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Abstract

Although alumina scaffolds with biodegradable polymer coating can overcome the limitations of conventional ceramic bone

substitutes, the bioactivity potential of these scaffolds needs to be enhanced. In this study, the macroporous alumina scaffolds with the

defined pore-channel interconnectivity were successfully prepared by the foam replication method. The average pore size of the scaffolds

was in the range 200–900 mm with around 82% porosity. The average Young’s modulus of alumina scaffolds was 2.8 GPa. Coating of

nano-hydroxyapatite (nano-HA) in poly(e-caprolactone fumarate) (PCLF) as a carrier on the surface of alumina scaffold was

performed. The nano-HA powder was synthesized successfully by the sol–gel method. The crystallite and particle sizes of HA powders

were in nano range and confirmed by the Scherrer equation from X-ray diffraction (XRD), scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). The PCLF was synthesized and characterized by fourier transform infrared spectroscopy

(FTIR) and differential scanning calorimetry (DSC). In order to make a chemical link between the alumina scaffolds and the coating, a

silane coupling agent was used. The results showed that using of 1 g Methacryloxypropyl trimethoxysilane in 100 g solvent is sufficient

for making a thin interface layer between the scaffold and the polymer. The coating process was performed by immersion of scaffolds in

the solutions with different percents of nano-HA. The morphology and chemical structure of the coated scaffolds were investigated by

SEM and FTIR. SEM images demonstrated that the scaffolds were constituted of interconnected and homogeneously distributed pores.

Also, HA distribution and agglomerates on the surface of scaffolds were enhanced by increasing the nano-HA percent in the coating

solutions.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Over the last decade, porous bioceramics with open pore
structures have obtained a great deal of attention for
treating of damaged bones, since they let bone cells go
through the interconnected pores and grow on their
biocompatible surfaces [1–4]. Highly open interconnected
porous bioceramic scaffolds provide a three-dimensional
environment for growing the new tissue, where cell culture
0 & 2012 Elsevier Ltd and Techna Group S.r.l. All rights rese
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medium and growth factors can be easily accessible
through the open pores. One of the most important
requirements for making a suitable scaffold for bone tissue
engineering is the formation of an appropriate scaffold to
bear the mechanical stress and align the growth of new
bone [5,6]. They are bioinert ceramics (e.g., alumina and
zirconia), bioactive ceramics (e.g., bioglasses and hydro-
xyapatite) and biodegradable ceramics (e.g., tri-calcium
phosphate and bone cement).
The scaffolds for bone regeneration should mimic the

structure and properties of the bone extra-cellular
matrices. Since bone consists of a porous composite of
rved.
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interpenetrating phases of hydroxyapatite and collagen,
the scaffolds for bone regeneration should be similarly
porous composites with interpenetrating ceramic and
polymer phases. The problem of hydroxyapatite and other
calcium phosphate is their poor mechanical properties such
as low strength and high brittleness. Alumina is a suitable
material for this application as it possesses an acceptable
biocompatibility besides the mechanical properties better
than calcium phosphates [7].

Polymer phases can fill the cracks of bioceramic and
thus the mechanical properties of brittle ceramic scaffolds
would be improved by coating of polymer layers. It is
hypothesized that polymer filaments may bridge cracks
during fracture thus increasing the scaffold toughness, in a
similar manner as collagen fibers enhancing the fracture
toughness of bone [8].

Fumarate based unsaturated polyesters including poly
(propylene fumarate) [9,10], poly(ethylene glycol fumarate)
(PPF) [11], poly(caprolactone fumarate) (PCLF) [12–14] and
recently poly(hexamethylene carbonate fumarate) [15] have
been developed because of their inherent biocompatibility
and ease of process ability. On the other hand, poly(capro-
lactone fumarate) as a novel biodegradable and biocompa-
tible polymeric system was selected for the polymer coating
phase on alumina scaffolds. However, they generally lack
sufficient cell attachment and osteoconductive properties due
to the usual surface properties of polymeric materials such as
negligible surface energy [16]. In addition, the polymer phase
can be a carrier for drugs and other biomolecules and
bioactive agents hence enhancing the functionality and
bioactivity of the scaffolds. Hydroxyapatite (HA) nanopar-
ticles can be used in polymer coatings for optimizing cell
attachment, bioactivity and osteoconductivity [17].

Organofunctional trialkoxysilanes are usually used to
bind organic polymers to inorganic mineral surfaces such
as alumina. The chemical structure of organofunctional
trialkoxysilanes is RSiX3 where R is an organofunctional
group and X is a hydrolysable alkoxy group. Reaction of
Fig. 1. Reaction scheme of trialkoxy s
alkoxysilane coupling agents includes four distinct steps as
shown in Fig. 1 [18] which clearly shows that hydroxyl
(–OH) groups play a vital role in binding a monolayer of
the alkoxysilane coupling agent to the surface of substrate.
The replication technique (or polymer sponge method)

[19] produces porous ceramic structures that are similar to
those of spongy bone [20,21]. This method includes
preparation of green bodies of ceramic foams by coating
polymer foam (e.g. polyurethane, PU) with ceramic slurry.
The polymer has a desired pore structure with proper
internal channel architecture which can be used as a
template for producing ceramic scaffolds.
In the present paper, we studied the synthesis of nano-

HA and poly(caprolactone fumarate), fabrication of alu-
mina scaffold and coating of poly(caprolactone fumarate)/
nano-HA composite layer on the scaffolds.

2. Materials and methods

2.1. Synthesis of nano-HA

In this research, nano-HA was synthesized by the sol–gel
method. Triethyl phosphite [TEP, (C2H5O)3P; Merck] and
calcium nitrate tetrahydrate [Ca(NO3)2 � 4H2O; Merck] were
used as P and Ca precursors, respectively. First, a solution of
TEP in ethanol was prepared and in a separate container,
calcium nitrate tetrahydrate was dissolved in ethanol. Both of
the solutions were vigorously agitated for 24 h. Subsequently,
the Ca containing solution was added to the P-containing,
one dropwise (Ca/P=1.67). The concentrations of both the
solutions were 2 M. The resulting sol was kept at room
temperature for 96 h. The gel was dried at 70 1C for 3 days
and then heat-treated at 550 1C for 1 h. Phase composition of
nano-HA powder was studied by XRD (D500, Siemens,
Germany). Scanning electron microscope (SEM, XL30,
Philips, Holland) and transmission electron microscope
(TEM, CM200FEG, Philips) were used for observation of
the powder morphology.
ilane reaction with a surface [18].
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The size of the crystallites was estimated by the Scherrer
equation [22]: where D is the size of the crystallite in Å, K

is the shape factor of the average crystallite (approximately
equals 0.9), l is the X-ray wavelength, b is the line
broadening at half the maximum intensity (FWHM) in
radians, and y is the Bragg angle:

D¼
Kl

b cosy
ð1Þ

2.2. Synthesis of PCLF

The PCLF samples were synthesized using poly(e-capro-
lactone diol) (PCL-diol) with a number average molecular
weight (Mn) of 530 g/mol, fumaryl chloride (FuCl), and
propylene oxide (PO) were purchased from Aldrich Chemical
Co. (Milwaukee, MN, USA). The purified FuCl, PCL-diols,
and PO were reacted in 0.99:1:2 molar ratios, respectively.
First, the PCL diol was dissolved in dichloromethane (DCM,
Merck Co.) and PO was added to this solution. The FuCl
was dissolved in DCM and added dropwisely to the stirred
solution using reflux at ambient temperature. The reaction
vessel was placed in an ice bath to decrease the temperature
rise of the exothermic reaction. After adding all of FuCl to
the DCM solution, the reaction mixture was allowed to stir
for an additional 24 h. Purification of FuCl macromers was
done by 0.1 N sodium hydroxide (NaOH, Merck Co.). Upon
completion of the reaction, the solution was washed several
times with water to remove chlorinated propanol products
and the solvent was removed by rotovaporation. The
macromers were dried in vacuum (0.2 bar) at 30 1C for
24 h and stored at �20 1C until use.

Fourier transform infrared spectroscopy (FTIR, Bruker,
Equinox 55, Germany) was perfomed to confirm the
presence of the fumarate group in the macromer. FTIR
spectra of the PCL-diols and PCLF were collected apply-
ing the materials on the KBr disk while it was gently
heated up to 35–40 1C and the specimens were examined as
KBr disks at room temperature. Differential scanning
calorimetry (DSC, NETZSCH (Germany), 200 F3 Maia)
measurements were performed in a nitrogen gas atmo-
sphere with the flow rate of 50 mL/min. To keep the same
thermal history, each sample was first heated from 25 1C
(room temperature) to 80 1C and cooled to �100 1C at a
cooling rate of 5 1C/min. Then heating was performed
from �100 to 250 1C at a heating rate of 10 1C/min. The
glass transition temperature (Tg) was taken as a midpoint
of the heat capacity change. The melting point (Tm) and
the heat of fusion (DHm) were determined from the
maximum endothermic peaks position and integrating of
endothermic area. The percent crystallinity (Xc) of PCLF
and initial PCL-diol were calculated by using the following
equation [23] where DHm

n of pure PCL is 135 J/g.

Xc ¼
DHm

DHn
m

� �
� 100 ð2Þ
2.3. Fabrication of scaffold and coating phase

The replication method includes preparation of green
bodies of ceramic foams by coating polymer foam (e.g.
polyurethane, PU) with ceramic slurry. The polymer has
the desired pore structure with proper internal channel
architecture, which can be used as a template for produ-
cing ceramic scaffolds. The PU foams cut into a desired
shape and size. In order to make the alumina scaffolds,
first the ceramic slurry was prepared. The slurry involves
alumina powder (Martinswerk, MR70, d50: 0.5–0.8 mm)
and water. 0.5% wt% of commercially colloidal silica
(Meyco MP320 IR) was added to slurry. Solid content of
75 wt % (43 vol%) was achieved. The polyurethane (PU)
template is immersed in the slurry, which subsequently
infiltrates the structure and ceramic particles adhere to the
surfaces of the polymer. The extra slurry was completely
squeezed out by passing the impregnated (PU) sponge
through the space of two horizontal steel rollers. The
infiltrated sponges were dried at 75 1C for at least 24 h.
After drying, the samples were heated at a rate of 1 1C/min
to 600 1C. The samples were heated at this temperature for
1 h to burn out the PU foams, and then sintered at a rate
of 3 1C/min to 1650 1C for 3 h. The process of polymer
burnout was integrated with sintering to avoid handling of
the green body.
X-ray diffraction (XRD, D500, Siemens, Germany) was

used to detect the phase composition of the scaffold. Also
the morphology of scaffold was observed by using scan-
ning electron microscopy (SEM, XL30, Philips, Holland).
The water absorption method based on Archimedes’

principle (ASTM C 20-00, 2000), Eq. (3), was used for
determining the open porosity of alumina scaffold. The
open porosity (Popen) is calculated as the ratio of the open
pore volume (W–D) to the exterior volume (W–S), where,
W, D and S are the saturated weight, dry weight and
suspended weight, respectively.

Popen ¼
ðW�DÞ

ðW�SÞ
� 100 ð3Þ

The pore size of alumina scaffold was measured using the
SEM micrographs. The average pore size was calculated by
measuring the size of 20 pores using the image analysis
software [24].
The compression tests of alumina scaffolds were per-

formed using a universal testing machine (Santam, STM-
20, Iran) on five samples. The specimens were examined at
a crosshead speed of 0.5 mm/min at room temperature.
The load and displacement data were recorded in the
computer to provide the stress–strain curves to determine
the compressive strength. Stress (s), strain (e), and Young’s
modulus (E) were calculated for each ratio in order to
evaluate the mechanical strength of each scaffold. Stress
was calculated by dividing the force applied by the surface
area, while strain was determined by dividing the displace-
ment by the original height of the samples. Stress versus
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strain was graphed, and the corresponding Young’s mod-
ulus was derived from the slope of the graph.

In order to make a chemical link between the alumina
scaffolds and the polymer coatings, the silane coupling
agent [Methacryloxypropyl trimethoxysilane (MTMS,
Silane A174, Merck Co.), C10H20O5Si] was used. Alumina
is a bioinert material and does not have any active agents
(such as hydroxyl) on its surface [25]. For hydroxylation
on the surface of alumina scaffolds, sulfuric acid (H2SO4,
Merck Co.) was diluted (40% v/v) in distilled water. Then
a solution of diluted sulfuric acid and hydrogen peroxide
(H2O2, Merck Co.) was prepared (the volume ratio of
diluted sulfuric acid to hydrogen peroxide¼6). The scaf-
folds were put in acidic solution at 80 1C for 4 h. Finally,
the treated scaffolds were washed in distilled water and
ethanol and heat treated at 160 1C for 1 h.

The silanization process was performed on the surface of
hydroxylated scaffolds. Samples were sunk in 3 solutions
of MTMS (1, 3, 4 g in methanol:distilled water 80:20% v/
v) for 2 h at a pH between 3.5 and 4 [26]. A Nicolet 8700
FTIR Spectrometer was used to investigate the structural
changes of scaffolds after silanizations. Acetic acid was
used as the catalyst for hydrolyzing the silane coupling
agents. The samples were rinsed in deionized water and
ethanol. After that, they were heat treated in the oven at
160 1C for 1 h. The morphology observation was acquired
by the scanning electron microscopy (SEM, XL30, Philips,
Holland). The details of the solutions’ formulation for
silanization are shown in Table 1.

Unsaturated PCLF backbones can be crosslinked more
by thermal or photoradical polymerization [27]. HA/PCLF
nanocomposites with HA content of 10, 20 and 30 wt%
were made. First, 3 g PCLF was dissolved in 100 cm3

dichloromethane (DCM), 1% (w/w) benzoyl peroxide
(BPO, Merck, Co.) and trimethylolpropane trimethacry-
late (TMPTMA, Merck, Co.). The reactive diluent
(TMPTMA) was used to facilitate crosslinking reactions
and also reduce viscosity for better organic phase mixing.
The molar ratio of TMPTMA as a crosslinker agent was
calculated as much as the double bonds of PCLF in the
Table 1

Compositions of silanes and nanocomposites solutions.

Sample

ID

Solution MTMS

(g)

Dipping

time (min)

Heat treatme

temp. (1C)

S1 Methanol (80 vol%) Distilled

water (20 vol%)

1 120 160

S2 Methanol (80 vol%) Distilled

water (20 vol%)

3 120 160

S3 Methanol (80 vol%) Distilled

water (20 vol%)

4 120 160

C10 DCM (100% vol%) – 30 Step1:70 1C

Step2:90 1C

C20 DCM (100% vol%) – 30 Step1:70 1C

Step2:90 1C

C30 DCM (100% vol%) 30 Step1:70 1C

Step2:90 1C
solution. Then, different amounts of HA nanopowders
were mixed with the polymer solution by a magnetic
stirrer. After that, the solution was sonicated 3 times by
ultrasound energy for 10 min. Ultrasound energy was
applied directly to the mixture by an ultrasonic cell
disruptor.
The alumina samples were gradually covered with

nanodispersion of PCLF/HA by the dipping process. The
scaffolds were immersed for 30 min and the coating
process was repeated 2 times. The thermal crosslinking
process of PCLF macromers was carried out at 70 1C for
30 min to induce the curing reaction and then at 90 1C for
30 min to complete the double bonds conversion. The
curing process was repeated after each time dip coating. A
Nicolet 8700 FTIR Spectrometer was acquired for inves-
tigation of structural evaluation of the coated scaffolds.
The morphology of the coated scaffolds was observed by
(SEM, XL30, Philips, Holland). The detailed formulations
of solutions for coated scaffolds are summarized in
Table 1.

3. Result and discussion:

3.1. Characterization of nano-HA powder

X-ray diffraction (XRD) pattern of the powder is given
in Fig. 2. The XRD pattern for HA has many peaks in the
range from about 71 to about 701 2y CuKa. The character-
istic peaks are in the range of 2y¼25–351 that was
identified according to JCPDS File Cards no. 09-0432.
According to the Scherrer Eq. (1) the size of HA crystal-
lites was around 11 nm. The high intensity of the peaks
proves that the HA-nanopowder has good crystallinity.
The morphology of nano-HA powder was investigated

by SEM and TEM (Fig. 3). SEM image (Fig. 3A) indicates
that the powder is consisted of nanoparticles with soft
agglomerates in some areas. The TEM image shows that
the particles are composed of the nanocrystallites with
diameter of 10–100 nm. These images exhibit that nano-
HA has a narrow size distribution.
nt Heat treatment

time (min)

Repeating of

immersion

PCLF

(g)

BPO/

PCLF(wt%)

HA/PCLF

(wt%)

60 1 – – –

60 1 – – –

60 1 – – –

Step1:30 min

Step2:30 min

2 3 1 10

Step1:30 min

Step2:30 min

2 3 1 20

Step1:30 min

Step2:30 min

2 3 1 30
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3.2. Characterization of PCLF macromer

FTIR was used to confirm the presence of the fumarate
groups in PCLF and the structural changes of PCL-diol to
PCLF macromer. FTIR spectra of PCL-diol and PCLF
macromer are shown in Fig. 4. The absorption peak for
hydroxyl end groups (–OH) of PCL-diol at around
3400 cm�1 was reduced which means the molar mass of
resulting PCLF macromer is higher than that PCL-diol as
the starting material. The weak absorption bands with
peak positions at 1260 and 1300 cm�1 are due to the C–H
Fig. 3. Morphology study of nanoHA

Fig. 2. (A) XRD pattern of nano-HA powder and (B) JCPDS reference

lines of hydroxyapatite.
rocking vibration of the disubstituted fumarate group and
at 1645 cm�1 due to CQC stretching, which are absent in
the spectrum of PCL [12]. The peaks at 1163 cm�1 for
PCL-diol and 1156 cm�1 for PCLF macromer are related
to asymmetric coupled vibrations of C–C(QO)–O and O–
C–C groups of PCL. The characteristic ester carbonyl
(CQO) stretching band at around 1720 cm�1 was
detected in both spectra of PCL-diol and PCLF macromer.
The stretching, scissoring and asymmetric bending, sym-
metric bending peaks related to methylene (C–H) are
evident at around 2945 cm�1, 1460 cm�1 and 1400 cm�1,
respectively. These results have proved that PCL-diol was
converted successfully to unsaturated PCLF macromer by
polycondensation reaction with FuCl.
Thermal properties of PCL-diol and PCLF were inves-

tigated by differential scanning calorimetry (DSC) as
shown in Fig. 5. DSC was used to measure the glass
transition temperature (Tg), melting point (Tm), and heat
of fusion (DHm) of the polymer samples. Tg was deter-
mined as the midpoint temperatures of the glass transi-
tions. Also, the crystallinity percent (Xc, equation 2) of
macromer and its precursor was estimated and the results
were summarized in Table 2. PCL is a semicrystalline and
particles; (A) SEM and (B) TEM.

Fig. 4. FTIR spectra of PCL-diol and PCLF macromer.



Fig. 5. DSC curves of PCL-diol and PCLF.

Table 2

DSC results of PCL-diol precursors and the synthesized PCLF macromers.

Sample Tg (1C) Tm (1C) Crystallinity (%) DHm (J g�1)

PCL-diol �79.7 33.3 36 8.98

PCLF �67.2 21.81 29.02 39.19

S. Joughehdoust et al. / Ceramics International 39 (2013) 209–218214
linear resorbable aliphatic polyester polymer with a Tm

around 30–50 1C and a Tg around �60 1C, depending on
the molecular weight [28]. The melting point and the heat
of fusion of PCLF is different than that of PCL-diol which
can be attributed to the changes in the chains structure.
The crystallinity of PCLF decreased from 7% after
copolymerization from PCL-diol. The formation of double
bonds fumarate groups in the chain of PCLF prevents the
crystallization of macromer because of the close
packing space.

3.3. Characterization of scaffolds

The alumina scaffolds were processed using a classical
foam replication technique. The XRD analysis of the
alumina scaffold is shown in Fig. 6. The characteristic
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peaks are in the range of 2y¼25–601 that was identified
according to JCPDS File Cards no. 00-002-0921. It is
evident that all peaks in the samples belong to corundum
phase.

The open porosity of the fabricated sample was derived
from the density. The porosity of the alumina scaffold, as
measured with the Archimedes method in distilled water,
was around 82%.

The mechanical properties of alumina scaffolds are
summarized in Table 3. The average Young’s modulus of
alumina scaffolds was 2.8 GPa. The value of Young’s
modulus of the human cancellous bone reported in the
literatures is ranging from 0.05 to 0.5 GPa [1,29]. These
Fig. 6. (A) XRD pattern of alumina scaffold and (B) JCPDS reference

lines of corundum.

Table 3

Mechanical properties of the alumina scaffolds.

Sample

ID

Force

(N)

Stress

(MPa)

Elongation

(%)

Young’s

modulus

(MPa)

1 162.40 18.04 0.664 2717

2 130.44 14.49 0.507 2859

3 163.34 18.15 0.634 2864

4 185.54 20.62 0.780 2635

5 188.70 20.97 0.754 2871
results confirmed that the prepared alumina scaffolds have
the mechanical strength similar to cancellous bone tissue.
In order to make a chemical link between alumina

scaffolds and polymer coating, MTMS silane coupling agent
was used. Alumina is a bioinert material and does not have
any active agents (such as hydroxyl) on its surface [25].
The silanization process was performed on the surface of

hydroxylated scaffolds. Fig. 7 shows the FTIR spectra of
silanized scaffolds. The broad peak around 3400 cm�1 is
related to stretching vibration mode of water absorption
and the peak at 1621 cm�1 is related to bending mode of
water. As can be seen, the amount of water absorption has
enhanced by increasing of silane content. Two stretching
peaks corresponding to Si–O–Si and Si–O bonds are
observed at wave numbers around 1045 cm�1 and
1112 cm�1. Also, the peak around 1457 cm�1 is related
to CH3–R bond [30].
Because the CH2 content in the silanized scaffolds is

approximately proportional to the peak area ratio of CH2

(E2820–3075 cm�1) bond to that of Al–O (E500–
650 cm�1) bond, the peak area ratio of the CH2 to Al–O
has been used for determining the CH2/Al–O (%) value in
the films after silanization. All FTIR spectra were normal-
ized and the areas related to CH2 and Al–O bonds were
estimated by the Thermo Nicolet OMNICs 6.1a software
and results were summarized in Table 4.
The CH2 amount and the area ratio of CH2/Al–O bonds

were decreased by enhancing of silane content. This means
the minimum amount of silane (sample S1) is sufficient as a
thin interface layer between scaffold and polymer.
Fig. 8 shows the FTIR spectra of PCLF/nano-HA

coatings on alumina scaffolds. The peak at around
1645 cm�1 is related to stretching vibration mode and
the large peak at around 3422 cm�1 corresponds to
stretching vibration of water absorption. The P–O bands
(�500–600 and 900–1200 cm�1, characterize the typical
apatite structure. The sharpness of these peaks was
enhanced by HA in the coatings. The peak at around
3739 cm�1 is contributed to O–H vibration.
The weak absorption bands at 1645 cm�1 are due to

CQC stretching of PCLF [11]. The characteristic ester
carbonyl (CQO) stretching band at around 1736 cm�1

was detected in all samples. The asymmetric stretching,
symmetric stretching, scissoring and stretching modes of
methylene (C–H) are evident at around 2928 cm�1,
2830 cm�1, 1460 cm�1 and 3850 cm�1, respectively.
Fig. 9 shows the SEM images of alumina scaffolds

before and after coating by PCLF/nano-HA composite
layer. It is visible that the scaffolds were constituted of
interconnected and homogeneously distributed pores with
the average sizes ranging 200–900 mm. The macroscopic
pores network in the scaffold is a necessary tool to
promote cell seeding distribution, cell migration through-
out the 3D space, exchange of waste products and
neovascularisation after in vivo implantation of the scaf-
fold [31]. Pore size of scaffolds for bone regeneration
should be bigger than 100 mm, and the pores should be



Fig. 7. FTIR spectra of alumina scaffolds after silanization.

Table 4

Comparison of the FTIR area peaks related to CH2 and Al–O bonds.

Sample

(ID)

Wave number related

to CH2 bond

Area peak related

to CH2 bond

Wave number related

to Al–O bond

Area peak related

to Al–O bond

Area ratio of

CH2/Al–O bonds

S1 2821–3057 3923.48 506–636 2551.79 1.54

S3 2814–2994 2324.62 512–642 1526.41 1.52

S4 2824–3024 2381.39 506–712 6082.57 0.39

Fig. 8. FTIR spectra of PLCF/nano-HA composites on alumina scaffold.

S. Joughehdoust et al. / Ceramics International 39 (2013) 209–218216



Fig. 9. SEM images of alumina scaffolds (A–C) before and (D–L) after coating with nano-HA/PCLF; (D–F) sample C10, (G–I) sample C20, (J–L)

sample C30. The arrows indicate the HA particle distributions on the surfaces of coatings.
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interconnected [31]. This parameter can be thoroughly
characterized by SEM images, which means the scaffolds
of this research are good candidates for future in vitro and
in vivo studies.

Fig. 9(E, H, K) shows the PCLF filaments beside HA
nanoparticles (the particles have been shown by arrows).
As can be seen in Fig. 9(F, I, L), the HA nanoparticles
formed agglomerates in some areas. Agglomeration was
enhanced by increasing of nanoHA percent in the coating
solutions. Hydroxyapatite promotes the bone regeneration
in human body [32]. Nano porosities are visible on the
surfaces of coated samples which decreased in the sample
C30. These porosities are essential for the molecule trans-
port crucial for signaling, any cell nutrition and waste
removal [33]. The formation of the small porosities on the
surface of alumina can be related to soaking of the
scaffolds in the sulfuric acid/hydrogen peroxide solution
before silanization stage. These nanocomposite layers can
be a good carrier for drugs and other biomolecules and
bioactive agents for future studies.
4. Conclusion

In the present study PCLF/nano-HA coatings were
performed on alumina scaffolds. Nano-HA powder was
synthesized successfully by the sol–gel method. The presence
of nano-HA in poly(e-caprolactone fumarate) (PCLF) as a
carrier on the surface of alumina scaffold was performed.
MTMS silane coupling agent was used for making a
chemical link between the alumina scaffolds and the polymer
coating. The results of this investigation show that using of
1 g MTMS in 100 g solvent is sufficient for making a thin
interface layer between scaffold and polymer. The coated
scaffolds were constituted of interconnected and homoge-
neously distributed macropores. The alumina scaffolds
showed appropriate mechanical properties with high poros-
ity. HA distribution and agglomerates on surface of scaf-
folds were enhanced by increasing of nanoHA percent in the
coating solutions. This research will serve as a base for
future studies related to in vitro and in vivo tests to find a
good candidate for bone tissue regeneration.
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