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Abstract Hydroxyapatite (HA)/polycaprolactone (PCL)—
chitosan (CS) composites were prepared by melt-blending.
For the composites, the amount of HA was varied from 0%
to 30% by weight. The morphology, structure and com-
ponent of the composites were evaluated using environ-
mental scanning electron microscope, X-ray diffraction and
Fourier transform infrared spectroscope. The tensile prop-
erties were evaluated by tensile test. The bioactivity and
degradation property were investigated after immersing in
simulated body fluid (SBF) and physiological saline,
respectively. The results show that the addition of HA to
PCL-CS matrix tends to suppress the crystallization of
PCL but improves the hydrophilicity. Adding HA to the
composites decreases the tensile strength and elongation at
break but increases the tensile modulus. After immersing in
SBF for 14 days, the surface of HA/PCL-CS composites
are covered by a coating of carbonated hydroxyapatite with
low crystallinity, indicating the excellent bioactivity of the
composites. Soaking in the physiological saline for
28 days, the molecular weight of PCL decreases while the
mass loss of the composites and pH of physiological saline
increase to 5.86% and 9.54, respectively, implying a good
degradation property of the composites.

1 Introduction
Polycaprolactone (PCL) is a kind of biodegradable aliphatic

polyester with good biocompatibility. And it is an ideal
scaffold material for its valuable properties such as
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nontoxicity for organism, gradual resorption after implan-
tation and good mechanical properties [1]. However, in
tissue engineering, PCL suffers the disadvantages of (1)
poor bioregulatory activity primarily due to its highly
hydrophobic nature, (2) slow rate of biodegradation, and (3)
susceptibility to microbial action. Due to its low melting
point (60°C) and glass transition temperature (—60°C) [2], it
could blend with other polymers and allows the modification
of its properties to overcome its drawbacks [3-5].

Polymer blends have shown favorable results in terms of
the targeted biological, mechanical or degradation proper-
ties in comparison to the individual components. Owing to
its biocompatibility, biodegradability into nontoxic prod-
uct, and antimicrobial properties, chitosan has been a much
sought after material in a variety of applications including
biomedical devices, wound healing, controlled drug
delivery and food packing in the past 20 years [6, 7].
Chitosan (CS) ((1 — 4)-2-amino-2-deoxy-f-p-glucan), a
mucopolysaccharide, is the alkaline deacetylated product
of chitin and has structural similarities to glycosamino-
glycans, thus, mimicking their functional behavior. Chito-
san is reported to be non-toxic, biodegradable, and
biocompatible [8, 9]. The blending of CS and PCL should
combine not only good biocompatibility and slow degra-
dation in vivo of both components, but also excellent
processibility of PCL [10]. However, the current use of
PCL/CS composite in tissue engineering is limited mainly
by the lack of bioactivity and the low mechanical property.

Recently, much effort has been made to develop
hybrid ceramic/polymer composites, in which bioactive
ceramic particles are embedded in a biodegradable poly-
mer matrix. These hybrid composites were found to pos-
sess improved mechanical and bioactivity, compared to
those of the individual components [11]. Hydroxyapatite
(HA, Ca;y(PO4)s(OH),) has received a lot of attention for
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use as a bone graft material, because of its excellent
resorbable and osteoconductive properties, which results
from its crystallographic and chemical similarity with var-
ious calcified tissues in vertebrates [12, 13]. Studies [14—17]
on animal testing showed that there was no inflammation
around implanted HA, and HA was surrounded by bone
tissues and formed an osseous combination with bone tis-
sues. These indicate that HA plays the roles of support and
filler of bone and can become a part of the bone skeleton.
Therefore, HA has been evaluated as a reinforcing agent
with polymers such as high-density polyethylene, poly-
L-lactide, polymethyl methacrylate, and polyester-ether to
form bioactive compounds [18, 19].

If HA is used as the filler for PCL-CS, the strength of
PCL-CS might be improved to meet the clinical require-
ments. Therefore, the composite based on HA/PCL-CS is a
good candidate for preparation of bioabsorbable materials
used in various medical fields. Solution blending of HA
and polymers have been studied. However, little research
has been conducted in the melt blending of polymer and
HA. The objective of this research was to evaluate the
properties of biodegradable polymer (PCL-CS) reinforced
with HA. The amount of HA in the composites was varied
from 0% to 30% by weight. The tensile properties (tensile
strength and Young’s modulus), were evaluated by tensile
test. The bioactivity and degradation were investigated
after immersing in simulated body fluid (SBF) and physi-
ological saline, respectively. The morphology, structure
and component of the composites were characterized.

2 Materials and method
2.1 Materials

HA powder was prepared by hydrothermal method using
Ca(NO3),-4H,0, and (NH4)3PO4 solution as reagents. The
pH of Ca(NOs3), solution was kept higher than 10.0 and that
of (NH,4);PO, solution was kept higher than 11.0 by adding
NH; solution. A 0.5 M solution of Ca(NO3),-4H,0 con-
taining 0.2 g polyethylene glycol was added to (NH4);PO,
solution, and the mixture was stirred for 0.5 h, followed with
hydrothermal treatment at 200°C for 8 h. The resultant
precipitates were filtered and dried at 100°C overnight.
250 kD, 80-mesh chitosan (~85% deacetylated) powder
was purchased from Haidebei Bioengineering Co. Ltd., JiNan,
China. PCL was purchased from Daicel chemical Co. Ltd.,
Japan. All the other chemicals used were of analytical degree.

2.2 Preparation of HA/PCL-CS composites

HA/PCL-CS composites were mixed in the Haake Rheo-
lometer mixer with a blade-type rotor, with rotor speed
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maintained at 10 rpm and the temperature at 140-150°C.
After blending, the composites were pressed into 7 mm-
thick plates using a hot press at 140-150°C, then put into a
desiccator for cooling. The cooled plates were then made
into standard samples for characterization. The blend ratios
of HA/PCL-CS composites were 0/95/5, 5/90/5, 10/85/5,
15/80/5, 20/75/5, 25/70/5, 30/65/5 and designated as PCL-
HAO0-PCL-HA30, respectively.

2.3 Water contact angles test

The hydrophilicity of the composites was evaluated by
measuring the water contact angles of the composite disc.
Water contact angles were determined using the sessile
drop method. The water droplet was 0.5 pl to prevent
gravitational distortion of the spherical profile. Each
determination was obtained by averaging the results of the
three measurements.

2.4 Water absorption

Samples for measuring water absorption were dried in a
vacuum oven at 45°C for 24 h, cooled in a desiccator, and
then immediately weighed (this weight designated as Wy).
Samples were then immersed in distilled water, maintained
at 25°C for 24 h test period. Then samples were removed
from the water and gently blotted with tissue paper to
remove excess water on the surface, and then immediately
weighed (designated as W;). Each W; was an average
value obtained from three measurements. The percentage
increase in weight from water uptake was calculated as
follows [20]:

w = 100 x (Wl —Wo)/WO

where, o is the finial percentage increase in weight of the
tested samples.

2.5 In vitro bioactivity

The composite (w(HA) = 30%) was immersed in a SBF
solution with an ion concentration nearly equal to human
blood plasma. SBF was prepared as described in the liter-
ature [21]. After soaking in SBF for 1 day, 7 days and
14 days, the samples were rinsed with distill water and
dried at 40°C.

2.6 In vitro degradation

The in vitro degradation property was evaluated in physi-
ological saline as release medium. Composites were placed
into clean beaker with 25 ml physiological saline. The
beaker were then sealed and put into an incubator at
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constant temperature of 37°C. The samples were removed
at intervals of 4 days for the following testing.

The weight losses of composites during degradation were
measured by the changes in dry weight after immersion for
specified time. For such tests, composites were rinsed in
distill water and dried in oven for 24 h. Percent weight loss
was calculated according to the following equation [20]:

Weight loss% = 100 x (wo — wy)/wo

where, w is the starting dry weight and w, is the dry
weight at specified time.

The pH of the physiological saline at different degra-
dation periods, after samples removal, was measured to
monitor change that could be a combination of acidic
degradation byproducts resulting from PCL [22] and any
neutralization effects resulting from HA and CS.

For molecular weight (M,,) measurement, precisely
weighted pieces of the composites were dissolved in
chloroform and the inherent viscosity was measured using
a Ubbelohde-type viscometer at 30 & 0.1°C according to
the procedure described in [23]. The inherent viscosity [#]
was defined by the following equation [24]:

) = [2(n, —Inn,)]"?/C

where, C is the concentration of PCL (0.005 g/ml), 1y, and
n, stand for specific viscosity and relative viscosity,
respectively. The average molecular weight M,, was then
obtained using the Mark—-Houwink equation [24]:

[n] = 1.298 x 10~* x M%#2¥ (Chloroform, 30°C).

2.7 Characterization of the samples

The microstructure of HA powder was investigated using
Hitachi600 transmission electron microscope. The crystal
structure of prepared composites was investigated by X-ray
diffraction (XRD). The prepared composites were cut into
slices and then characterized by Philips X’pert MPD dif-
fractometer using Cu Ko generated at 40 kV and 40 mA.
The samples were scanned from 10° to 90° with a step size of
0.02° and a count rate of 3.0°/min. Differential scanning
calorimetry (DSC) measurements were conducted with
Mettle Toledo 822e. To investigate the overall kinetics of
isothermal crystallinization, samples were heated from 0°C
to 120°C at a rate of 10°C min~"'. The melting temperature
(T,,,) and the melting enthalpy (AH) were determined from
the heating scan. A Nicolet Avatar 360 spectrometer was
used for Fourier transform infrared spectroscopy (FTIR)
characterization. Signal averages were obtained for 64 scans
at a resolution of 4 cm™'. The samples for FTIR analysis
were prepared by grinding the samples with KBr powders
and then compressing the mixtures into disks. The mor-
phology of prepared scaffolds was investigated using a

Philips XL30 environmental electron microscope (SEM).
The stress—strain curves of composites were obtained at
25°C on a LR5SKN materials test machine. The tests were
performed on “dumbbell” specimens with 7 mm in thick-
ness, length in 30 mm and width in 6 mm at a stretching
speed of 10 mm/min. At least five specimens were measured
and the mechanical tensile data were determined from the
curves on the arithmetic average of three effectively broken
specimens.

3 Results and discussion
3.1 Characterization of HA powder

TEM images reveals that the HA particles are rod-shaped
with uniform morphology. The particles have an average
size of approximately 50-150 nm in length and about
10 nm in width. Representative images of the particles are
shown in Fig. 1. It also can be seen that HA particles are
distributed not so well with little aggregation.

3.2 XRD analyses

Figure 2 shows the XRD patterns of HA/PCL-CS com-
posite materials with different HA mass fractions. In the
first case, two main diffraction peaks, at 20 around 21.5°
and 23.6° attributed to the (110) and (200) planes in PCL

Fig. 1 TEM of HA powders
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Fig. 2 XRD patterns of HA/PCL-CS composite materials. (a) PCL-
HAO00; (b) PCL-HAO0S; (c) PCL-HA10; (d) PCL-HALIS; (e) PCL-
HA20; (f) PCL-HA25; (g) PCL-HA30

are detected [25], but there is not CS diffraction peaks
because of its low crystallinity. The inclusion of HA do not
influence the position of the two diffraction peaks of PCL.
However, as the HA content in the blend increases, the
intensity of the peaks is depressed. The crystallization
behavior and crystallinity of PCL are confined by sur-
rounding environment in the hybrids [26]. With the
increasing of HA, PCL is embedded in HA microvoid or
absorbed on the surface of composites, making PCL crys-
tallize partly. Again, this behavior may be due to the
decrease of the content of PCL in the composites.

3.3 DSC analyses

The values of the melting temperature (7,,), melting
enthalpy (AH) and the degree of crystallinity (X.) of samples
are listed in Table 1. The values of X, of PCL components
are estimated from the AH values—assuming that the AH
value of completely crystalline PCL is 166 J g~ [27]. With
increasing HA content in the composite, 7, shifts to higher
temperatures and X, increases in general trend. This could
prove that the introduction of HA could affect the crystal-
linity of PCL in composites and with the increasing of HA
content, the crystallinity of PCL increases in some degreed.

Table 1 The thermal properties and crystallinity of PCL

Sample T, AHIT ¢! Crystallinity (X,.)/%
PCL-HAQ0 57.50 59.79 3791
PCL-HA10 58.50 56.68 40.17
PCL-HA20 59.17 46.66 37.47
PCL-HA30 59.40 44.57 41.31
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3.4 Tensile testing

Figure 3 shows the stress—strain curves of the prepared
samples. The PCL-CS shows a typical yield point at a
strain of ~ 10%, followed by a steady load with a strain up
to ~45% and then a failure. The HA/PCL-CS composites
have a similar trend. Compared with PCL-CS, other
HA/PCL-CS composites show a relatively brittle failure
pattern, with much steeper initial increase in stress with
strain up to ~4-14%, followed by an abrupt failure.

Fracture strain, tensile strength and Young’s modulus
are shown in Fig. 4. The fracture strain decreases with HA
content due to HA crystals gradually debonding from the
PCL-CS matrix after the neck formation (Fig. 4a). Below
the critical composition, the samples undergo the strain-
hardening period and the PCL-CS polymer in the samples
is regarded as attaining its maximum strain (fracture strain)
prior to their fracture. Thus, when the composition sur-
passes the critical value, the draw stress exceeds the
strength of the strain-hardening PCL-CS ligaments in the
cross section. Then the samples break at the point where
PCL-CS ligaments have not reached the maximum strain.
This leads to a sharp decrease of the fracture strain for the
case of HA/PCL-CS composite (15%).

Addition of HA leads to a decrease in the tensile
strength (Fig. 4b). When the HA content is increased from
5% to 10%, there is a further decrease in tensile strength
from 23.00 MPa to 15.43 MPa. The decrease in tensile
strength is partially due to the thermodynamic immisci-
bility and inherent incompatibility between HA and poly-
mer. Yield strength is dependent on the yield strength of
the matrix, the decrease of effective load bearing cross
section, and the interfacial adhesion between the matrix
and the filler and its ability to transfer stresses across the
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Fig. 3 The stress—strain curves of HA/PCL-CS composite materials.
(a) PCL-HAO00; (b) PCL-HAO5; (c) PCL-HA10; (d) PCL-HAI15;
(e) PCL-HA20; (f) PCL-HA25; (g) PCL-HA30
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interface [28]. Lack of adhesion led to the formation of
pores due to the debonding of the fibers upon the appli-
cation of stress in a particulate-filled material [29]. As the
stress is applied to the blend, lack of interfacial adhesion
between HA and polymer will limit the stress transfer
process. The lower the HA-matrix adhesion, the lower will
be the stress at which debonding occurs, as the fiber are
unable to reinforce the composite. In addition, at high HA
content, the filler inclusions form aggregates. These
aggregates can lead to failure at lower stresses. It can be
observed in Fig. Sa—c. The more HA in composite, the
more serious aggregate is.

The presence of HA substantially increases the Young’s
modulus relative to PCL-CS (Fig. 4c). Compared with the
PCL-CS, the HA/PCL—-CS composites show a much higher
Young’s modulus, ranging from 316 MPa to 665 MPa.
This indicates that the combination of the ductile polymer
and hard ceramic filler can mitigate the rubbery or brittle
characteristics of the composites derived from the PCL-CS
and HA, respectively, thereby allowing the mechanical
properties of the composites to be improved.

3.5 Hydrophilicity

Table 2 shows the results of the measurements of water
contact angles of the sample’s surface. It is obvious that the
water contact angles of the samples significantly decrease
from 90.96° (PCL/CS) to 62.77° (composite with 30% HA)
by the addition of HA, indicating that hydrophilicity
increases because of the decreased water contact angle. This
result suggests that the incorporation of hydrophilic inor-
ganic materials (HA) into PCL-CS matrix is a feasible
approach to improve the hydrophilicity of the polymers.
This may be that HA containing lots of hydroxyl group,

HA mass fraction/%

which could absorb water. From the water uptake, it is
found that the water uptake of composites with 0, 10, 20,
30% HA is 1.18%, 2.01%, 2.35% and 3.26%, respectively.
It also proves that increasing HA could improve the
hydrophilicity of the composites.

3.6 Bioactivity

Bioactivity is thought to be a critical factor in facilitating
the chemical fixation of biomaterials to bone tissue, and
ultimately the in vivo success of the bone grafting material
[30, 31]. Figure 5d—f shows the surface morphology of
PCL-HA30 composites after immersing in SBF for 7 days
and 14 days. The sporadic mineral growth and pores
appear on the surface may be related to the partial disso-
Iution of HA and degradation of PCL and CS during
immersion (Fig. 5d). After immersing in SBF for 14 days,
there is an obvious coating formed on the surface of the
composite, the presence of some cracks are caused due to
drying (Fig. 5Se). With high magnification, numberless
leaves can be observed on the surface of spherical particles
(Fig. 5f), the morphology is very similar to that of the
deposited apatite on a substrate through biomimetic depo-
sition in SBF.

To identify the coating on the composites, XRD and
FTIR were performed and the results are shown in Fig. 6.
Figure 6a shows that the diffraction peaks, appearing at 26°
and 32° after 14 days immersion become weak, suggesting
that formation of apatite with low crystallinity. Figure 6b
shows that the peaks at 3,416 cm ™! and 1,636 cm ™! are the
characteristic absorption of H,O, the absorption bands at
1,034, 602, 564, 465 cm™ ! are assigned to PO437; the
peaks at 874 cm~! and 1,400-1,460 cm ™! are the charac-
teristics of CO327, which is an important mark of carbonate
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Fig. 5 SEM of the composites
a PCL-CS, b PCL-HA10, ¢
PCL-HA30 and the
morphologies of the PCL-HA30
composite after immersing in
SBF for different time d 7 days,
e 14 days, f 14 days, high
magnification

Table 2 Water contact angles

of the composites Sample Water gontact
angle (°) * PCL
PCL-HAO00 90.96 ® apatite

PCL-HA10 78.87
PCL-HA20 69.31
PCL-HA30 62.77

*>

Intensity/ a.u.

4000 3500 3000 2500 2000 1500 1000 500
wavenumber/cm!

Intensity/a.u

group entering into the apatite [32]. So it can be inferred
that composites are covered by a coating of carbonated
hydroxyapatite (CHA) with low crystallinity, indicating the
excellent bioactivity of the composites.

Figure 7 is the pH changes of the SBF used for
immersion as a function of immersion time. It shows that
pH drops first, then rises and declines afterward. The pH of
solution containing composites declines due to the decrease
of OH™ at the initial stage. After immersion for 2 h, the pH Fig. 6 XRD pattern and FTIR spectrum of the coating on PCL-HA30
of the solution is elevated due to the release of alkaline  composite after immersion in SBF for 14 days

10 20 30 40 50 60
20/°
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Fig. 7 pH value of the SBF at different time after PCL-HA30
composites immersed in SBF

ions, which are related to the partial dissolution of HA and
the degradation of CS. After immersion for 48 h, the pH of
the solution declines to 6.81. The filler dissolution rate is
important, since the faster the dissolution rate, the faster the
ions come into contact with the SBF solution, promoting
the surface formation of apatite. Once the apatite crystals
are formed, they grow by consuming calcium and phos-
phate ions from the SBF and carbon dioxide from the
atmosphere to form an amorphous carbonated calcium
phosphate. As the time prolonged, these amorphous car-
bonated calcium phosphate transforms into bone-like apa-
tite crystals [33]. The reaction can be expressed as follow:

10Ca*" + 6PO,*” +20H™ + 2xCO3*™ + (2 — x) OH™
— Cayo[(PO4)s_,(CO3),] [(OH),_,(COs),]

After immersion in SBF for 14 days, the mass increment
reaches 5.57%, which may be related to the precipitation of
CHA.

3.7 In vitro degradation

A biomaterial for bone regeneration applications should
firstly bond to the bone and then slowly degrade in such a
way that mechanical properties of the implant will ade-
quate to support the regeneration process [34]. Figure 8a
shows the changes of molecular weight of PCL with the
immersion time prolonged. It indicates that the molecular
weight decreases quickly from 7.90 x 10*to 5.11 x 10%in
the initial stage, and then decreases slowly. After soaking
for 28 days, the molecular weight declines to 3.91 x 10™.
As seen from Fig. 8b and c the pH and mass loss increase
with the immersion time prolonged. After soaking for
28 days, the pH and mass loss reach 9.54 and 5.86%,
respectively.

Semicrystalline polyesters—PCL, degrade in two stages.
Initially water diffuses into the amorphous regions,
resulting in random hydrolytic scission of the ester groups,
which may result in additional crystallization. After deg-
radation of the major amorphous regions is initiated,
hydrolytic attack shifts towards the center of the crystalline
domains [35, 36]. The addition of HA is hypothesized to
accelerate the degradation of the PCL polymer. Since HA
particles were physically blended into the polymer, they
occupied random spaces in the polymer. After immersion
in the physiological saline for while, the HA being
hydrophilic tends to fall off. The falling of HA creates
voids within the polymers, thus exposing their surfaces to

Fig. 8 Relation of molecular 1 6 710.0
weight of PCL (a), pH (b) and 8x10* 3 —m— molecular weight
mass loss (c) with degradation —o— pH value |
time 1 9.5
—e— mass loss b 5
4| .
7x10 C 4 9.0
=44
= e S
® o 271858
= 610" 3 3 IS
5 2 | g0 T
3 Il -1 8.0 o
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o 4| L] N
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/./ 1
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hydrolytic attack and weakening the overall structure of
polymers [37]. Molecular weight reduction occurs during
immersion in the physiological saline. The hydrophilic
fillers-HA, appears to increase the water uptake of the
hydrophobic PCL, the molecular weight is reduced to about
3.91 x 10* after 28 days. The pH of the solution contain-
ing HA composites is elevated due to the release of alkaline
ions, which mainly comes from the partial dissolution of
HA and degradation of CS. This behavior could compen-
sate for the pH decrease due to the polymer degradation
involving acidic byproducts. Degradation of PCL appears
to occur slowly, so that acidic byproducts could not neu-
tralize the alkaline ions in time. Therefore, the pH is
increasing all the time, and weight loss is also increasing
due to the degradation of PCL, CS and the dissolution of
HA.

4 Conclusion

In this paper, HA/PCL-CS composites with different HA
ratios were prepared by melt-blending in Haake twin screw
extruder. The mechanical property, hydrophilicity, bioac-
tivity and degradation in vitro were investigated. The
crystallinity of PCL increases due to the inclusion of HA,
and the hydrophilicity improves. The tensile test shows that
tensile strength and elongation at break decrease with the
increasing of HA, while Young’s modulus increases. After
immersing in SBF for 14 days, some spherical and weakly
crystallized carbonated hydroxyapatite covers on the sur-
face of HA/PCL~-CS composites (30% HA), indicating that
the composite has excellent in vitro bioactivity. In vitro
degradation shows that the molecular weight of PCL
decreases from 7.90 x 10* to 3.91 x 10* after immersion
in the physiological saline for 28 days, while the mass loss
and pH reach 5.86% and 9.54, respectively, indicating a
good degradation.
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