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The objective of this present study was to improve the functional performance of rapid prototyped scaf-
folds for bone tissue engineering through biomimetic composite coating. Rapid prototyped poly(e-capro-
lactone)/tri-calcium phosphate (PCL/TCP) scaffolds were fabricated using the screw extrusion system
(SES). The fabricated PCL/TCP scaffolds were coated with a carbonated hydroxyapatite (CHA)–gelatin
composite via biomimetic co-precipitation. The structure of the prepared CHA–gelatin composite coating
was studied by scanning electron microscopy (SEM), X-ray photoelectron spectroscopy and Fourier trans-
form infrared spectroscopy. Compressive mechanical testing revealed that the coating process did not
have any detrimental effect on the mechanical properties of the scaffolds. The cell–scaffold interaction
was studied by culturing porcine bone marrow stromal cells (BMSCs) on the scaffolds and assessing
the proliferation and bone-related gene and protein expression capabilities of the cells. Confocal laser
microscopy and SEM images of the cell–scaffold constructs showed a uniformly distributed cell sheet
and accumulation of extracellular matrix in the interior of CHA–gelatin composite-coated PCL/TCP scaf-
folds. The proliferation rate of BMSCs on CHA–gelatin composite-coated PCL/TCP scaffolds was about 2.3
and 1.7 times higher than that on PCL/TCP scaffolds and CHA-coated PCL/TCP scaffolds, respectively, by
day 10. Furthermore, reverse transcription polymerase chain reaction and Western blot analysis revealed
that CHA–gelatin composite-coated PCL/TCP scaffolds stimulate osteogenic differentiation of BMSCs the
most, compared with PCL/TCP scaffolds and CHA-coated PCL/TCP scaffolds. These results demonstrate
that CHA–gelatin composite-coated rapid prototyped PCL/TCP scaffolds are promising for bone tissue
engineering.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Scaffold-based bone tissue engineering aims to aid in the repair
and/or regeneration of bone defects by using a scaffold as a plat-
form for carrying cells or therapeutic agents to the site of interest.
An ideal scaffold aims to mimic the mechanical and biochemical
properties of the native tissue. In order to effectively achieve these
properties a scaffold should have a suitable architecture favouring
the flow of nutrients for cell growth. It should also have osteocon-
ductive properties, supporting cells through a suitable surface
chemistry [1–3].

Rapid prototyping (RP) technologies are fast becoming the
technologies of choice for fabricating scaffolds for bone tissue
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engineering due to the reliability, high degree of reproducibility
and potential to overcome the limitations of conventional man-
ual-based fabrication techniques [4]. Complex scaffold architecture
designs based on a hierarchical approach can be readily fabricated
through RP [5,6]. The screw extrusion system (SES) is a promising
RP technique which has been used to fabricate both polymer and
polymer/ceramic composite scaffolds [7,8]. Polymer/ceramic com-
posite scaffolds are preferable candidates for bone tissue engineer-
ing because they integrate the favourable properties of both the
polymer and ceramic and, hence, show enhanced mechanical prop-
erties and biocompatibility [8–10]. However, blending the ceramic
with the polymer directly may lead to masking of the ceramic par-
ticles by polymer. This limits exposure of the ceramic on the scaf-
fold surface and hinders direct contact between cells and the
bioactive ceramic particles and thus diminishes the osteoconduc-
tive properties offered by them. Therefore, in order to improve
the osteoconductive properties of polymer/ceramic composite
scaffolds, coating a layer of ceramic on the scaffold surface is
ll rights reserved.
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considered an efficient approach. It should be noted that an ideal
surface coating can provide desirable biological properties to the
bulk implant, while retaining the structural properties of the
scaffold.

Among various coating approaches, the biomimetic approach
acts in a more efficient and similar way to the natural system
[11]. Kokubo et al. first reported the use of simulated body fluid
(SBF) for biomimetic growth of apatite coatings on bioactive
CaO–SiO2 glasses by mimicking the natural biomineralization pro-
cess [12]. However, this conventional biomimetic process shows
some limitations, notably the time consuming nature of the pro-
cess, which may take several weeks [13,14]. Though the process
time could be shortened by using concentrated SBF, it still requires
a constant pH and replenishment of the concentrated SBF fre-
quently to maintain supersaturation for apatite crystal growth
[15]. Therefore, an alternative, simple and efficient approach for
biomimetic coating is required.

A previous study on RP scaffolds coated with apatite did not
produce promising results, due to flaking of the thick apatite layer
on the bars of the scaffolds [16]. To reduce the tendency to flake a
composite coating may be desirable, as a recent study showed that
collagen can improve both the cohesive and adhesive properties of
an apatite coating on titanium with a significantly higher coating
retention for the apatite–collagen composite coating compared
with an apatite coating [17]. However, relatively little work has
been reported on apatite–collagen composite coatings on poly-
mer-related scaffolds [18]. More specifically, there is no study of
such composite coatings on RP scaffolds.

In comparison with collagen, the collagen derivative gelatin has
a high number of biological functional groups and, as gelatin is
denatured, overcomes the possible concerns about immunogenic-
ity associated with collagen. Moreover, its cost efficiency can facil-
itate its selection over collagen. Previous studies have reported the
use of hydroxyapatite (HA)–gelatin composites as a scaffold for
bone tissue engineering [19–21]. It was found that osteoblast stim-
ulation was significantly higher on co-precipitated HA–gelatin
scaffolds than on pure gelatin or conventional HA–gelatin scaffolds
prepared by directly mixing the gelatin with HA [20]. However,
biological apatites always contain carbonate functional groups.
Carbonated hydroxyapatite (CHA) implants exhibit greater osteo-
conductive properties and earlier bioresorption compared with
HA samples [22]. Therefore, we hypothesize that the combination
of CHA and gelatin as a composite coating through biomimetic
co-precipitation has the potential to be an effective biomimetic
coating for bone tissue engineering.

The objective of the present study was to develop a facile but
efficient approach to provide a biomimetic composite coating on
rapid prototyped scaffolds for bone tissue engineering. Rapid pro-
totyped poly(e-caprolactone)/tri-calcium phosphate (PCL/TCP)
scaffolds were fabricated using an in-house SES. The CHA–gelatin
composite coating was then formed on the fabricated PCL/TCP scaf-
folds through biomimetic co-precipitation. CHA-coated scaffolds
were also prepared in order to understand the influence of gelatin
incorporation on cell proliferation and differentiation activity. The
scaffolds were evaluated for surface morphology, composition and
compressive modulus. The biological capabilities of these scaffolds
were also evaluated by culturing porcine bone marrow stromal
cells (BMSCs) on them.
2. Materials and methods

2.1. Materials

Poly(e-caprolactone) (PCL) (Mn 80,000), gelatin (type A, from
porcine skin), calcium chloride (CaCl2), phosphoric acid (H3PO4,
85% solution in water), sodium carbonate (Na2CO3), acetic acid
(CH3COOH), sodium hydroxide (NaOH) and potassium hydrophos-
phate (K2HPO4) were purchased from Sigma–Aldrich (Singapore).
Tri-calcium phosphate (TCP) was obtained from Progentix (The
Netherlands).

2.2. Fabrication of PCL/TCP scaffolds by SES

A PCL/TCP composite with 20 wt.% TCP was prepared by blend-
ing TCP powder into PCL using a Brabender Mixer at 80 �C. Rapid
prototyped PCL/TCP scaffolds were then fabricated from the pre-
pared PCL/TCP composite using an in-house SES with a nozzle
diameter of 0.4 mm at a processing temperature of 85 �C [8,23].
Each layer of the scaffolds was fabricated with a designed scaffold
pattern of 0�/60�/120� orientation. The size of the scaffolds used for
the mechanical test was 5 � 5 � 8 mm and that for cell culture
5 � 5 � 3.5 mm.

2.3. Surface coating on PCL/TCP scaffolds

The fabricated PCL/TCP scaffolds were first treated in 10 ml of
5 M NaOH at room temperature for 12 h, followed by thorough
washing with deionized water to remove the free NaOH. The
NaOH-treated scaffolds were then dipped alternately into calcium
chloride solution and potassium hydrophosphate solution to ob-
tain a CaHPO4 coating as a nucleation site for the next CHA coating
or CHA–gelatin composite coating [24]. In brief, the NaOH-treated
scaffolds were dipped in 20 ml of 0.2 M CaCl2 aqueous solution for
10 min and then dipped in deionized water for 5 s, followed by air
drying for 3 min. The sample was subsequently dipped in 20 ml of
0.2 M K2HPO4 aqueous solution for 10 min and then dipped in
deionized water for 5 s, followed by air drying for 3 min. The whole
process was repeated three times.

The CaHPO4-coated scaffolds were immersed in 20 ml of 0.1 M
CH3COOH and then 10 ml of 0.1 M CaCl2 and 6 ml of 0.1 M H3PO4

(Ca/P = 1.66) were dropped slowly through separate syringe pumps
under stirring. The pumps were adjusted to keep the ratio of Ca/P
at 1.66. After further stirring for 30 min, 18 ml of 0.1 M Na2CO3

with the molar ratio of CO2�
3 /PO3�

4 = 3 was gradually added. The
mixture was stirred for another 30 min and then the pH of the mix-
ture was adjusted to 9 using 0.1 M NaOH. The CHA-coated PCL/TCP
scaffolds (PCL/TCP–CHA) were collected after ageing the solution
for 3 h. Finally, the scaffolds were thoroughly washed with deion-
ized water and freeze dried.

To prepare CHA–gelatin composite-coated PCL/TCP scaffolds
(PCL/TCP–CHA–gelatin) first 40 mg gelatin was dissolved into
20 ml of deionized water at 37 �C to obtain a stock gelatin solution
(2 mg ml�1). Then CaHPO4-coated scaffolds were dipped in the
above gelatin solution for 0.5 h, followed by washing with deion-
ized water to remove free gelatin. The gelatin-coated scaffolds
were then immersed in 20 ml of 0.1 M CH3COOH solution contain-
ing 40 mg gelatin. Finally, the CHA–gelatin composite was coated
onto the gelatin-treated PCL/TCP scaffolds by adding CaCl2 and
H3PO4, following the same process as for CHA coating.

2.4. Scaffold characterization

The surface morphology of the scaffolds was observed by field
emission scanning electron microscopy (SEM) (Philips XL30 FEG)
at a beam intensity of 10 keV. Scaffolds were gold sputtered using
a JEOL fine sputter coater (JFC-1200) for 20 s at 10 mA before
observation. The thickness of the CHA and CHA–gelatin composite
coatings were measured from cross-sectional SEM images of fila-
ments in the coated scaffolds. Attenuated total refraction Fourier
transform infrared spectroscopy (ATR-FT-IR) analysis of the coat-
ings was performed in an Avatar 380 (Thermo Nicolet) over a range



Table 1
Forward primers and reverse primers used in RT-PCR.

Gene ID Forward primer Reverse primer

GAPDH GCTTTGCCCCGCGATCTAATGTTC GCCAAATCCGTTCACTCCGACCTT
CBFA1 GAGGAACCGTTTCAGCTTACTG CGTTAACCAATGGCACGAG
COL1 CCAAGAGGAGGGCCAAGAAGAAGG GGGGCAGACGGGGCAGCACTC
OCN TCAACCCCGACT GCGACGAG TTGGAGCAGCTG GGATGATGG
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of 800–1800 cm�1 at resolution of 2 cm�1 to study the chemical
structure of the coatings. The water contact angles of the coatings
were measured by the sessile method at 25 �C in an air atmosphere
using an NRL-100-00-(230) contact angle goniometer (Rame-Hart
Inc.). ATR-FT-IR testing and water contact angle measurements
were carried out with film samples assuming that the coatings
on both films and scaffolds were similar. The films for testing were
prepared by hot pressing the PCL/TCP composite and then follow-
ing the same coating process as for the scaffolds. X-ray photoelec-
tron spectroscopy (XPS) (Thetaprobe, Thermo Scientific) was used
to study the scaffold surface. A monochromated AlKa (1486.6 eV)
electron source was used along with a flood gun for surface charge
compensation (energy 2 eV, emission current 100 mA). The detec-
tor was set to standard lens mode constant analyzer energy (CAE),
with a passed energy for the survey spectra of 200 eV and for the
high resolution spectra of 40 eV. Data analysis was carried out
using Avantage software.

2.5. Compression testing

Compression testing of the scaffolds was conducted using an In-
stron 4502 uniaxial testing system with a 1 kN load cell. Scaffolds
with a size of 5 � 5 � 8 mm and 0�/60�/120� orientation pattern
were compressed at a rate of 1 mm min�1 up to a strain level of
approximately 80%. The stress–strain (r–e) curves were obtained
and the compressive modulus was calculated from the stress–
strain curve as the slope of the initial linear portion of the curve,
with any toe region due to the initial settling of the specimen ne-
glected. Five scaffolds for each group were tested and measure-
ments are reported as means ± standard deviation. Compression
testing was also carried out under simulated physiological condi-
tions by keeping the scaffolds at 37 �C in phosphate-buffered saline
(PBS) for 24 h before testing.

2.6. Cell seeding on scaffolds

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS) and penicillin–streptomycin (pen-strep) were purchased from
Gibco. Trypsin–EDTA was purchased from Thermo Scientific Hyclone.

Cryopreserved porcine BMSCs (passage 2), previously isolated
from the iliac crest of pigs, were plated and expanded in T75 tissue
culture flasks in DMEM supplemented with 10% FBS and 1% antibi-
otics until sufficient cells were obtained (not beyond passage 4).
The medium was changed twice per week and cells were detached
using trypsin–EDTA and passaged into fresh culture flasks at a ratio
of 1:3 upon reaching confluence. Cultures were incubated at 37 �C
in a humidified atmosphere containing 95% air and 5% CO2.

First, the scaffolds were sterilized with 70% ethanol for 30 min
and then further sterilized under UV light for 30 min, followed
by drying under sterile conditions at room temperature for 2 h.
Three groups of scaffolds were prepared, PCL/TCP, PCL/TCP–CHA
and PCL/TCP–CHA–gelatin. Each scaffold was seeded with approx-
imately 1.8 � 105 BMSCs. The cell–scaffold constructs were cul-
tured in 24-well tissue culture plates for up to 10 days in growth
medium and at specific time points assessed and observed for pro-
liferation. After 10 days culture in growth medium an osteogenic
cocktail of 10 nM dexamethasome, 50 lM ascorbic acid and
10 mM of b-glycerolphosphate (Sigma) was added to induce osteo-
genesis. The cell–scaffold constructs were further cultured for
21 days after induction and samples retrieved and assessed at spe-
cific time points for gene and protein expression.

2.7. Morphology of the cell–scaffold constructs

Confocal laser microscopy and SEM were used to assess cell via-
bility, morphology and attachment in vitro. Cells were stained with
2 lg ml�1 fluorescein diacetate (FDA) (1 mg ml�1, Molecular
Probes) to stain the cytoplasm of live cells fluorescent green.
During FDA staining samples were incubated at 37 �C for 15 min,
followed by rinsing with PBS. Cells were then counterstained with
5 lg ml�1 propidium iodide (PI) (1 mg ml�1, Molecular Probes) to
stain the nucleus of dead cells fluorescent red. During PI staining
the samples were kept at room temperature for 2 min and then
rinsed with PBS. These samples were mounted for viewing under
a confocal laser microscope (IX 70, Olympus). Depth projection
images were constructed from up to 30 horizontal image sections
(12 lm each) through the stained cell–scaffold constructs using
FV1000 Viewer (Ver.1.7a) software. After confocal imaging cell–
scaffold constructs were fixed in 10% formalin overnight and then
dehydrated through a series of graded ethanol solutions (5%, 10%,
20%, 40%, 60%, 80%, 90% and 100%), each for 10 min. Finally, the
samples were dried overnight at room temperature. Dried cellular
constructs were gold sputtered and observed by SEM at an acceler-
ating voltage of 10 keV.

2.8. PicoGreen� assay

Proliferation of BMSCs in cell–scaffold constructs were studied
using the PicoGreen� assay as per the manufacturer’s protocol
(Molecular Probes PicoGreen dsDNA Quantitation Kit). Total DNA
from cells in the constructs were extracted via freeze–thaw cycles.
DNA levels in the cell lysates were then assayed using the DNA
binding dye PicoGreen� followed by spectrophotometry quan-
tification.

2.9. Reverse transcription polymerase chain reaction (RT-PCR)

At specified time points the cell–scaffold constructs were lysed
with Trizol (Invitrogen) and thoroughly vortexed. The samples in
Trizol were stored at �80 �C until RNA isolation. Total RNA was iso-
lated using the RNeasy Mini Kit (Qiagen) with RNase-Free DNase
(Qiagen) according to the manufacturer’s protocol.

Reverse transcription was performed with a QuantiTect Reverse
Transcriptase Kit (Qiagen) to produce the required cDNA. Quantita-
tive PCR was performed for the quantification of gene expression
using the primers listed in Table 1 and a QuantiTect SYBR Green
PCR Kit (Qiagen) in a Mx3000P Real-Time PCR System (Stratagene).
Target genes were normalized against GAPDH expression.

2.10. Western blotting

Protein extracts were harvested from the cell–scaffold constructs
with ice-cold radio-immunoprecipitation assay (RIPA) buffer (Ther-
mo Scientific). Protein lysates were purified and concentrated using
NanoSep columns (Pall 3 K). Total protein quantity was quantified
using the microBCA assay (Pierce) as per the manufacturer’s proto-
col. Proteins were denatured at 90 �C for 5 min, resolved by 10% so-
dium dodecyl sulphate polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes (Bio-Rad). After blocking
with 1% non-fat milk in tris-buffered saline (TBS) for 1 h the mem-
branes were incubated for 1 h with primary antibodies for poly-
clonal rabbit-anti-human b-actin (Delta Biolabs), osteonectin
(ON), osteocalcin (OCN) (Santa Cruz) or osteopontin (OPN) (Abcam).
The primary antibodies were diluted from 1:500 to 1:2000 in TBS
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with 0.1% Tween (TBST). After three washes with TBST the mem-
branes were next incubated with rabbit anti-goat horseradish per-
oxidase-conjugated secondary IgG (Zymed) at 1:15,000 for 1 h,
followed by another three washes with TBST. Immunoreactive
bands were visualised and detected using the SuperSignal Chemilu-
minescent reagent (Pierce) and a VersaDoc Imaging System (Bio-
Rad). The intensities of the bands were quantitatively analyzed
using densitometry (Quantity-One, Bio-Rad). Target proteins were
normalized against b-actin expression.
2.11. Statistical analysis

An unpaired Student’s t-test was performed to evaluate the sig-
nificance of the observed differences between the study groups. A
value of P < 0.05 was considered to be statistically significant. Data
were tested for normality prior to performing the Student’s t-test.
3. Results and discussion

3.1. Scaffold fabrication

SES, a computer controlled fabrication process, is fast becoming
the technology of choice in automating scaffold production to pro-
duce specifically tailored pore geometries and architectural
Fig. 1. SEM images of (a and b) PCL/TCP, (c and d) PCL/TCP–CHA and (e and f) PCL/TCP
represent 1 mm, 20 and 1 lm, respectively.
patterns [8]. In the present study bioresorbable PCL/TCP scaffolds
were fabricated using SES with the following structural properties:
(i) 100% pore interconnectivity with a pore size of �500 lm; (ii) a
scaffold porosity of 65%; (iii) a 0�/60�/120� lay down pattern. The
architectural layout of the developed scaffolds resembles a honey-
comb, which is advantageous over a foam type structure. It has
been reported that honeycomb structures allow bone in-growth
in the later stages [25,26], whereas a foam structure limits tissue
growth, confining it to the surface of the foam [27,28].
3.2. Biomimetic CHA–gelatin composite coating

In order to improve the osteoconductive properties of rapid pro-
totyped PCL/TCP scaffolds a CHA–gelatin composite was coated
onto them through a facile biomimetic process. Scaffolds coated
with CHA alone were also prepared to verify the improvement in
performance of scaffolds due to the incorporated gelatin. To pro-
mote biomimetic mineralization on the surface of PCL/TCP scaf-
folds with a CHA or CHA–gelatin composite coating CaHPO4 was
coated onto the scaffold first, to induce surface nucleation, as re-
ported previously [24]. In the preparation of CHA-coated PCL/TCP
scaffolds (PCL/TCP–CHA) the CaHPO4-coated PCL/TCP scaffolds
were immersed in CH3COOH, followed by simultaneous dropwise
addition of CaCl2 and H3PO4 and further dropwise addition of
–CHA–gelatin scaffolds. The scale bars in the left column, right column and inset
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Na2CO3 according to a previously reported procedure for CHA
preparation [29]. Due to the CaHPO4 nucleation CHA was coated
onto the PCL/TCP scaffolds. For the CHA–gelatin composite-coated
PCL/TCP scaffolds (PCL/TCP–CHA–gelatin) the CaHPO4-coated PCL/
TCP scaffolds were further coated with gelatin via electrostatic
attraction between CaHPO4 and gelatin by dipping in gelatin solu-
tion [30]. Finally, gelatin was co-precipitated with CHA on the scaf-
fold surface to produce a CHA–gelatin composite coating via a
biomimetic process similar to that for CHA coating. The carboxyl
and amine groups present in gelatin may become charged groups,
such as –COO� and –NHþ3 , under the coating conditions which can
promote CHA–gelatin composite nucleation. It should be noted
that the whole approach is free of gelatin cross-linking. Thus, the
potential toxicity caused by chemicals employed for cross-linking
gelatin in other systems can be avoided [31,32]. More interestingly,
using the biomimetic approach described here can achieve a bio-
mineralized coating in a few hours.

3.3. Scaffold characterization

PCL/TCP, PCL/TCP–CHA and PCL/TCP–CHA–gelatin scaffolds
were characterized by SEM, ATR-FT-IR, XPS and water contact an-
gle measurement. Compression testing was also conducted to
determine whether there was any detrimental effect of the coating
process on the compressive modulus of the scaffolds.

As shown in Fig. 1, while PCL/TCP scaffolds without a coating
exhibited a smooth surface morphology, both the CHA-coated
and CHA–gelatin composite-coated scaffolds appeared uniform
with a rough surface morphology. The CHA-coated scaffolds were
fully covered with almost globular apatite particles, whereas the
CHA–gelatin-coated scaffolds were covered with plate-like apatite
of slightly larger size than the CHA particles on PCL/TCP–CHA
(Fig. 1d and f). The morphology difference between the CHA coat-
ing and CHA–gelatin composite coating could be due to the incor-
poration of gelatin in the biomimetic co-precipitation process. In
the presence of gelatin mineral crystal formation could be altered.
It has been reported that the adsorption of protein on the mineral
surface can alter crystal nucleation and growth during the biomin-
Fig. 2. SEM images of cross-sections of filaments in (a) PCL/TCP–CHA, and (b) PCL/TCP–CH
and 10 lm, respectively.
eralization process [33]. Fig. 2 shows SEM images of cross-sections
of coated PCL/TCP filaments. From the SEM images the thickness of
the CHA and CHA–gelatin composite coatings were measured as
606 ± 106 and 821 ± 53 nm, respectively.

The chemical structure of the CHA–gelatin composite coating
was studied by ATR-FT-IR. Fig. 3c shows the FT-IR spectrum of pure
gelatin with the characteristic amide I and II bands at 1650 and
1550 cm�1, respectively. The observation of these characteristic
amide bands of gelatin in the ATR-FT-IR spectrum of the CHA–gel-
atin composite-coated PCL/TCP films reveals the presence of gela-
tin in the composite coating (Fig. 3b). In the ATR-FT-IR spectra of
both CHA-coated and CHA–gelatin composite-coated PCL/TCP films
the characteristic bands for phosphate and carbonate groups were
observed at 1039 and 1400 cm�1, respectively, which are similar to
those found in natural bone [34,35]. This demonstrates the
formation of CHA with a bone-like chemical composition in the
coating.

The chemical structure of the coating on the scaffolds surface
was also studied by XPS, as shown in Fig. 4. Neither the character-
istic peak of calcium nor that of phosphorous was observed in the
XPS spectrum of the PCL/TCP scaffolds (Fig. 4a), suggesting that
there were no TCP particles on the scaffold surface detectable using
XPS. A possible reason for the limited exposure of TCP particles on
the scaffold surface is that the TCP particles were masked by the
polymer during mixing and/or the fabrication process, as reported
previously [35]. This will hinder cells from making direct contact
with the ceramic particles and, hence, reduces the bioactivity of
the PCL/TCP scaffolds. Observation of the characteristic peaks of
calcium and phosphorus in the XPS spectra of both the PCL/TCP–
CHA and PCL/TCP–CHA–gelatin scaffolds suggests the formation
of CHA on the surface of the coated PCL/TCP scaffolds. Moreover,
the presence of the nitrogen peak in the spectrum of the PCL/
TCP–CHA–gelatin scaffolds (Fig. 4c) confirmed the presence of gel-
atin in the CHA–gelatin composite coating. The quantitative ele-
mental analysis by XPS showed that the Ca/P atomic ratios for
the PCL/TCP–CHA and PCL/TCP–CHA–gelatin scaffolds were 1.55
and 1.52, respectively, which are similar to that for CHA found pre-
viously [29,36].
A–gelatin scaffolds. The scale bars in the left column and right column represent 50
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The hydrophilicity of the scaffolds was tested by measuring the
water contact angle of PCL/TCP films with or without coating. The
water contact angle of the PCL/TCP film was 78.9�, whereas the
water contact angles of the CHA-coated PCL/TCP film and CHA–gel-
atin composite-coated PCL/TCP film were 44.8� and 51.2�, respec-
tively. A statistically significant (P < 0.05) decrease in water
contact angle was found after coating, but there was no significant
difference between the CHA and CHA–gelatin coatings. The contact
angle test results suggest that both the CHA and CHA–gelatin com-
posite coatings can improve the hydrophilicity of PCL/TCP scaf-
folds. Hydrophilic surfaces are more desirable for bone tissue
engineering applications as it has been demonstrated that osteo-
genic cells have a higher proliferative rate on hydrophilic than on
hydrophobic surfaces [37].

One of the basic functions of scaffolds for bone tissue engineer-
ing is to act as a supporting structure and provide adequate
mechanical strength to maintain the spaces required for cell
growth under physiological conditions. In general, SES can provide
well-interconnected and highly structured scaffolds for bone tissue
engineering. Here, compression testing of the scaffolds was carried
out to evaluate whether there was any detrimental effect of the
biomimetic coating on the mechanical properties of the scaffolds.
Compression testing in the dry state revealed that the CHA and
CHA–gelatin coatings increased the compressive modulus of the
scaffolds by around 29% (Fig. 5). Moreover, compression testing
of the scaffolds under simulated physiological conditions revealed
that the modulus of the PCL/TCP scaffolds decreased by 15% com-
pared with that in the dry state, whereas the coated scaffolds de-
creased by less than 10%. The compressive modulus of the coated
scaffolds in the simulated physiological state was still higher than
that of PCL/TCP scaffolds in the dry state. There was no significant
difference in the compressive modulus between the PCL/TCP–CHA
and PCL/TCP–CHA–gelatin scaffolds. This indicates that CHA and
CHA–gelatin coating does not have any detrimental effect on the
compressive modulus of the scaffolds in either the dry or simulated
physiological states.

3.4. In vitro cell responses

Since tissue engineering scaffolds are designed to support the
growth of tissues, the primary cell–scaffold interaction is extre-
mely important. The surface of the scaffolds must be conducive
to not only facilitate cell proliferation in the initial phase, but also
promote cell differentiation. BMSCs are a valuable therapeutic tool
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in bone tissue engineering, since they have the capability for self-
renewal and the potential for multilineage differentiation [38].
Moreover, even though they hold a similar potential to embryonic
stem cells they are less associated with ethical issues and the risk
of tumorigenesis [38]. Therefore, in this study the influence of scaf-
fold surface properties was evaluated on the morphology, prolifer-
ation and gene and protein expression of BMSCs cultured on the
scaffolds.
Fig. 6. SEM images of cell–scaffold constructs of PCL/TCP, PCL/TCP–CHA and PCL/TCP–C
scaffolds. The scale bar represents 50 lm.
As shown in the SEM images, on day 7 BMSCs had an elongated
morphology on the PCL/TCP–CHA and PCL/TCP–CHA–gelatin scaf-
folds, whereas the cells had a rounded morphology on the PCL/
TCP scaffolds (Fig. 6). This indicates that BMSCs adhered to and
grew and proliferated better on the coated scaffolds in comparison
with pure PCL/TCP scaffolds. It should be noted that although rapid
prototyped scaffolds are 100% interconnected and highly porous
with a very regular structure, a previous study reported fewer cells
HA–gelatin scaffolds. The arrow indicates cells that have spread on surface of the



Fig. 7. SEM images of cross-sections of cell–scaffold construct at day 31. (a) PCL/TCP; (b) PCL/TCP–CHA, and (c) PCL/TCP–CHA–gelatin. Cells and the tissue sheet are indicated
by arrows. The scale bar represents 2 mm.
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and less tissue penetration into the interior of PCL/TCP scaffolds
[9]. The incorporation of induction factors into the interior of the
scaffolds has been proposed in order to obtain a uniform cell distri-
bution throughout the scaffolds [9]. To study the influence of
CHA–gelatin composite coating on the cell and tissue distributions
within the interior of the scaffolds cross-sections of the cell–
scaffold constructs on day 31 were analyzed using SEM (Fig. 7).
Fewer cells and less tissue sheet formation were observed within
PCL/TCP scaffolds, specifically within the interior of the scaffolds.
In contrast, there was greater cell and tissue penetration into the
interior of the coated scaffolds, especially the CHA–gelatin compos-
ite-coated scaffolds. The most even distribution of cells and tissues
was found in the CHA–gelatin composite-coated scaffolds. Thus,
the CHA–gelatin composite coating had a significant influence on
cell and tissue distribution within the interior of the scaffolds.

The morphology, viability and cell distribution of BMSCs cul-
tured on the scaffolds were also studied by confocal laser micros-
copy. As revealed in Fig. 8, on day 3 BMSCs were evenly
distributed in the PCL/TCP–CHA–gelatin scaffolds and stretched
over the pores. In contrast, qualitatively fewer BMSCs were ob-
served in the PCL/TCP scaffolds and they had a more rounded mor-
phology. Similar differences in cells distribution and morphology
were observed on day 10. At all the time points more BMSCs were
observed in the CHA–gelatin composite-coated scaffolds than in
the CHA-coated scaffolds, indicating that gelatin in the composite
coating played an important role in promoting cell distribution.
These results are in agreement with the SEM results.

It should be noted that cells attached to and growing on the bars
of rapid prototyped scaffolds experience different mechanical con-
straints in comparison with other types of scaffolds. In general, free
tissue bridges formed within the adjacent bars exert a greater ten-
sile force than would be expected for cells grown on foams or fibres,
which attach individually to the supporting material. This tensile
force due to the free tissue bridges could lead to flaking of the apa-
tite layer from the bars of the scaffolds, as reported previously [16].
In contrast, the CHA–gelatin composite coating did not show any
tendency to flake during cell culture, which demonstrates excellent
adhesion of the biomimetic coating to the scaffolds. This could be
due to the gelatin incorporated in the CHA–gelatin composite coat-
ing. A significantly higher retention of an apatite–collagen compos-
ite coating in comparison with an apatite coating was reported
previously [17]. No flaking of the CHA–gelatin composite coating
may also be due to the sub-micrometer coating thickness, in con-
trast to the few micrometers thick apatite coating investigated pre-
viously [16], as it is known that the critical load for coating
delamination decreases with increasing coating thickness [17].

PicoGreen� is a fluorescent probe that binds proportionally to
DNA [39]. The PicoGreen� results showed that on days 7 and 10
the PCL/TCP–CHA–gelatin scaffolds exhibited statistically signifi-
cantly higher DNA contents (P < 0.05) compared with both the
PCL/TCP and PCL/TCP–CHA scaffolds, as shown in Fig. 9. On day
10 the PCL/TCP–CHA–gelatin scaffold showed around 2.3 and 1.7
times higher amounts of DNA compared with the PCL/TCP and
PCL/TCP–CHA scaffolds, respectively. At the same time, the PCL/
TCP–CHA scaffold showed around a 1.3 times higher amount of
DNA compared with the PCL/TCP scaffold. The R2 value for the
DNA content assay of the PCL/TCP–CHA–gelatin scaffolds was
0.997, which indicates that more cells were found to attach to
and spread on the PCL/TCP–CHA–gelatin scaffold with increasing
culture time. On the other hand, the R2 values for the PCL/TCP–
CHA and PCL/TCP scaffolds were 0.9739 and 0.833, respectively.
The higher cell proliferation on the PCL/TCP–CHA–gelatin scaffold
was because of the presence of gelatin in the coating, as gelatin
has been recognized to promote cell proliferation [20]. Besides
the chemical composition, the rough surface topography and high
surface hydrophilicity of the PCL/TCP–CHA–gelatin scaffold could
also improve the proliferation of BMSCs. Improvements in cell pro-
liferation with increasing surface roughness and hydrophilicity has
been reported previously [37,40].

The expression levels of osteogenic genes on days 17 and 24
were measured by RT-PCR. Fig. 10 shows that on day 17 the PCL/
TCP–CHA and PCL/TCP–CHA–gelatin scaffolds had 1.7 and 1.1
times higher mean expression of core binding factor a1(Cbfa1),
respectively, than the PCL/TCP scaffold. On day 24 Cbfa1 expres-
sion on the PCL/TCP–CHA and PCL/TCP–CHA–gelatin scaffolds
was slightly lower compared with the PCL/TCP scaffold. Cbfa1 is
an essential transcription factor for the commitment of multipo-
tent mesenchymal cells to the osteoblastic lineage by triggering
gene expression of bone matrix proteins [41,42]. It inhibits the
transition of osteoblasts to osteocytes and thereby maintains
osteoblastic cells at an immature stage and effectively directs the
formation of immature bone. It is also know to inhibit adipocyte
differentiation and promote endochondral ossification. Normally
the expression of Cbfa1 is first detected in pre-osteoblasts and is
up-regulated in immature osteoblasts, but down-regulated in ma-
ture osteoblasts [42,43]. Cbfa1 is also involved in regulating bone
phenotypic genes, such as OCN [42,44,45]. As shown in Fig. 10,
the expression of OCN, a terminal differentiation marker, was
1.12 and 1.6 times higher for the PCL/TCP–CHA and PCL/TCP–
CHA–gelatin scaffolds, respectively, compared with OCN expres-
sion in cells on the PCL/TCP scaffold on day 24, when a slightly low-
er expression level of Cbfa1 was observed. Expression of collagen I
(Col1), which relates to further BMSC differentiation to osteoblasts,
showed slightly lower and basal expression levels for the PCL/TCP–
CHA and PCL/TCP–CHA–gelatin scaffolds compared with uncoated
PCL/TCP scaffolds on days 17 and 24. Down-regulation of Col1
expression in marrow stromal cells on hydroxyapatite after day
10 has also reported [46,47].

Western blotting was carried out to analyse protein extracts
formed on cell–scaffold constructs after BMSCs were cultured for
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Fig. 8. Confocal laser microscopy with depth projection images reconstructed from multiple horizontal images shows the 3D distribution of cells within the scaffolds of PCL/
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31 days, and the results are shown in Fig. 11. ON is an important
non-collagen calcium-binding glycoprotein secreted by osteoblasts
and related to mineralization at the early stage of bone formation.
The expression of ON was 1.7 and 1.4 times on the PCL/TCP–CHA–
gelatin and PCL/TCP–CHA scaffolds, respectively, compared with
that on PCL/TCP scaffolds. OCN is another non-collagenous protein
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Fig. 11. Osteonectin (ON), osteopontin (OPN) and osteocalcin (OCN) protein extracts from
CHA and PCL/TCP–CHA–gelatin scaffolds.
which is most abundantly found in bone and dentin. This bone-
specific glycoprotein is secreted by osteoblasts, binds to calcium
and is known to promote calcification of the bone matrix. It has
been used as a late marker for osteogenic differentiation and osteo-
blast maturation [38,42,48]. The expression of OCN was 1.6 and 1.5
times higher on the PCL/TCP–CHA–gelatin and PCL/TCP–CHA
OCNPN

PCL/TCP
PCL/TCP-CHA
PCL/TCP-CHA-gelatin

Day 31

cell–scaffold constructs after culture with BMSCs for 31 days on PCL/TCP, PCL/TCP–
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scaffolds, respectively, compared with that on the PCL/TCP scaffold.
OPN is another mineral-binding protein found in bone extracellu-
lar matrix (ECM) and could regulate crystal growth. It is associated
with cell attachment, proliferation and biomineralization of ECM
into bone and its expression demonstrates commitment of BMSCs
to osteogenic differentiation [48]. A significantly higher level (6.4
times) of OPN expression was observed on the PCL/TCP–CHA–
gelatin scaffold compared with that on the PCL/TCP scaffold. At
the same time, the PCL/TCP–CHA scaffold showed 3.7 times higher
OPN expression compared with the PCL/TCP scaffold.

Above all, in vitro western blotting testing showed higher ON,
OPN and OCN expression on the PCL/TCP–CHA–gelatin scaffold
compared with that on the PCL/TCP–CHA scaffold. The presence
of gelatin in the CHA–gelatin composite coating may be the key
factor in the stimulation of the osteogenic differentiation of BMSCs
[49]. A previous study also showed that the addition of collagen to
hydroxyapatite implants can enhance both phagocytotic and oste-
ogenic processes [50]. These results suggest that PCL/TCP–CHA–
gelatin scaffolds are more suitable for proliferation and osteogenic
differentiation of BMSCs compared with PCL/TCP scaffolds, as well
as PCL/TCP–CHA scaffolds.

4. Conclusions

In this study biomimetic CHA/gelatin composite-coated rapid
prototyped scaffolds were developed, and the proliferation and
osteogenic differentiation of BMSCs on these scaffolds were evalu-
ated. Rapid prototyped PCL/TCP scaffolds were fabricated using an
in-house SES. The fabricated PCL/TCP scaffolds exhibited a honey-
comb structure with 100% interconnectivity and 65% porosity. In
order to improve their osteoconductive properties the scaffolds
were coated with a CHA–gelatin composite by a biomimetic co-
precipitation process. PCL/TCP scaffolds coated with CHA alone
were also prepared in order to understand the influence of gelatin
on cell activity. The chemical structure of the coating was verified
by XPS and ATR-FT-IR. Water contact angle measurement revealed
improved hydrophilicity after coating. Moreover, the coating pro-
cess did not have a detrimental effect on the mechanical properties
of the scaffolds, as demonstrated by compression testing in dry and
simulated physiological states. The thicknesses of the developed
CHA and CHA–gelatin composite coatings were 600 and 800 nm,
respectively. The CHA–gelatin composite coating did not show
any flaking on the bars of the rapid prototyped PCL/TCP scaffolds
during BMSC culture. SEM images of cross-sections showed that
the most uniform distribution of cells within the interior of the
cell–scaffold constructs was observed in the PCL/TCP–CHA–gelatin
scaffold. PicoGreen� staining results showed that the proliferation
rates of BMSCs on the PCL/TCP–CHA–gelatin scaffold were about
2.3 and 1.7 times higher than on the PCL/TCP and PCL/TCP–CHA
scaffolds, respectively, on day 10. RT-PCR analysis showed that
the PCL/TCP–CHA–gelatin scaffold had highest level of OCN on
day 24. Cbfa1 levels were relatively higher for both the PCL/TCP–
CHA scaffolds and PCL/TCP–CHA–gelatin scaffolds compared with
the PCL/TCP scaffold at the early osteoblast stage and relatively
lower at more mature stages. The expression of Col1 was unaf-
fected, regardless of the type of coating. A Western blot study dem-
onstrated that the PCL/TCP–CHA–gelatin scaffold had the highest
levels of ON, OPN and OCN expression. These findings suggest that
the CHA–gelatin composite coating was more effective than the
CHA coating in improving the proliferation and osteogenic differ-
entiation of porcine BMSCs on rapid prototyped scaffolds, which
could be attributed to gelatin in the composite coating. This study
suggests the potential application of biomimetic composite coat-
ings on RP scaffolds. Consequently, the CHA–gelatin composite-
coated PCL/TCP scaffold should be regarded as a promising rapid
prototyped scaffold for bone tissue engineering.
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