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Abstract

Synthetic biopolymers are commonly used for the repair and regeneration of damaged tissues. Specifically targeting
bone, the composite approach of utilizing inorganic components is considered promising in terms of improving mech-
anical and biological properties. We developed gelatin-apatite co-precipitates which mimic the native bone matrix
composition within poly(lactide-co-caprolactone) (PLCL). lonic reaction of calcium and phosphate with gelatin molecules
enabled the co-precipitate formation of gelatin-apatite nanocrystals at varying ratios. The gelatin-apatite precipitates
formed were carbonated apatite in nature, and were homogeneously distributed within the gelatin matrix. The incorp-
oration of gelatin-apatite significantly improved the mechanical properties, including tensile strength, elastic modulus and
elongation at break, and the improvement was more pronounced as the apatite content increased. Of note, the tensile
strength increased to as high as 45 MPa (a four-fold increase vs. PLCL), the elastic modulus was increased up to 1500 MPa
(a five-fold increase vs. PLCL), and the elongation rate was ~240% (twice vs. PLCL). These results support the
strengthening role of the gelatin-apatite precipitates within PLCL. The gelatin-apatite addition considerably enhanced
the water affinity and the acellular mineral-forming ability in vitro in simulated body fluid; moreover, it stimulated cell
proliferation and osteogenic differentiation. Taken together, the GAp-PLCL nanocomposite composition is considered to
have excellent mechanical and biological properties, which hold great potential for use as bone regenerative matrices.
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Specifically, porous scaffolds made of apatite-precipi-
tated gelatin showed significantly enhanced bone cell
responses due to the presence of an osteoconductive

Introduction

For the regeneration of hard tissues, including bone
and tooth, recent research has focused on the compos-
ite approach of combining polymeric matrices with
inorganic components.'* Bone matrix is itself a nano-
composite material, composed primarily of collagenous

'Institute  of Tissue Regeneration Engineering (ITREN), Dankook
University, Cheonan, South Korea
’Department of Nanobiomedical Science & WCU Research Center,

protein in fibrillar form and apatite inorganic nanocrys-
tallites embedded in the protein molecules. Therefore,
the use of composite materials in regenerative therapies
is an appropriate way of mimicking the native extracel-
lular matrix (ECM) structure of hard tissues.”’
Studies have shown that nanocomposite biomater-
ials induced better bone cell responses in vitro, and
improved bone formation in vivo, as compared to the
effects of individual polymeric components.®'?
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apatite nanocrystalline phase.'* Bioactive glass, as an
inorganic component that can be incorporated into
degradable polymers, has also been shown to stimulate
bone bioactivity and osteogenic differentiation of pro-
genitor and stem cells, where the ions comprising the
bioactive glass were considered to play significant
roles.'"!>1% Moreover, synthetic polymers filled with
calcium compounds (phosphates and carbonates) have
shown better resistance to biodegradation and the asso-
ciated catastrophic failure, via an ionic buffering effect
on the acidic environments incurred by the polymer
degradation.'®!” From a mechanical perspective, inor-
ganic components, and particularly those formulated at
the nanoscale, have been shown to strengthen and stif-
fen otherwise flexible and weak polymer matrix
components. 17-22

Here we aimed to develop polymer-inorganic nano-
composites with mechanical and biological properties
appropriate for bone regeneration. First, we focused on
the co-precipitated form of apatite with gelatin, where
the apatite nanocrystallites were formed in the gelatin
solution; specifically, the calcium and phosphate ionic
precursors were co-precipitated with gelatin molecules.
A co-precipitation reaction under adjusted conditions is
believed to produce a gelatin-apatite (GAp) nanocom-
ponent which closely mimics native bone ECM com-
position.”* Next we utilized the GAp co-precipitates
for the formulation of a synthetic composite biopoly-
mer. Poly(lactide-co-caprolactone) (PLCL) was chosen
as the polymer matrix, as it is known to have beneficial
properties derived from both poly(lactide) and poly(ca-
prolactone), such as high flexibility and an appropriate
rate of degradability, thus resulting in its application to
many tissue engineering matrices.**?

The GAp co-precipitates were incorporated into
PLCL matrix at differing ratios, and the effects of the
GAp addition on the physico-chemical properties,
including hydrophilicity and apatite forming ability,
were investigated. Changes in mechanical properties,
including strength, stiffness and elongation behaviors,
were also systematically examined. Furthermore, the
cell responses to the GAp-PLCL nanocomposites
were addressed in terms of cell proliferation and osteo-
genic differentiation.

Materials and methods

Production of GAp precipitates and nanocomposites
with PLCL

GAp nanocomposite precipitates with different apatite/
gelatin ratios (70:30, 50:50 and 30:70 by weight) were
prepared by a precipitation reaction, in which calcium
nitrate, Ca(NOs), 4H,O, and ammonium hydrogen
phosphate, (NH3),HPO,, were reacted simultaneously

within the gelatin aqueous solution (Type B, bovine
skin, Sigma Aldrich), as described previously.!'?:!*3
Briefly, two separate solutions of calcium-containing
gelatin (Ca-gelatin) and phosphate-containing gelatin
(P-gelatin) were mixed at a ratio of [Ca]/[P] equal to
1.67, with vigorous stirring at 40°C and a constant pH
10, which was maintained using NH4OH solution (28%
NH; in H,O, Sigma-Aldrich). The apatite-precipitated
gelatin solutions were frozen at —20°C and were then
freeze-dried at —80°C. The dried precipitates were
washed thoroughly with distilled water and ethanol to
remove any byproducts and were finally frozen and
freeze-dried. The lyophilized GAp precipitates were
then dispersed in trifluoroethanol (TFE) at 15w/v%
with ultrasonic vibration for a few minutes, after
which the solution was stirred vigorously for 24 h.
Next, PLCL (Boehringer Ingelheim) dissolved in TFE
at 15wt% was mixed with the GAp solution at varying
ratios (GAp:PLCL =1:1, 1:2, 1:4, 1:6 and 1:8) and the
solutions were homogenized with vigorous stirring. The
compositions and mixing ratios of each component in
GAp-PLCL nanocomposites are summarized in
Table 1. A thin membrane form was prepared through
a phase separation process by casting the homogenized
GAp-PLCL solution in a Teflon mold and allowing the
solvent to evaporate completely by vacuum drying.

Characterization

The nanocomposite morphology and the distribution of
the apatite nanocrystals within the gelatin matrix were
observed using a high-resolution transmission electron
microscope, HR-TEM (JEM-3010, JEOL, Japan). The
chemical bond structure of the nanocomposites was ana-
lyzed by Attenuated total reflectance — Fourier trans-
form Infrared spectroscopy (ATR-FTIR) method,
using a Varian 640-IR spectrometer. IR spectra were
recorded in the range of 4000-400cm ™" at a resolution
of 4cm™', using GladiATR diamond crystal accessory
(PIKE Technologies). The water affinity of the samples
was then examined by measuring the water contact angle
(Phoenix 300). Data were recorded as the ascending
angle after 30 s of applying a water drop, and five sam-
ples were tested for each composition.

The in vitro hydroxyapatite (HA) forming ability of
the nanocomposites was tested in simulated body fluid
(SBF) solution. Each sample was formed as a disc

Table |. Compositions of the gelatin-apatite (GAp) and its
nanocomposites with PLCL used in this study.

Ratio of each constituent Apatite:Gelatin  30:70, 50:50, 70:30
GAp:PLCL I:1, 1:2, 1:4, 1:6, 1:8
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shape (15mm diameter) and was immersed in 10ml
SBF for different time intervals up to 14 days. The
HA formation on the surface was investigated by a
thin-film mode of X-ray diffraction (XRD). The XRD
spectra were collected using Ultima IV Rigaku with
CuKa radiation (A =1.5418 A), generated at 40mA
and 40kV. Data were acquired in the diffraction
angle (20) ranging from 4° to 70° with a step size of
0.02° and a scanning speed of 2°/min. FT-IR analysis
was also conducted to examine the change in chemical
bond structure of the mineralized surface.

Tensile mechanical tests

The tensile mechanical properties of the nanocomposite
were measured using an Instron 3344. Samples with
different compositions were prepared with a thickness
of ~150-200 um and were then cut to a size of
30mm x 4mm with a gauge length of 10mm. The
thickness of each sample was determined from the aver-
age value observed on the SEM images, and a total of
five samples were tested for each group. Stress—strain
curves of each sample were recorded under the appli-
cation of a static tensile load. Based on the stress—strain
curves, the main mechanical parameters, including ten-
sile strength, elastic modulus and elongation rate, were
determined. The tensile strength was determined as the
highest stress prior to a failure. The elastic modulus was
calculated from the slope of the initial elastic linear
region. The elongation % was determined as the
strain at failure. A total of five samples were tested
for each group and the data were averaged.

In vitro osteoblastic responses

The in vitro cell compatibility of the nanocomposites
was evaluated in terms of adhesion and proliferation of
the pre-osteoblastic (MC3T3-El; ATCC) cells; more-
over, their osteogenic differentiation was determined
by alkaline phosphatase (ALP) activity. Cells were
sub-cultured in normal growth medium, which con-
sisted of alpha-minimal essential medium (MEM), sup-
plemented with 10% fetal bovine serum (FBS), 2mM
L-glutamine, 50 IU/ml penicillin and 50 pg/ml strepto-
mycin. Samples for the cell tests were prepared as discs
(9mm diameter) and were then sterilized in ethylene
oxide. Each sample was placed in each well of 48-well
plates, and cells were seeded on each sample at a dens-
ity of 2 x 103 cells/ml. After culturing for up to seven
days, the cell proliferation level was assessed by a cell
counting kit (CCK; Dojindo).

To determine the ALP activity of cells, cells were
cultured on each sample for 7, 10 and 14 days, and
the ALP enzymatic activity was assessed using ALP
activity kit (Sigma), as described previously.'* The

double-stranded DNA (dsDNA) quantification was
performed using the PicoGreen assay and total protein
quantification was assessed by the micro-BCA method,
both of which were used to normalize the ALP activity
with respect to either total DNA content or total pro-
tein content. The cell tests were performed on three
replicate samples (n=3) for each condition, and
groups were compared by analysis of variance
(ANOVA). A p value of <0.05 and <0.01 was con-
sidered statistically significant.

Results and discussion
Gelatin-apatite co-precipitates and properties

The GAp mixture solutions co-precipitated at 40°C and
pH 10 were filtered and dried, and the co-precipitates
were then heat-treated up to 800°C using TGA to
observe the weight loss of the organic phase (gelatin)
during thermal treatment. As shown in Figure 1, the
weight loss of pure apatite precipitate was minimal (less
than 1%), while the weight of pure gelatin was deter-
mined to substantially decrease with increasing tem-
perature and a complete decomposition at ~550°C. In
the GAp co-precipitates, the weight loss pattern was
similar to that observed in pure gelatin. The total
weight loss increased as apatite content in the GAp
decreased; total weight loss measured from the TGA
data was about 24%, 37% and 51%, respectively in
the co-precipitates of 30%, 50% and 70% gelatin.
Results suggested that the gelatin contents in the co-
precipitates were lower than those initially intended. It
is assumed that some gelatin might be washed out
during the filtering process as the gelatin itself is
water-soluble. The gelatin losses determined for the
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Figure |. TGA analysis of the GAp co-precipitates synthesized
at 40°C and pH 10, presented as the weight change (loss) with
respect to a temperature increase up to 800°C. Data on pure
gelatin and apatite precipitate were also included for comparison
purposes.
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experimental materials were about 6%, 13% and 19%
for the 30%, 50% and 70% gelatin additions (summar-
ized in Table 2). For convenience, we used the theoret-
ical values as labels throughout this study.

The crystalline phase of the GAp co-precipitates was
observed by XRD. As shown in Figure 2(a), well devel-
oped crystalline peaks which correspond to the HA
were seen for all the GAp compositions. There were
no other peaks except for those of HA, suggesting
that the co-precipitation reaction was effective in pro-
ducing a pure apatite phase within the gelatin network.
It has been concluded that a collection of amino acids
present in gelatin chains are responsible for the nucle-
ation and growth of apatite crystallites’®? particularly
under the basic conditions used herein (pH 10). In fact,
we observed that the apatite phase was not well devel-
oped when the pH was neutral (pH 7).

The chemical bonding status of the GAp
co-precipitates was analyzed by FT-IR (Figure 2(b)).
Data on pure gelatin and apatite precipitate were also

Table 2. Summary of the compositions of GAp co-precipitates.

Gelatin — 30% Gelatin — 50% Gelatin — 70%

Composition apatite apatite apatite

Theoretical 70% 50% 30%
gelatin amount (%)

Experimental 51% 37% 24%

gelatin amount (%)

Gelatin deficiency (%) 19% 13% 6%

Theoretical values (intended) applied to the co-precipitation process
whilst the experimental ones were calculated from TGA data. The dis-
crepancy noticed between the theoretical and experimental values was
due to the loss of gelatin during the process. Gelatin deficiency was 19%,
13% and 6%, respectively in 30%, 50% and 70% apatite.

shown for comparison purposes. IR bands related to
apatite (phosphate modes at 1000-1100 and 560-
610cm™") were apparent, and the peak intensities
increased gradually with increasing apatite content.

The morphology of the GAp co-precipitates was
observed by TEM after freeze-drying the filtered
co-precipitates, as shown in Figure 3. Co-precipitate
sample of 70% apatite was shown as the representative
example. Highly elongated apatite nanocrystallites, with
sizes of approximately 30 nm x 100 nm, were observed
to be embedded within the gelatin matrix. Inset images
show the solution of the GAp co-precipitates in TFE,
which confirmed the stable micro-emulsion status of the
co-precipitates. This stable solution property of the
GAp co-precipitates in TFE enabled the formation of
a homogeneous mixture of the nanocrystallites with
the PLCL polymer, and consequently, the production
of nanocomposite samples with evenly distributed apa-
tite nanocrystallites in the PLCL matrix.

GAp-PLCL nanocomposites: morphology and
water affinity

The GAp co-precipitates were further combined with
degradable polymer PLCL to produce nanocomposites.
The GAp-PLCL composite solution was cast into a
mold to produce a thin membrane, with a thickness
of about 150-200 um. The GAp/PLCL ratios were
varied over a wide range, from 1:1 to 1:8. The surface
morphology of the nanocomposites was observed by
SEM, as shown in Figure 4. Images of some represen-
tative compositions (GAp/PLCL 1:1 and 1:6, where
apatite contents in gelatin was 70%) are presented.
When the GAp content was high (1:1 ratio), some
aggregated particles, a few micrometers in size
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Figure 2. (a) XRD crystalline patterns of the GAp co-precipitates. All peaks developed are related to hydroxyapatite (HA) from
JCPDS #74-0566.3%%3 (b) FT-IR analysis of the GAp co-precipitates. Data on pure gelatin and apatite precipitates were also shown for
comparison purposes. IR bands related to apatite (phosphate bands at 10001100 and 560610 cm ") were well noticed with gradual

increases in intensity as the apatite content increased.



Won et al.

1217

(arrowed), presumably those of GAp co-precipitates,
were seen on the surface (Figure 4(a)), as well as
inside the sample (Figure 4(b)). When the GAp content
was low (1:6 ratio), the nanocomposite showed a very
smooth internal morphology throughout the sample
(Figure 4(c)), and the GAP co-precipitates were not
readily noticed as they were evenly distributed within
the PLCL matrix without being agglomerated, which
was different from the sample containing high GAp
content. These morphological features of the GAp-
PLCL composites should greatly affect the properties
such as mechanical strength, and will be discussed in
the following section.

The water contact angles of the GAp-PLCL nano-
composites with different compositions were measured,
as shown in Figure 5. After dropping distilled water on
the surface of the nanocomposites, the ascending angle
was measured after 30s. As the GAp content increased
the water contact angle decreased; the contact angle of
~80° in pure PLCL was reduced to ~70° in GAp/
PLCL 1:8, and further reduced to ~50° in GAp/
PLCL 1:1, demonstrating that the GAp greatly
enhanced the hydrophilicity of the nanocomposites.
Moreover, this effect was more notable as the gelatin
content in GAp was higher. The enhanced hydrophil-
icity of the nanocomposites driven by the GAp com-
position is considered to favor their biomedical use in
terms of speeding up initial biological events.

Mechanical properties of GAp-PLCL nanocomposites

The mechanical properties of the GAp-PLCL nano-
composites were assessed to determine their feasibility
for bone regeneration application. The stress—strain
curves of the nanocomposites with different compos-
itions were recorded while applying a static tensile
load, and the representative curves of each composition
are shown in Figure 6. The result for pure PLCL, as
presented for the purpose of comparison, showed a typ-
ical stress—strain curve, with a yield point at ~12 MPa,
followed by a long elongation and a failure. Because of
the broad variation in mechanical strength, which was
dependent on the composition, the scales on the y-axis
were presented differently. Compared to pure PLCL,
the nanocomposites resisted higher stresses prior to a
yield point. In particular, remarkable improvements
were seen with low contents of GAp (GAp/PLCL 1:6
and 1:4), and the improvement was more pronounced
when the apatite content in GAp co-precipitates was
higher (70% > 50% > 30% apatite).

Based on the stress—strain curves, the tensile strength
of the samples was determined as the maximum stress
recorded prior to a failure, as presented in Figure 7. Pure
PLCL showed an average tensile strength of ~12 MPa.
The nanocomposite with the lowest content of GAp
(GAp/PLCL 1:8) showed slightly increased strength of
~16 MPa (but only noticed in 70% apatite). When the
amount of GAp was further increased (GAp/PLCL 1:6)
the strength enhancement of the nanocomposites was

Figure 3. TEM morphology of the GAp co-precipitates, after they were filtered from a co-precipitate solution and then freeze-dried;
(a) low and (b) high magnification. Inset in (a) is the solution of GAp co-precipitates (30%, 50% and 70% apatite), showing a stable
microemulsion state, which enables a homoftabeneous mixture of GAp co-precipitates within the PLCL polymer.
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Figure 4. SEM morphology of the nanocomposites of GAp
co-precipitates and PLCL; (a, b) GAp/PLCL I:1 and (c) GAp/
PLCL I:6. Arrows in (a, b) indicate agglomerates of GAp
co-precipitates within the PLCL matrix, illustrating the poor
dispersion of GAp components when added at a high content;
however, no agglomerates were observed when the GAp was
added at a lower content (c).

tremendous; ~21 MPa, 32 MPa and 45MPa, respect-
ively for 30%, 50% and 70% apatite, showing an
ongoing increase in strength with increasing the apatite
content. In the nanocomposite of GAp/PLCL 1:4, such
a dramatic strength increase was also noticed, but this
was only in the 70% apatite (~40 MPa). However, with
further increases of the GAp content (GAp/PLCL 1:2

90
~fh— 70% apatite
80 - —8— 50% apatite
> ~—49— 30% apatite
2 i
§ 704 ;“\\
B %
8
c 60 T
8 Y i
g Lﬁi
= 50 4
T =
0 Ll T T Ll T L)
PLCL 1:8 1:6 1:4 1:2 1:1

GAp:PLCL

Figure 5. Water contact angle measured on the GAp-PLCL
nanocomposites, as presented with respect to varying compos-
itions (GAp/PLCL ratio and apatite content in GAp). Tests were
carried out on the surface of the nanocomposites after dropping
distilled water and measuring the ascending angle after 30s. As
the GAp content increased, the contact angle decreased,
demonstrating that the GAp greatly enhanced the hydrophilicity
of the nanocomposite. This effect appeared to be more notice-
able in the higher gelatin content (i.e. lower apatite content) in
GAp co-precipitates. The contact angle of ~80°decreased down
to ~50° at GAp-PLCL I:1.

and 1:1) the strengths were reduced to levels comparable
to that of pure PLCL.

It was clearly demonstrated that the GAp
co-precipitates, and particularly the apatite component
in GAp, played a significant role in strengthening the
PLCL polymer matrix. The highest strength obtained
in the nanocomposite was ~45MPa, a value approxi-
mately four times higher than that of the pure PLCL
(12MPa). Recalling the morphology of the nanocom-
posite (shown in Figure 4), tiny apatite nanocrystallites
were shown to be evenly distributed within the polymer
matrix. Therefore, the fine inorganic crystallites distrib-
uted in the organic phase should provide the flexible
matrix with high resistance to a plastic failure, improv-
ing the tensile strength significantly.”> On the other
hand, when the GAp content was relatively high, such
a strengthening role of the inorganic apatite would be
attenuated or negated because the apatite nanocrystal-
lites were agglomerated (as observed in Figure 4) in
which case the aggregated particles that were a few
micrometers could act as a failure origin, resulting in
the reduction of the overall strength of the matrix. In
this sense, the use of GAp co-precipitates as the reinfor-
cing phase of PLCL is considered to be highly effective
in producing mechanically strong nanocomposites.
Furthermore, the gelatin-driven apatite precipitation
method should also be highlighted as it produces fine
apatite crystals and allows for their even distribution
throughout the nanocomposites.
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Figure 6. Stress—strain curves of the PLCL and GAp-PLCL nanocomposites with different compositions: (a) pure PLCL and (b—d)
nanocomposites of GAp/PLCL 1:8 (b), 1:6 (c), 1:4 (d), 1:2 (e) and I:1 (f). Note the different scales in y-axis to better show curve
behaviors. Compared to PLCL, the nanocomposites resisted higher stresses prior to a yield point. In particular, tremendous
improvements in stress resistance were observed with small contents of GAp (GAp/PLCL I:6 and |:4); moreover, such an
improvement was more dominant when the apatite content was higher in GAp (70% >> 50% > 30% apatite).

The other mechanical properties of the nanocompo-
sites, such as elastic modulus and elongation, were also
observed. Figure 8 shows the elastic modulus of the
nanocomposite with different compositions. A signifi-
cant enhancement of the elastic modulus with the add-
ition of GAp was only seen in the nanocomposite of
GAp/PLCL 1:6. The increases in apatite content

increased the elastic modulus, and the 70% apatite
showed the maximum value (1500 MPa), representing
a five-fold improvement (vs. 300 MPa in pure PLCL).
With higher GAp content (GAp/PLCL 1:2, 1:4 and
1:8), there was no noticeable increase in the elastic
modulus with respect to pure PLCL. The nanocompo-
sites with the highest GAp content (GAp:PLCL =1:1)



1220

Journal of Biomaterials Applications 28(8)

504 45MP: 50
GAp:PLCL=1.6 (45MPa) GAp:PLCL=1.4 (40MPa)
T 404 T 404
o
s =
< < g
£ 304 5 30
g g
5 204 D 204
) Q2
% (12MPa) D
S 5
@ 10«] 8 10-
o PLCL 30% apatite 50% apatite 70% apatite PLCL 30% apatite 50% apatite 70% apatite
50+ 504 504
GAp:PLCL=1.8 GAp:PLCL=1.2 GAp:PLCL=1.1
T 407 S 404 & 40
= = =
£, 30- £ 304 £ 304
= c =
[ g [
5} 4 » J 7] 4
® 20 A 20 © 20
=) c =)
© 10- 2 104 104
PLCL 50% apatite 70% apatite PLCL 50% apatite 70% apatite PLCL 50% apatite 70% apatite

Figure 7. Tensile strength of the GAp-PLCL nanocomposites with different compositions. Data are presented at a fixed GAp/PLCL
composition (1:6, 1:4, 1:8, 1:2 or 1:1) while varying the apatite content (30%, 50% and 70%). Pure PLCL was presented in each graph

for comparison purposes.
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Figure 8. Elastic modulus of the GAp-PLCL nanocomposites with different compositions. Data are presented at a fixed GAp/PLCL
composition (1:6, 1:4, 1:8. 1:2 or 1:1) while varying the apatite content (30%, 50% and 70%). Pure PLCL was presented in each graph

for comparison purposes.

showed significantly reduced elastic modulus compared
to pure PLCL. Similar to the tensile strength behaviors,
the elastic modulus also showed significant improve-
ment with the incorporation GAp at a proper content
(GAp/PLCL 1:6) and in this GAp addition the apatite
content was also helpful in enhancing the elastic modu-
lus, demonstrating the effective roles of GAp in both
strengthening and stiffening of the PLCL matrix.

The elongation behavior of the nanocomposite was
also examined, by measuring the strain at failure, as
shown in Figure 9. The elongation level of the nano-
composites was not substantially increased for all com-
positions, but for one composition (GAp/PLCL 1:6
with 70% apatite) there was a two-fold increase. In
some nanocomposite compositions (particularly those
with low apatite content and low GAp content) the
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elongation was even lowered with respect to that of
pure PLCL. It is considered that GAp co-precipitates
distributed within the PLCL matrix did not play a dom-
inant role in sustaining the plastic deformation of poly-
meric chains as soon as the yield point (breakdown
in elasticity) was reached. Although the GAp
co-precipitates were well distributed within the polymer
matrix, demonstrating effective resistance to elastic
deformation and stress in this region, their role
beyond the elastic region was not considered to be
effective. One interesting point is that the increase in
apatite content within GAp appeared to increase the
elongation of nanocomposites (note the graphs in
GAp/PLCL 6:1 and 4:1). This is considered to be
related to the possible role of the apatite phase in
increasing the alignment of polymeric chains during
the plastic deformation, preventing the catastrophic
failure of the randomly distributed polymeric chains.'’

Conclusively, the GAp component added to PLCL
matrix played significant roles in improving the mech-
anical properties, mainly the strength and elastic modu-
lus, particularly when the GAp-PLCL nanocomposite
was prepared with the proper composition, i.e. GAp/
PLCL 1:6 with 70% apatite exhibited the optimal
mechanical properties in terms of strength (four-fold
improvement, 45 MPa vs. 12 MPa) and elastic modulus
(five-fold improvement, 1500 MPa vs. 300 MPa). The
GAp component was also effective in the elongation
behavior at this specific composition, showing two-
fold improvement compared to that of pure PLCL
(2.46 vs. 1.11).

Apatite-forming ability and cellular responses of
GAp-PLCL nanocomposites

Along with the mechanical properties, the biocompati-
bility of the GAp-PLCL nanocomposites was
addressed. First, the in vitro apatite-forming ability of
the nanocomposites in acellular conditions was exam-
ined by the SBF-immersion tests. For the biocompati-
bility tests we sclected GAp/PLCL 1:6 as the
representative composition, as it had proven to have
optimal mechanical properties.

Figure 10 shows the surface morphology and chem-
istry change of the samples after the SBF-immersion
tests. SEM morphology revealed that while no notice-
able change was noticed in pure PLCL throughout the
test period (Figure 10(a)), there was considerable for-
mation of mineral phase on the surface of the nano-
composite (Figure 10(b)). The surface was almost
completely covered with the mineralized crystals as
early as 3 days. Some cracks were generated in the
mineralized samples, which were possibly due to the
thickened mineralized layer. The mineralized products
in the nanocomposite were further characterized with
XRD and ATR-FTIR. The XRD patterns showed the
development of peaks (including a major peak at
20 =32°), those related to apatite, after the SBF-immer-
sion (Figure 10(c)). Although the apatite peaks were
seen at a low intensity in the GAp-PLCL sample due
to the presence of intrinsic apatite, the apatite peak
intensities increased substantially after SBF-immersion,
and the peak intensity increased with increasing
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Figure 10. In vitro apatite forming ability of the samples (PLCL vs. GAp/PLCL [:6) tested by immersion of each sample in SBF for
different periods. SEM images of PLCL (a) and nanocomposite (b) at 3, 7 and 14 days, (c) XRD patterns and (d) ATR-FT-IR spectra of

nanocomposite sample at different SBF-immersion periods.

immersion time. The ATR-FTIR spectra of the nano-
composite samples revealed chemical bands associated
with apatite, i.e. 1000-1100cm™~" (P-OH bending in
HPO,), 450-650cm™! (P-O stretching in HPOy,), and
1000-1100 cm ™" (P—O stretching in PO,) (Figure 10(d)).
As the immersion time increased, those band intensities
increased correspondingly. The results demonstrated
the effective role of the GAp co-precipitate component
within the PLCL matrix in inducing apatite mineral
phase formation on the surface. It is concluded that
both the gelatin and apatite phase present in the GAp
co-precipitates should improve the mineralization. The
gelatin phase, consisting of a collection of amino acid
sequences, will attract calcium ions and the accompany-
ing deposition of phosphate ions to induce CaP min-
eralization.?®*” The increased hydrophilic nature of the
surface of the GAp-PLCL nanocomposite would

enhance the ionic interactions and their surface depos-
its. It is also possible that the intrinsic apatite phase
would provide calcium and phosphate ionic sources
for the supersaturation of SBF, and consequent cal-
cium phosphate re-precipitation.”® This rapid apatite
mineral formation allows one to consider the nanocom-
posite surface as a favorable and effective substrate for
cells to adhere to and to develop into an osteogenic
lineage.”*3!

We next cultured cells onto the nanocomposite and
investigated the cellular behaviors, including the prolif-
eration and osteogenic differentiation. MC3T3-E1 pre-
osteoblastic cells were plated onto either PLCL or
nanocomposite samples, and were then cultured in an
osteogenic medium for up to 14 days. First, cell prolif-
eration behavior was examined by measuring cell via-
bility at each culture period (Figure 11(a)). At day 1,
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the cell viability level was comparable for both sample
groups. Cell proliferation increased with culture time,
with a particularly high increase observed at day 7, and
the increase appeared to be higher in the nanocompo-
site, which however, did not show any statistical signifi-
cance (p > 0.05).

The osteogenic differentiation of the cells was eval-
uated by means of determining ALP activity. ALP is
known as an important early-stage marker for osteo-
genic differentiation of many cells, including MC3T3-
El pre-osteoblasts.’>** The ALP enzymatic activity
was measured at 7, 10 and 14 days, and the level was
presented after normalizing either to total protein or
total dsDNA (Figure 11(b)). The ALP activity levels
of cells grown on both sample groups were similar at
day 7. However, after culturing for 10 and 14 days, cells
on the nanocomposite expressed significantly higher
ALP activity than those grown on PLCL, for both nor-
malized cases. When normalized to total dSDNA con-
tent, particularly at 14 days, the ALP difference
between PLCL and nanocomposite was higher. While
the cell proliferation on both sample groups was

similarly observed, the osteogenic differentiation, as
assessed by the ALP activity, was demonstrated to be
significantly higher on the nanocomposite. Moreover,
the ALP stimulation was more noticeable as the culture
period increased, signifying that the efficacy of the GAp
added to PLCL was elicited at the osteoblastic differ-
entiation stage of MC3T3-El cells. More in-depth
experiments, including the identification of other differ-
entiation markers, and the confirmation of cellular min-
eralization are considered as future studies, to
substantiate the osteogenic stimulatory role of the
GAp component. Moreover, the GAp component will
also be introduced to other types of biopolymers to find
extended applications.

Conclusions

Bone-targeting nanocomposites were developed by
combining PLCL and GAp bone mimetic components
derived from a co-precipitation reaction. The incorp-
oration of GAp co-precipitates into the PLCL matrix
significantly increased the hydrophilicity, acellular
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mineralization behavior, and the osteogenic differenti-
ation of cells. The mechanical properties of the GAp-
PLCL nanocomposites were enormously improved,
including tensile strength and elastic modulus, as high
as four/five-fold, and elongation was increased about
two-fold, each with respect to the properties of pure
PLCL. This was exclusively possible when the added
GAp content was low enough to develop a well-dis-
persed GAp component, without being agglomerated
within the PLCL matrix. The mechanical and biological
properties of the GAp-PLCL nanocomposites observed
in this study hold great promise for their uses as bone
regenerative matrices.
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