substrates through transmem-
brane molecules, such as integrins, and adjust their physiological

processes through mechano-transduction (Ghosh & Ingber, 2007;
Wang, Tytell, & Ingber, 2009).

Alizarin red S was used to visualise calcium mineralisation in
the scaffolds. The optical density (OD) of alizarin red S extracted
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F ) PA-S scaffolds after 7 and 14 days in culture. In this image, nuclei are stained blue and
F d PA-S scaffolds. (f–h) Optical images of ARS staining of the scaffolds after 7 and 14 days
o

f
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c
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Table 3
Total protein contents (mg) of PP, PA and PA-S scaffolds after culturing MG63 cells
for  7 and 14 days.
ig. 6. Fluorescence surface and cross-sectional images of the (a) PP, (b) PA and (c
-actin  red. (d) Relative ALP activities and (e) calcium deposition levels of PP, PA an
f  culture.

rom stained scaffolds is shown in Fig. 6(e). Calcium deposition
n the alginate-dispersed fibrous scaffolds (PA and PA-S) was
onsiderably higher than on the PP scaffold, indicating that the
lginate component provides more favourable micro-cellular envi-
onmental conditions, resulting in higher mineralisation versus the

ure PCL scaffold. Fig. 6(f–h) show optical images of the alizarin
ed calcium assay at 14 days. A high intensity of alizarin red (black
olouration) staining indicates a higher calcium concentration. The
ighest mineralisation was found in the PA-S scaffold.
PP (mg) PA (mg) PA-S (mg)

7 days 69.15 ± 9.29 89.23 ± 12.78 91.50 ± 8.70
14  days 119.15 ± 24.75 120.97 ± 29.66 137.18 ± 10.87
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. Conclusions

In this study, PCL/alginate fibrous 3D scaffolds were fabricated
y a combined method using wet electrospinning and rapid pro-
otyping techniques. By accommodating an alginate component
n the PCL/alginate composite scaffold, the hydrophilic and water
bsorption properties were greatly improved compared with the
ure PCL scaffold, and the micro-sized PCL struts in the fibrous
egion provided the scaffold with greater mechanical proper-
ies compared with the pure fibrous scaffold. To demonstrate its
easibility as a hard-tissue regenerative material, in vitro cellu-
ar activities, including cell viability, proliferation and osteogenic
ifferentiation (ALP activity and calcium mineralisation), were
haracterised using pre-osteoblast cells (MC3T3-E1). Although a
mall amount (5 wt%) of alginate, which was not modified with
ny peptides, was used, the PCL/alginate composite scaffolds (PAs)
howed outstanding cell viability and proliferation. In particular,
he PCL/alginate scaffold (PA-S) reinforced with PCL struts showed
he highest level of osteogenic differentiation. Therefore, we sug-
est that this new PCL/alginate composite scaffold could be suitable
or the regeneration of various hard tissues.
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