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Porous Crosslinked Polycaprolactone Hydroxyapatite
Networks for Bone Tissue Engineering
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In this study, porous scaffolds were produced by a thermal crosslinking of polycaprolactone diacrylate in the presence of hydroxyapatite
(HA) and particulate leaching technique with sodium chloride as the water soluble porogen for bone tissue engineering applications.
The prepared scaffolds were characterized using techniques such as Field Emission Scanning Electron Microscopy, Differential Scanning
Calorimetry, and Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy. Moreover, dynamic mechanical properties were
investigated using Dynamic Mechanical Thermal Analysis. The obtained scaffolds present a porous structure with interconnected pores
and porosity around 73%. It was found that the incorporation of HA particles to polycaprolactone (PCL) matrix resulted in an increased
crystallinity. Moreover, both the storage modulus (E') and glass transition temperature (T,) increased, while the loss factor (tan §) de-
creased due to the hindrance of the HA particles to the mobility of polymer segments. Cytocompatability of the scaffolds was assessed
by MTT assay and cell attachment studies. Osteoconductivity of the scaffolds was investigated with cells alkaline phosphatase extraction.
The levels of alkaline phosphatase activity were found to be higher for PCL/HA network scaffold than for PCL network scaffold. In addi-
tion, cytocompatibility of the PCL/HA network scaffold indicated no toxicity, and cells were attached and spread to the scaffold walls.
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INTRODUCTION

Tissue engineering has attracted enormous attention over the
past two decades [1]. Scaffold is one of the key items in tissue en-
gineering and can provide a certain 3D topological guide during
tissue regeneration [2]. In tissue engineering and regenerative
medicine, several polymers have been used to produce scaffolds
to guide the formation of a new tissue [3]. Among them, poly-
caprolactone (PCL) is one of the most popular Food and Drug
Administration approved polymers [4]. PCL is often used as a
biodegradable and noncytotoxic biomaterial for the production
of scaffolds for tissue engineering [5,6]. Recently, a series of
crosslinkable polymers such as polycaprolactone diacrylate
(PCLDA), poly propylene fumarate, and poly caprolactone fu-
marate (PCLF) have gained attraction for tissue engineering
applications [7,8]. Among them, PCLDA is a good candidate
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for hard tissue engineering applications. The major shortcoming
associated with the application of PCLDA in bone tissue engi-
neering is its lack of bioactive functional result in a poor cell ad-
hesion, which is a critical issue for successful in vitro cell culture
and subsequent tissue formation [9,10]. Kweon et al. [11] devel-
oped a biodegradable scaffold made of crosslinkable PCLDA.
They reported that PCL network is not sufficient for bone mar-
row conductance and needs additional conducting materials
for cell attachment and supporting cell proliferation. Moreover,
they showed that the compressive modulus of porous cross-
linked PCLDA was higher than that of PCL due to the cross-
linking between PCL molecules [11]. Both the conventional
PCL and PCLDA exhibit small cell adhesion. On the other
hand, hydroxyapatite (HA) is a ceramic material with a compo-
sition and structure close to natural bone mineral and is bio-
compatible, osteoconductive and osteoinductive [12]. Despite
its inherent osteoconductivity, HA has some undesirable traits,
such as brittleness and difficulty of shaping. As a result, the fab-
rication of a biodegradable polymer in combination with the
bioceramic could be a solution to such problems [7,13]. Chuen-
jitkuntaworn et al. [13] have shown that electrospun PCL/HA
fibrous matrices could support much better cell attachment, pro-
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liferation, differentiation, and in vitro mineralization of human
osteosarcoma cells than did the PCL, indicating that PCL/HA
could be a suitable material for bone scaffolding. HA has been
incorporated with numerous polymer matrices to improve their
mechanical properties, protein absorption and osteoconductivi-
ty [12,14,15].

Researchers have combined PCL with HA particles to pro-
duce composite scaffolds for bone regeneration, but in this work
we used crosslinkable polymer (PCLDA). This study focused on
rendering PCL into crosslinkable biomaterial and also improved
the bioactivity and mechanical properties of PCL through in-
corporating HA particles with PCL, crosslinking reaction, and
network formation. The microstructure and characteristics of the
PCL and PCL/HA networks scaffold were investigated. In addi-
tion, to evaluate the cell-scaffold interaction, MG-63 cells were
cultured in the scaffolds for 6 and 24 hours, and the morphology
of cell attachment was observed by scanning electron microscopy.

MATERIALS AND METHODS

Materials

Polycaprolactone diol (PCL diol, M,=2000) and 2,2-Azobi-
sisobutyronitrile (AIBN) were obtained from Sigma-Aldrich.
Benzene, n-hexane, acryloyl chloride, triethylamine (TEA), and
HA powder with sizes in the range of 0.1-40 um were purchased
from Merck. 1, 4-Dioxane was from AppliChem. The porogen is
sodium chloride (NaCl) powder with sizes in the range of 105-

250 pm.

Synthesis of PCL diacrylate

PCLDA was synthesized by reacting PCL diol with acryloyl
chloride in the presence of TEA as the proton scavenger [16].
Briefly, 5 g of PCL diol was dissolved in 40 mL of benzene. 0.866
mL of TEA and 0.505 mL of acryloyl chloride were added to the
solution, and the mixture was stirred for 3 h at 80°C. The reac-
tion mixture was filtered to remove TEA hydrochloride and pre-
cipitated into excess n-hexane to obtain PCLDA; afterwards, it
was dried under vacuum for 24 h.

Preparation of PCL/HA networks scaffold

PCL/HA scaffolds were prepared by thermal-crosslinking
particulate-leaching technique. 30% (w/v) of PCLDA dissolved
in dioxane. 5 wt.% of HA, a small amount of AIBN and 140%
(w/v) of NaCl particulates as porogen were mixed with PCLDA
solution. Homogeneous PCLDA/AIBN/HA/NaCl mixture was
transferred into test tube and was placed in an oven at 70°C for
12 h. The resulting crosslinked samples were removed from the
tube and were cut into discs. Afterwards, the NaCl particulates
were leached out by immersing the samples in distilled water for
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4 days at room temperature in a shaking plate, in order to com-
pletely remove the porogen. Finally, the scaffolds were freeze-
dried for 2 days.

Characterization

Fourier transform infrared spectroscopy and 'H nuclear
magnetic resonance

The synthesized PCLDA were characterized by Fourier trans-
form infrared spectroscopy (FTIR, Jasco, Tokyo, Japan) and 'H
nuclear magnetic resonance ('H-NMR, Bruker Biospin, Rhein-
stetteh, Germany) measurements to confirm the formation of
PCLDA. Moreover, attenuated total reflectance-Fourier trans-
form infrared spectroscopy (ATR-FTIR, Jasco, Tokyo, Japan) was
recorded to analyze the chemical structure of the crosslinked
PCLDA and PCLDA/HA specimens.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed in a
Pyris 6 apparatus (Perkin-Elmer, CT, USA) under nitrogen atmo-
sphere. To keep the same thermal history, samples were first
heated from room temperature to 100°C and cooled to 0°C at a
cooling rate of 10°C/min. Then a subsequent heating run was
performed from 0°C to 100°C at a rate of 10°C/min.

Electron microscopy studies

The cross-section morphology of the scaffolds was examined
using field emission scanning electron microscopy (FESEM,
Zeiss, Oberkocken, Germany). The scaffolds were fractured in
liquid nitrogen and were coated with gold. The average pore size
of the scaffolds was evaluated from geometrical measurements
of randomly selected 20 pores on the scanning electron micro-
graphs.

Measurement of porosity

The porosity of the scaffold was determined using a density
bottle based on Archimedes’ Principle according to a known
technique [17-19]. Ethanol was used as the displacement liquid.
In brief, the porosity of scaffold was calculated by the following
equation (1):

%)= (Wz'Ws'WS)/Pe)
(WI'W3)/pe)

where W1 is the weight of density bottle filled with ethanol, W,
is the weight of density bottle including ethanol and scaffold, W3
is the weight of density bottle taken out ethanol-saturated scaf-
fold from W,, Wy is the weight of scaffold, p. is the density of
ethanol, (W,-W3)/p.is the total volume of the scaffold including
pores, and (W,-W;5-Wys)/p. is the pore volume in the scaffold.

Porosity ( x100  Equation (1)



Dynamic mechanical thermal analysis

The dynamic mechanical behavior of the crosslinked PCLDA
and PCLDA/HA networks was studied by DMTA using a UK
Polymer Lab model MK-II analyzer in compression mode. The
range of temperature was from -80 to 100°C at a heating rate of
5°C min™'. The measurements were performed at a frequency of
1 Hz. The storage modulus (E’) and loss factor (tan 8) were re-
corded as a function of temperature. Glass temperature (T,) was
taken of the maximum of loss factor curve.

Cell studies

The biological properties of the scaffolds were evaluated with
osteosarcoma cell line MG63 (National Cell Bank of Iran, Pas-
teur Institute of Iran). Briefly, cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, GIBCO, Paisley, UK)/sup-
plemented with 10% (v/v) fetal bovine serum (FBS, Seromed,
Berlin, Germany), 100 U mL" penicillin and 100 pg mL" strep-
tomycin. Cells were incubated at 37°C in a humidified atmo-
sphere of 5% CO, and 95% air. Cultured cells were trypsinized,
suspended in fresh culture medium and seeded on each scaffold
at a concentration of 1x10* cells. Prior to cell seeding, scaffolds
were sterilized using UV treatment.

MTT assay

The cell viability performance of 3 and 7 days extracted scaf-
folds was evaluated using the MTT assay method. MTT assay
was done in indirect contact testing. For the assay, cells were
placed into a 96 well plate at a density of 1xX10* cells/well and
were incubated under standard culturing conditions. At the end
of the incubation period, the media were replaced by the extract
and incubated for another 24 h, and then 100 pL of 0.5 mg mL"
MTT solution was added into each well. After that, the plate
was incubated at 37°C for 4 h. Then, the medium was removed,
100 pL of isopropanol solution was added and further incubated
for 15 min in order to enhance the dissolution of the formazan
crystal. The optical density (OD) of formazan in the solution
was detected by a multiwall microplate reader (STAT FAX 2100,
Pam City, USA) at 545 nm. For the reference purpose, cells were
seeded into a fresh culture medium (control) with the same seed-
ing conditions. Results were expressed by means of measurements
(n=4) with error bars representing the standard deviation.

Alkaline phosphatase activity

The alkaline phosphatase activity (ALP) was assayed by the
hydrolysis of p-nitrophenol phosphate as the release of p-nitro-
phenol from p-nitrophenol phosphate [20-22]. ALP activity was
done in direct contact testing. The cells were cultured at a densi-
ty of 1xX10* cells on each scaffold in 24-well culture plates. After
7 and 14 days, the amount of ALP released by cells to the medi-

TEBM

um in each well was determined by Autoanalyzer (Hitachi 717,
Tokyo, Japan) using Pars Azmon kit (Pars Azmoon Inc., Teh-
ran, Iran). The enzyme activity was expressed as unit/letre. The
culture medium with the same amount of cells was considered
as control.

Cell morphology

Morphological characteristics of cells on the surface of scaf-
folds were investigated 6 and 24 hours after seeding using scan-
ning electron microscope (SEM, KYKY-EM-3200). Cells grown
on the scaffolds were first washed with PBS, fixed with 4% glu-
taraldehyde and dehydrated in graded series of ethanol and dried
in vacuum overnight. The dry scaffolds were coated with gold
and were observed by SEM.

Statistical analysis

Statistical comparisons were performed using one-way analy-
sis of variance ANOVA with the “Turkey’s Post Hoc test”. p val-
ues<0.05 were considered statistically significant.

RESULTS

Preparation of PCL/HA networks scaffold

As a crosslinkable biodegradable polymer, PCLDA was syn-
thesized by the reaction of PCL diol with acryloyl chloride. The
chemical structure of PCLDA was confirmed by FTIR and 'H-
NMR measurements. From the FTIR spectra of PCL diol and
PCLDA, PCLDA showed absorption bands at 813 and 1635
cm™ assigned to the C=C due to the acrylation of PCL diol. The
peaks were not observed in PCL diol itself. PCLDA demonstrat-
ed vinyl groups at the range of 5.79-6.43 ppm could be con-
firmed from the corresponding "H-NMR spectrum [16]. From
the above results, the terminal hydroxyl groups in the PCL diol
were converted to acrylate groups by the reaction with acryloyl
chloride (data not shown).

Biodegradable crosslinked PCLDA and PCLDA/HA net-
works, were prepared by thermal polymerization of the PCLDA.
The ATR-FTIR spectra of crosslinked PCLDA and PCLDA/HA
are shown in Figure 1. The absorption peaks at 1725 and 2950
cm’™ were assigned to ester carbonyl and methylene groups, re-
spectively. The peaks for vinyl groups at 813 and 1635 cm-1 ob-
served in the spectrum of PCLDA were not evident for the
crosslinked networks, indicating complete consumption of un-
saturated double bonds in crosslinking. The absorption peak for
phosphate (PO,) group of HA at around 1029 cm™ [15] was ob-
served in the spectrum of crosslinked PCLDA/HA.

SEM analysis
Porous scaffolds were fabricated by a thermal crosslinking par-
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ticulate leaching technique with NaCl as the water soluble poro-
gen. Scanning electron microscope can qualitatively evaluate
morphology and pore size. The cross-sections of NaCl-leached
scaffolds are shown in the SEM images presented in Figure 2.

Due to the random porogen distribution in the bulk, the re-
sulting scaffolds exhibited irregular pore structures as shown in
Figure 2. Both scaffolds are highly porous, a structure favorable
for cell attachment and new bone tissue ingrowth [23]. Pore in-
terconnectivity plays an important role in promoting the in-
growth of cells and new tissue. Good interconnectivity is believed
to be beneficial to the flow transport of nutrients and wastes [24].
The pore interconnectivity can be tailored by the variation in both
the size and the content of the porogen particles used and should
be studied in our further studies.

The average pore size and porosity of the scaffolds are pre-
sented in Table 1. It can be seen that there are no significant dif-
ferences in the porosity and average pore size for PCL and PCL/
HA networks scaffold. Both scaffolds had rather high porosities
(over 73%), considered to be beneficial to cell growth and sur-
vival.
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Figure 1. (a) FTIR spectra of PCLDA, (b) ATR-FTIR spectra of
Crosslinked PCLDA, and (c) Crosslinked PCLDA/HA. FTIR: fou-
rier transform infrared spectroscopy, PCLDA: polycaprolactone
diacrylate, ATR-FTIR: attenuated total reflectance-Fourier trans-
form infrared spectroscopy, HA: hydroxyapatite.
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DSC analysis

DSC curves in Figure 3 from the heating run were used to
obtain the thermal properties of PCLDA, crosslinked PCLDA
and PCLDA/HA networks. The melting temperature (Ty,), heat
of fusion (AHy,), and crystallinity (X.) are listed in Table 2. The
X. for PCL moiety in the crosslinked networks was calculated us-
ing equation (1):

X%=[AHm/(w,, AH;)]x100  Equation (1)

CL

where, AH,, is the melting enthalpy associated to the PCL peak
in the DSC thermograms, AH;, represents the melting enthalpy
of the completely crystalline PCL (135.55 J/g) [25] and wecy, is
the weight fraction of PCL in crosslinked networks. Like PCL-
DA, crosslinked PCLDA and PCLDA/HA networks were semi-
crystalline with varied Ty, and crystallinity. The results showed
that the area of the melting peak of PCL was lower in the net-
works than in pure PCLDA. This indicated that the crystallinity
of PCL decreased after crosslinking. After thermal-crosslinking
reaction, the mobility of molecular chain was suppressed, result-
ing in a decrease of PCL crystal formation. Moreover, PCLDA
showed a sharp and strong melting peak at 37°C, but the cross-
linked PCLDA showed a lower melting peak at 33.5°C. This is
because the crosslinks lower the activity of the crystallizable
units in the melt, and thus lower the melting temperature [26].
It can be observed from Table 2 that the cystallinity (X.) in-
creased when PCLDA were crosslinked in the presence of HA
particles, which indicated that HA had a nucleating effect on
the crystallization of PCL. This behavior is in agreement with
the results obtained by Cai et al. [14]. In the polymeric networks,
crystallites play a critical role in influencing their mechanical
properties. PCL crystallites could enhance the polymer net-
work’s mechanical properties, which is important for bone tis-
sue engineering application [8,27].

DMTA analysis

The DMTA results for crosslinked PCLDA and PCLDA/HA
are shown in Figure 4. Both networks showed two distinct ther-
mal transitions: the glass transitions (T,) were evident at -26.3°C
and -22.1°C where the initiation of polymer chain mobility oc-
curred, while the melting transitions (T.,) appeared at 39.8°C
and 36.7°C. This result is in agreement with those reported by
Rodriguez et al. [28] and Averous et al. [29]. As can be seen from
Figure 4A, incorporation of HA into the PCLDA resulted in an
increased storage modulus over the entire temperature range
(-80 to 100°C), indicating that HA has a reinforcing effect on
this polyester. The storage modulus reveals the capability of a
material to store mechanical energy and resist deformation [30].
Results indicated that the incorporation of HA enhanced the ri-
gidity of the network. Moreover, in our previous study, the com-
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Figure 2. FESEM images of the cross-sectional morphology. (A and B) PCL network scaffolds and (C and D) PCL/HA network scaf-
folds. FESEM: field emission scanning electron microscopy, PCL: polycaprolactone, HA: hydroxyapatite.

Table 1. Physical property of the PCL and PCL/HA networks
scaffold

Scaffold samples
Physical property
PCL network PCL/HA network
Average pore size (um) 115£32 121£30
Porosity (%) 73.15+1.90 74.11%1

PCL: polycaprolactone, HA: hydroxyapatite

pression stress-strain curves of crosslinked PCL and PCL/HA
scaffolds have carried out by a universal testing machine. Results
demonstrated the crosslinked PCL/HA scaffold had much bet-
ter compressive modulus than the crosslinked PCL scaffold, in-
dicating that HA improved mechanical properties of crosslinked
PCL scaffold [31]. The values of the storage modulus at 37°C are
important if one pretends to use such systems in biomedical ap-
plications. The storage modulus of crosslinked PCLDA/HA at
37°C was 30 MPa, significantly higher than 22 MPa for cross-
linked PCLDA. As can also be seen from Figure 4B, the glass
transition temperature (T,) determined from the peak of tan &
curve, shifted to a higher temperature accompanied by the ad-
dition of HA particles. The HA particles immobilized PCL mo-
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Figure 3. DSC curves of PCLDA, crosslinked PCLDA and PCL-
DA/HA networks. DSC: differential scanning calorimetry, PCLDA:
polycaprolactone diacrylate, HA: hydroxyapatite.

lecular chains and, hence, increased T, of the polymer matrix.
A similar effect was also observed by other authors when HA
was added to PDLLA [32]. The modulus was dropped signifi-
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cantly at T, where segmental chain motions started [33]. Addi-
tionally, the tan § peak of the crosslinked PCLDA/HA network
dropped clearly, and a certain broadening of the peak was ob-
served. The variation of the tan § peak as well as T, is attributed to
the reinforcing effects of homogeneously dispersed HA, which
leads to a reduction in mobility of the polymer chains in the
amorphous phase [30].

Cell studies
Figure 5 showed the absorbance illustrating of the viability of
MG63 cells that were cultured with the 3 and 7 days extracted

Table 2. Thermal properties of PCLDA, crosslinked PCLDA and
PCLDA/HA networks

Ta(C)  AH. (/g Xc(%)
PCLDA 37 68.2 50.3
Crosslinked PCLDA 335 449 33.2
Crosslinked PCLDA/HA 343 40.5 34.8

PCLDA: polycaprolactone diacrylate, HA: hydroxyapatite

Porous Crosslinked Polycaprolactone Diacrylate/Hydroxyapatite

medium from PCL and PCL/HA networks scaffold. The results
showed that there was no significant difference in the OD values
in cells treated with both extracts in comparison to the control.

The ALP activity of cultured MG63 cells on PCL and PCL/
HA networks scaffold at days 7 and 14 of cell culture has been
shown in Figure 6. Our results showed that ALP activity, which
is conventionally used as the initial marker for osteoblast activity,
was significantly higher for the PCL/HA network scaffold com-
pared to the PCL network scaffold after 14 days of cell culture.

SEM was used to study the attachment and spreading of cells
to the scaffolds. More round cells were seen on the PCL/HA
network scaffold than on the PCL network scaffold after 6 hours
of culture (Fig. 7). After 24 hours of culture, it also revealed that
the cells spread on the surface of PCL/HA network scaffold (Fig.
8). These results suggest that cells could attach and spread well
on the PCL/HA network scaffold.
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Figure 4. Dynamic thermal mechanical properties of the crosslinked PCLDA and PCLDA/HA. (A) Storage modulus vs. temperature
and (B) Tan & vs. temperature. PCLDA: polycaprolactone diacrylate, HA: hydroxyapatite.
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Figure 5. MTT assay showing biocompatibility of the PCL and
PCL/HA networks scaffold. MTT: methylthiazol tetrazolium, PCL:
polycaprolactone, HA: hydroxyapatite.
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Figure 6. Histogram showing alkaline phosphatase activity of
cells after 7 and 14 days of incubation. *p<0.05 compared to the
PCL network scaffold. PCL: polycaprolactone.



DISCUSSION

Crosslinking is an effective method of generation of biode-
gradable scaffolds for tissue-engineering applications. In the
present study; the porous scaffolds were fabricated by a thermal
crosslinking particulate leaching technique with NaCl as the
water soluble porogen. The ATR-FTIR spectra of crosslinked
networks were indicated complete consumption of unsaturated
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double bonds in crosslinking.

SEM was used to evaluate morphology and pore size. Due to
the random porogen distribution in the bulk, the resulting scaf-
folds exhibited irregular pore structures as shown in Figure 2.
Both scaffolds are highly porous, a structure favorable for cell at-
tachment and new bone tissue ingrowth [26]. Pore interconnec-
tivity plays an important role in promoting the ingrowth of cells
and new tissue. Good interconnectivity is believed to be benefi-
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Figure 7. (A and B) SEM images of MG63 cells attached to the surface of the PCL network scaffold, (C and D) PCL/HA network
scaffold after 6 h culture. The arrows point to cells. SEM: scanning electron microscopy, PCL: polycaprolactone, HA: hydroxyapatite.
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Figure 8. (A) SEM images of MG63 cells spread on the surface of the PCL/HA network scaffold after 24 h culture, (B) is a magnified
image of (A). The arrows point to cells. SEM: scanning electron microscopy, PCL: polycaprolactone, HA: hydroxyapatite.
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cial to the flow transport of nutrients and wastes [27]. The pore
interconnectivity can be tailored by the variation in both the size
and the content of the porogen particles used and should be
studied in our further studies.

DSC analysis showed that the area of the melting peak of PCL
was lower in the networks than in pure PCLDA. This indicated
that the crystallinity of PCL decreased after crosslinking. After
thermal-crosslinking reaction, the mobility of molecular chain
was suppressed, resulting in a decrease of PCL crystal forma-
tion. Moreover, PCLDA showed a sharp and strong melting
peak at 37°C, but the crosslinked PCLDA showed a lower melt-
ing peak at 33.5°C. This is because the crosslinks lower the activ-
ity of the crystallizable units in the melt, and thus lower the
melting temperature [28]. It can be observed from Table 2 that
the cystallinity (X.) increased when PCLDA were crosslinked in
the presence of HA particles, which indicated that HA had a nu-
cleating effect on the crystallization of PCL. This behavior is in
agreement with the results obtained by Cai et al. [14]. In the
polymeric networks, crystallites play a critical role in influenc-
ing their mechanical properties. PCL crystallites could enhance
the polymer network's mechanical properties, which is impor-
tant for bone tissue engineering application [8,29].

It becomes evident from the DMTA test results that incorpo-
ration of HA into the PCLDA resulted in an increased storage
modulus over the entire temperature range (-80 to 100°C), indi-
cating that HA has a reinforcing effect on this polyester. The
storage modulus reveals the capability of a material to store me-
chanical energy and resist deformation [30]. Results indicated
that the incorporation of HA enhanced the rigidity of the net-
work. Moreover, in our previous study, the compression stress-
strain curves of crosslinked PCL and PCL/HA scaffolds have
carried out by a universal testing machine. Results demonstrat-
ed the crosslinked PCL/HA scaffold had much better compres-
sive modulus than the crosslinked PCL scaffold, indicating that
HA improved mechanical properties of crosslinked PCL scaf-
fold [31]. The values of the storage modulus at 37°C are impor-
tant if one pretends to use such systems in biomedical applica-
tions. The storage modulus of crosslinked PCLDA/HA at 37°C
was 30 MPa, significantly higher than 22 MPa for crosslinked
PCLDA. Additionally, the HA particles immobilized PCL mo-
lecular chains and, hence, increased T of the polymer matrix. A
similar effect was also observed by other authors when HA was
added to PDLLA [32]. The modulus was dropped significantly
at T, where segmental chain motions started [33]. The variation
of the tan § peak as well as T, is attributed to the reinforcing ef-
fects of homogeneously dispersed hydroxyapatite, which leads
to a reduction in mobility of the polymer chains in the amor-
phous phase [30].

An ideal scaffold should not release toxic products or produce
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adverse reactions [31]. The MTT analysis was indicated that the
developed scaffolds are cytocompatible, and contain no toxic
leachable. To investigate the osteocoductivity of the scaffolds,
the extraction of ALP enzyme was measured as an indicator of
osteoblast activity. A higher level of ALP activity measured for
PCL/HA network scaffold possibly suggested that this type of
scaffold had a beneficial effect on the growth and phenotype of
MG63 cells. In our case, the possible mechanism to promote the
activity of osteoblasts might be ascribed to the increased affinity
of osteoblasts to the scaffolds and the improved osteoconductive
property of scaffolds because of the incorporation of HA parti-
cles. It is however, generally accepted that ALP activity would
increase in the presence of Ca* ions, which is reflected in im-
proved osteoblast activity [20]. Moreover, it was found that the
ALP activity of MG63 cells on the PCL/HA network scaffold
was the same as that on the control for day 14. It seems that the
addition of HA particles did not significantly change the rough-
ness of the scaffold surface, which might help the anchorage and
attachment of the cells to the surface [34]. Farokhi et al. [7] de-
veloped a composite scaffold for bone tissue engineering by
combining crosslinkable PCLF with nanohydroxyapatite (nHA).
They reported that the values of ALP for PCLF/HA were similar
to control, establishing that PCLF/nHA scaffold did not have
any harmful effects on ALP production.

Adhesion of cells to biomaterials is a major factor of their bio-
compatibility and it is postulated that the more compatible the
surface, the greater the amount of cell attaching [7]. Moreover,
cell attachment is a critical step in initiating cell growth and neo-
tissue development [35]. As shown in Figure 7, more cells were
seen on the PCL/HA network scaffold than on the PCL network
scaffold after 6 hours of culture. The better cell adhesion on the
PCL/HA network scaffold for MG63 cells should be due to the
presence of HA, a known osteoconductive material [13]. In ad-
dition, the presence of calcium ions in HA particles form sites of
positive charges, which aid the adsorption of serum proteins
that could help increase the adhesion of the cells [20].

In conclusion, the PCL/HA scaffolds with well interconnected
pore structure were fabricated by a thermal crosslinking partic-
ulate leaching technique. DMTA analysis showed that T,-PCL
was increased by adding HA particles. Moreover, the reinforcing
effect of HA particles on the networks was confirmed by using
the dynamic mechanical analysis, from which an increase in the
storage modulus was detected due to the addition of HA parti-
cles. Initially rounded morphology of MG63 cells is seen during
attachment followed by flattened well spread morphology of the
cells on the PCL/HA networks scaffold. The scaffolds were also
found to be cytocompatible in MTT assay. In addition, a higher
level of ALP activity was measured for PCL/HA networks scaf-
fold. Therefore, we concluded that the PCL/HA network scaf-



folds are potential scaffolds for tissue engineering applications.

In conclusion, the PCL/HA scaffolds with well interconnected
pore structure were fabricated by a thermal crosslinking partic-
ulate leaching technique. DMTA analysis showed that T,-PCL
was increased by adding HA particles. Moreover, the reinforcing
effect of HA particles on the networks was confirmed by using
the dynamic mechanical analysis, from which an increase in the
storage modulus was detected due to the addition of HA parti-
cles. Initially rounded morphology of MG63 cells is seen during
attachment followed by flattened well spread morphology of the
cells on the PCL/HA networks scaffold. The scaffolds were also
found to be cytocompatible in MTT assay. In addition, a higher
level of ALP activity was measured for PCL/HA networks scaf-
fold. Therefore, we concluded that the PCL/HA network scaffolds
are potential scaffolds for tissue engineering applications.
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