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ABSTRACT: Bioactive nanocomposite of nonstoichiomet-
ric apatite (ns-AP) and poly(e-caprolactone) (PCL) was
synthesized and its porous scaffold was fabricated. The
results show that the hydrophilicity and cell attachment
ratio on the composite surface improved with the increase
of ns-AP content in PCL. The composite scaffolds with 60
wt % ns-AP content contained open and interconnected
pores ranging in size from 200 to 500 pm and exhibit a po-
rosity of around 80%. In addition, proliferation of MGes
cells on the composite scaffolds significantly increased
with the increase of ns-AP content, and the level of alka-
line phosphatase (ALP) activity and nitric oxide (NO) pro-

duction of the cells cultured on the composite scaffold
were higher than that of PCL at 7 days, revealing that the
composite scaffolds had excellent in vitro biocompatibility
and bioactivity. The composite scaffolds were implanted
into rabbit mandible defects, the results suggest that the
introduction of ns-AP into PCL enhanced the efficiency of
new bone formation, and the ns-AP/PCL composite exhib-
ited in vivo good biocompatibility and osteogenesis. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 116: 762-770, 2010
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INTRODUCTION

Hydroxyapatite (HA) bioactive ceramics as artificial
bone have been extensively investigated and used in
application in clinic for many years.'” Recently,
some studies have shown that nano hydroxyapatite
(n-HA) had excellent performance and was a poten-
tial candidate of new biomaterials for tissue repair.®’
Nevertheless, the extensive use of n-HA is still lim-
ited by their powder state and brittle nature. Biode-
gradable polymers and their copolymers are widely
used in bone regeneration, dental repair, orthopedic
fixation devices, and many other biomedical applica-
tions.®? Tt is known that pure polymers can not
effectively bond to bone in vivo while bioactive
materials do, such as HA.'° Therefore, development
of biocomposite of degradable polymer and bioac-
tive inorganic material is still a promising ap?roach
to prepare bioactive implants for bone repair.

Some studies suggested that the variation in the
molar ratio of calcium to phosphate greatl ly affected
the solubility of the Ca-P biomaterials,'>"* and cal-
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cium phosphate with Ca/P of 1.50 degraded faster
than hydroxyapatite with Ca/P of 1.67 when
implanted in vivo.'*'® Previous study showed that
deficient calcium apatite also called nonstoichiomet-
ric apatite with Ca/P of 1.50 was biologically more
active than pure HA ceramics alone because it has a
composition and structure very close to natural bone
mineral and therefore has been considered to be the
ideal material for bone repair.'® Thus, it is envi-
sioned that nano nonstoichiometric apatite (ns-AP)
for novel bone regeneration material can be fabri-
cated in order to get better bioperformance of apatite
biomaterial.

Biodegradable polymer, such as polycaprolactone
(PCL) has attracted much interest because of its cost-
efficiency, high toughness, and processibility result-
ing from its relatively low melting temperature.
Also, a combination of PCL with bioactive inorganic
materials could bring the advantages of both bioma-
terials. There have been a number of studies in the
literature focusing on the composites created by
combining biodegradable polymers and n-HA."”'®
However, there were few previous reports about the
preparation of ns-AP and PCL composite scaffolds
as a bone repair material. It is expected that if the
synthesis of ns-AP with degradability and bioactiv-
ity was wused instead of HA, the degradability
and bioactivity of the composites scaffold should be
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improved. Therefore, in this study, ns-AP/PCL com-
posite scaffolds were prepared, and the biocompati-
bility and osteogenesis of the composite scaffolds
were investigated.

MATERIALS AND METHODS
Synthesis of ns-AP

The ns-AP were synthesized using calcium nitrate
(Ca(NO;),4H,0)  and  ammonium  phosphate
((NHy4),HPOy). First, calcium nitrate and ammonium
phosphate (Ca/P mol ratio = 1.50, calcium nitrate:
ammonium phosphate) were dissolved separately in
deionized water. The calcium nitrate solution was
dropped very slowly into the ammonium phosphate
solution while stirring (300 r/min) at room tempera-
ture. The pH of the solution was kept between 10
and 12 by adding 24 wt % ammonium hydroxide.
After the titration was completed, the mixture was
set at room temperature for 24 h. The resulting apa-
tite precipitate was washed with deionized water for
five times, placed in a flask, and treated in deionized
water for 2 h at 100°C. After treatment, the apatite
precipitate consisted of ns-AP in slurry. The ns-AP
slurry and dimethyl formamide (DMF) were mixed
in a beaker while stirring, and the temperature was
gradually increased 120°C. After all the water had
evaporated, a mixture of ns-AP/DMF slurry was
obtained. An aliquot was removed for transmission
electron microscopy (FE-TEM, JEM-2100F, JEOL,
Tokyo, Japan) testing. The value of Ca/P ratio of
obtained ns-AP was measured by chemical
titration."

Preparation of ns-AP/PCL composite scaffolds

ns-AP/PCL composite scaffolds were prepared by
solvent-casting and particulate leaching method.
Briefly, 5 g PCL pellets (M,, = 80,000: Sigma-Aldrich
Co, St. Louis, MO) were dissolved in 50 mL chloro-
form and 37.5 mL ns-AP/DFM slurry (concentration
= 20% g/mL ) was added to produce composites
with 60 wt % ns-AP content. The mixture was
stirred continuously for 2 h and then dried at 100°C
for 4 h to remove the chloroform and part of the
DMF. Sodium chloride (NaCl) was added as poro-
gens (size: 300-450 pm; NaCl/PCL = 9/1,8/1,7/1,6/
1,w/w), and the mixture was cast into Teflon molds
containing 60 wells (each well: diameter, 10 mm;
thickness, 5 mm). The samples were dried in a fume
hood for 24 h to evaporate the DMF and were subse-
quently dried (vacuum) at 40°C for 48 h to remove
any remaining solvent. To leach out the salt, the dry
samples were immersed in deionized water for 36 h
at room temperature, with water changes approxi-
mately every 6 h. The obtained scaffolds were dried

in air for 24 h, the resulting porous scaffolds were
stored in a desiccator until use. Using the same
method, composite scaffolds with 40 wt %, 20 wt %
and 0% ns-AP content were prepared. Composite
scaffolds were made with different size by using dif-
ferent molds. For fabrication of dense samples, poro-
gen of NaCl was not added into the composite.

Characterization of composite scaffolds

The phase composition of the ns-AP/PCL composite
was examined by X-ray diffraction (XRD, Geigerflex,
Rigaku, Japan) with Cu Ka radiation and Ni filter
(A =1.5406 A, 100 mA, 40 kV) in a continuous scan
mode. The 20 range was from 10 to 70° at a scanning
speed of 10°/min. The surface morphology of the
composite scaffolds was examined by scanning elec-
tron microscopy (FE-SEM, S-4300SE, Hitachi, Tokyo,
Japan) at 2.0 kV. The dried specimens were glued
onto copper specimen stubs, and sputter coated with
gold before SEM observation. The porosity of the
scaffolds was measured in distilled water by the
Archimedes method.> The average porosity was cal-
culated based on five samples.

The compressive strength of the composite scaf-
fold samples (10 x 10 x 10 mm) was measured at
room temperature using a compression test at a con-
stant displacement rate of 2 mm/min. The jigs were
specially designed to provide a uniform load on the
composite samples, and a Bionix 858.20 (MTS Sys-
tems Corp. Eden Prairie, MN) was used to conduct
tests. For each composition, three specimens were
tested and the results were averaged.

Surface wettability of composite dense specimen
sized 10 x 10 x 3 mm was determined by meas-
uring the contact angle of water droplets on the sur-
face of the various specimens using a contact angle
measurement system (SEO 300A; Surface and Elec-
tro-Optics, Ansan, Korea). The water contact angle
method was employed to determine polar interac-
tions across the material-water interface. Each sam-
ple was mounted on the platform and a goniometer
(Rame Hart, Mountain Lakes, NJ) was aligned and
focused on the material-air interface. A microsyringe
(Perfektum; Popper and Sons, Tokyo, Japan) was
used to form 10 pL water droplets, which were
dropped onto three different surface points on each
sample; water contact angles were measured after
30 s. The results presented here represent the mean
+ SD of four contact angles for per sample.

Cell attachment and proliferation

To investigate attachment and proliferation, compos-
ite dense samples with a size of 10 x 10 x 3 mm,
were sonicated in ethanol and sterilized using ultra-
violet light. For cell adhesion experiments, MGg;
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cells were seeded on the disks at a density of 2 x
10® cells/disk. Cells were allowed to adhere for 1 h
before each well was gently flooded with 1 mL
of medium. Cell attachment was determined using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay after incubation for 4 h.

Cell proliferation was evaluated after seeding cells
on the composite scaffolds with a size of ® 10 x 5
mm at a density of 2 x 10* cells/scaffold, followed
by incubation for 1, 3, and 5 days, with the medium
replaced every second day. Adhesion and viable
cells on substrates were assessed quantitatively
using the MTT assay. In brief, composite scaffold-
cell constructs were placed in a culture medium con-
taining MTT and incubated in a humidified atmos-
phere at 37°C for 4 h. Cell growth was determined
using the MTT assay (MTT Kit; Roche Diagnosis
Corp., Indianapolis, IN). The absorbance value was
measured at 570 nm using a microplate reader. Six
specimens were tested at each incubation period,
and each test was performed in triplicate. Results
were reported as OD units.

Alkaline phosphatase activity and NO production

To evaluate alkaline phosphate (ALP) activity, 5 x
10* MGg; cells were seeded on the composite scaf-
folds with a size of ® 10 x 5 mm, and ALP activity
was measured after 1, 4, and 7. Before cell seeding,
the scaffolds were soaked in 75% ethanol solution
for 60 min and sterilized overnight under UV irradi-
ation. The adherent cells were removed from compo-
sites and lysed with PBS (phosphate buffered saline);
this procedure was followed by adding a cell lysis
buffer containing 0.1% Triton X-100 to the samples
and freezing them to —20°C. The frozen samples
were thawed at 37°C for 5 min to measure ALP ac-
tivity according to the manufacturer’s instructions
(ALP kit 104; Sigma). A 50-mL sample was mixed
with 50 mL pNPP (p-nitrophenyl phosphate diso-
dium, 1 mg/mL) in a 1 M diethanolamine buffer
containing 0.5 mM MgCl, (pH 9.8) and incubated at
37°C for 15 min on a bench shaker. The reaction was
stopped by adding 25 mL 0.1 N NaOH per 100 mL
of reaction mixture. The number of cells was deter-
mined by measuring the DNA content using Quant-
iT(tm) PicoGreen dsDNA reagent kits (Molecular
Probes, Eugene, OR). Sample DNA was quantified
by measuring fluorescence with a Synergy HT
Multi-Detection =~ Microplate =~ Reader  (BioTek,
Winooski, VT) at wavelengths of 480 nm excitation
and 520 nm emission. Enzyme activity was quanti-
fied by measuring absorbance at 405 nm, and ALP
activity was calculated from a standard curve after
normalizing to the total DNA content. The results
are expressed in nanomoles of p-nitrophenol pro-
duced per minute per nanogram of DNA.

Journal of Applied Polymer Science DOI 10.1002/app

YE ET AL.

Osteoblast nitric oxide (NO) production was indi-
rectly measured by cell supernatant nitrite quantifi-
cation since it is a stable metabolite of NO. The Gri-
ess assay was used, according to manufacturer’s
protocol. Cells were cultured in the presence of the
composite scaffolds for 7 days. Culture supernatant
(50 pL) was mixed with reagent Griess Reagent I (50
pL) and Griess Reagent II (50 pL). After the sample
was incubated for 20 min at room temperature, the
absorbance was measured at 540 nm, and nitrite
concentration was determined from a standard curve
of serial dilutions of sodium nitrite dissolved in
standard culture medium and normalized to protein
in the cell culture supernatant.

Biocompatibility and osteogenesis in vivo

Biocompatibility and osteogenesis in vivo of the com-
posite scaffolds were evaluated using macroscopic
and histological methods. Briefly, the healthy New
Zealand white rabbits weighing about 3.0 kg each
were used for the implantation of the composite scaf-
folds. The rabbits were anesthetized with pentobarbi-
tal sodium. A 3-cm parallel incision was made on
the jaw of the rabbit. The peristeum was retracted
and the submaxilla was exposed. A critical size
defect (10 x 6 x 3 mm) was made in buccal-lingual
direction on one side of the mandible of each rabbit.
10 x 6 x 3 mm sized porous composite scaffolds
were inserted into the defect and stabilized using
fine stainless steel wires if necessary. Rabbits from
each group were sacrificed at 4 and 12 weeks after
implantation. The scaffolds together with surround-
ing tissue were excised, fixed in 10% neutral buf-
fered formalin, decalcified and embedded in paraf-
fin. Tissue blocks were sectioned to 4 um in
thickness and stained with Masson trichrome, and
observed with light microscope (CX21, Olympus,

Japan).

Statistical analysis

Statistical analysis was performed using one-way
ANOVA with post hoc tests. All results are
expressed as the mean =* standard deviation (SD).
Differences were considered statistically significant
at P < 0.05.

RESULTS
TEM and XRD analysis

Figure 1(a) shows a transmission electron micro-
graph of the ns-AP. It can be seen that the prepared
ns-AP was rod-shaped with the size of 10-20 nm in
diameter and 70-100 nm in length. The Ca/P ratio
of the obtained ns-AP was 1.5 + 0.01. Figure 1(b)
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Figure 1 TEM photograph of (a) ns-AP, and XRD patterns of (b) ns-AP/PCL composite.

shows the XRD patterns of the ns-AP/PCL compos-
ite. It is found that the composite consisted of ns-AP
and PCL phase, and the ns-AP presented apatite
phase with low crystallinity, the peaks appeared at
about 26, 29, 32, 33, 40, 49° [26], indicating that the
apatite phase was present in the composite while the
two peaks at about 21 and 23° [20] were assigned to
PCL. No additional phase was identified within
detectable limits.*!

Hydrophilicity and cell attachment

Table I presents the water contact angles of the ns-
AP/PCL composites. The table reveals that the
water contact angles of the composite specimens sig-
nificantly decreased with the increase of apatite con-
tent, indicating that the addition of apatite in PCL
improved the hydrophilicity of the composites.

The MTT assay was used to assess the relative
number of MGg; cells that adhered to the various
biomaterials because optical density (OD) absorb-
ance values can be used as indicators of the cells on
the composites. Table I presents the results of cell
attachment on the composite with different apatite
content. After 4 h, the OD value of the composite
with 60 wt % ns-AP was significantly higher than
other composites and pure PCL (P < 0.05). These
results indicate that cell attachment ratio increased
with the ns-AP content, suggesting that the compo-
sites with high ns-AP content facilitated cell adhe-
sion on their surfaces.

Morphology, porosity and compressive strength of
composite scaffold

Figure 2 shows the surface morphology and micro-
structure of the composite porous scaffolds with 60
wt % ns-AP content under various magnifications,
(a) x 50, (b) x 100, (c) x 500, and (d) x 20,000. The
composite scaffold exhibited a macroporous struc-
ture with completely open and interconnected pores.
By SEM, the pores appeared almost spherical
in shape, with diameters of 200-500 pm shown in

Figure 2(a,b). High-magnification SEM images fur-
ther revealed that a number of small pores (1-10
pm) were distributed across the macropore walls
shown in Figure 2(c). Examination at greater magni-
fications reveals that the composite scaffold surface
exhibited typical spherical granules of apatite with
the particles size of around 100 nm as shown in Fig-
ure 2(d). It can be seen that most apatites (arrow)
were exposed on the composite surface except some
ns-AP granules were embed in PCL matrix.

The porosity of the composite scaffolds with 60 wt
% ns-AP prepared by this method was ranging from
61 to 82%, which increased with the increase of the
amount of porogens (NaCl). The compressive
strength of the composite scaffolds decreased with
increasing porosity as shown in Table II. It can be
seen that the compressive strength of the composite
scaffold was 1.2 MPa as the porosity is 82%. The po-
rosity was significantly affected by the amount of
the porogens used in making the scaffolds.

Cell proliferation

Proliferation of MGg; osteoblast-like cells cultured
on both the composite and PCL samples were
assessed using the MTT assay because OD values
can provide an indication of cell growth and prolif-
eration on various biomaterials.** Figure 3 reveals
that OD values for the composite with 60 wt % ns-
AP were significantly higher than with 20 wt % ns-
AP and PCL after 3 and 5 days (P < 0.05); no signifi-
cant differences appeared after 1 day. These results
indicate that cell growth and proliferation (after 3

TABLE I
Water Contact Angles and Cell Adhesion Rate on
Composite and PCL

Water contact Cell attachment

Samples angle (°) ratio (%)
PCL 77 £ 2.0 215 = 2.0
1 (20 wt % ns-AP) 64.8 = 1.5 304 = 1.5
2 (40 wt % ns-AP) 40.0 = 3.0 493 + 2.0
3 (60 wt % ns-AP) 215 = 1.0 56.8 = 3

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 SEM photographs of the composite scaffolds with 60 wt % ns-AP at various magnification: (a) x50, (b) x100,

(c) x500, and (d) x20,000, arrow represents ns-AP granules.

and 5 days) was superior in the composite with 60
wt % than 20 wt % ns-AP and PCL, suggesting that
composite with 60 wt % ns-AP facilitated cell
growth and could promote cell proliferation.

Cell differentiation

Cell differentiation was assessed in terms of testing
ALP activity at 1, 4, and 7 days, as shown in
Figure 4. At 1, 4 days respectively, ALP expressed at
lower levels, and no significant differences were
detected among composite with 60 wt %, 20 wt %
ns-AP and PCL. Subsequently, ALP activity
increased with time. Cells on the composites with 60
wt % and 20 wt % ns-AP exhibited higher levels of
ALP activity at 7 days than at 4 days, indicating that
cell differentiated most at 7 days. Moreover, at 7
days, ALP activity on the composite with 60 wt %
was significantly greater than 20 wt % ns-AP and
PCL samples (P < 0.05).

NO production of the osteoblast cultured on the
composite scaffolds and PCL with time is shown in
Figure 5. The results show that the ns-AP content in
the composite had obviously effects on the NO pro-
duction of osteoblasts. NO production level was sig-
nificantly higher for the composite with 60 wt %
compared with 20 wt % ns-AP and PCL (P < 0.05),
indicating the composite with high ns-AP content
caused higher NO production of cultured cells, and
promoted cell differentiation.

Journal of Applied Polymer Science DOI 10.1002/app

Biocompatibility and osteogenesis in vivo
Macroscopic evaluation

Figure 6(a) shows the macroscopic evaluation of the
composite samples implanted in the bone cavities of
the rabbit mandibles for 4 weeks. The abscission of
suture occurred at 4 weeks after operation. The
wounds were cured well without dehiscence, and
did not elicit any obvious inflammatory response in
the adjacent soft tissue. Surface of bone defects were
partially filled with callus bone. No signs of implant
rejection, necrosis or infection were found at the ex-
perimental time. From X-ray microradiograph, it
was found that the material/bone boundary became
illegible at 4 weeks postimplantation, suggesting the
occurrence of mineralization and increasing density
of the implant [Fig. 6(b)]. The disappearance of the
boundary between material and bone tissue at 4
weeks after implantation indicates that the density

TABLE II
Effects of Quantity of Porogens (NaCl) Used on Porosity
and Compressive Strength of Composite Scaffolds with
60 wt % ns-AP

PCL/NaCl Porosity Compressive
Specimens (w/w) (%) strength (MPa)
1 1:9 82+ 4 12+08
2 1:8 77 +2 23+ 1.0
3 1:7 68 = 3 45+ 14
4 1:6 61 +3 69 * 12
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Figure 3 Proliferation of osteoblast on (a) 60 wt % and
(b) 20 wt % ns-AP composite scaffolds with time (n = 5,
*P < 0.05), (c) PCL as a control. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

of newly formed bone was as high as that of host
bone, and that a complete osteointegration between
material and tissue has been achieved.

Histological evaluation

At 4 weeks after operation, no fibrous encapsulation
was found while more newly formed bone tissues
were found to deposit at the interface between the
composite scaffold materials and bone tissue with
the presence of active osteoblasts, and the amount of
bone matrix were observed on the composite scaf-
folds to increase as shown in Figure 7(a). At 12
weeks, it was found that new bone regenerated and
penetrated through the interconnected pores into
the center of the composite scaffolds as shown in
Figure 7(b). The boundary between scaffold material
and host bone was unclear due to the sufficient
amount of mature bone tissue that grew into the
pores of the composite scaffold.
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Figure 4 Alkaline phosphatase activity of osteoblast cul-
tured on (a) 60 wt % and (b) 20 wt % ns-AP composite
scaffolds with time (n = 5, *P < 0.05), (c) PCL as a control.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 5 Nitric oxide production levels of osteoblast cul-
tured on (a) 60 wt % and (b) 20 wt % ns-AP composite
scaffolds with time (n = 5, *P < 0.05), (c) PCL as a control.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

DISCUSSIONS

During the past few years, considerable effort has
been spent on researching the nanostructure process-
ing of nanoscale biomaterials and their biocompo-
sites. Some studies have suggested that bioactive
composites prepared at the nano-level could play
important roles in various biomedical applications
because of their unique functional properties, which
could have a great impact on cell-biomaterial inter-
actions.**** A biocompatible porous scaffold is im-
portant as a temporary carrier for implanted cells in
bone tissue engineering, and the scaffolds should
have high levels of porosity, suitable pore size, and
highly interconnected pore structure.” It was found
that pores between 50 and 150 pm determine osteoid
growth and pores larger than 150 um facilitate cell
proliferation, vascular ingrowth, and internal miner-
alized bone formation.”® In this study, ns-AP/PCL
bioactive nanocomposite porous scaffolds were fabri-
cated by solvent-casting and particulate leaching
method. These composite scaffolds exhibited a ho-
mogeneous distribution of open macropores and
pore sizes mainly in the range of 200-500 pm, which
was in accord with the size of the salt particles, and
the porosity of scaffold increased with the increase
of porogens (NaCl) content. Moreover, this study
revealed that the composite scaffold has a good
degree of interconnection. Therefore, the characteris-
tic of the composite scaffolds is likely beneficial in
facilitating cell infiltration and bone ingrowth.

The porosity of the composite scaffold had
obvious effect on the compressive strength. The
higher the porosity, the lower the compressive
strength of the scaffold. The scaffolds exhibited the
maximal porosity of 82%, with minimal compressive
strength of 1.2 MPa. In addition, some larger pores
resulting from porogens aggregation were observed,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 (a) Macroscopic evaluation and (b) X-ray microradiograph of samples implanted into bone defects of rabbits for
4 weeks, arrow represents composite scaffold with 60 wt % ns-AP. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]

as well as some smaller pores created by scaffold
shrinkage. Additional pores, with diameters between
1 and 10 pm, were dispersed on the macroporous
walls of the scaffolds and may have been introduced
during evaporation of the solvent; these pores might
play important roles in nutrient diffusion. Yuan
reported that micropores on the macroporous walls
of a calcium phosphate ceramic were important in
osteoinduction, and could induce bone formation.?”
Therefore, the small pores on the macroporous sur-
face of the composite scaffolds may help improve
the biological performance of the scaffolds.
Incorporating hydrophilic inorganic materials into
hydrophobic polymers is a viable way to improve
polymer hydrophilicity.”® In present study, the
results show that ns-AP into PCL markedly
improved the hydrophilicity of the composites, and
the values of the water contact angles depended on
the ns-AP content because most of apatite was
exposed on the composite surfaces. The higher the
ns-AP content in PCL, the greater the hydrophilicity
of the composite. Webb proposed that when bioma-
terial surfaces are exposed to dilute the serum, more
hydrophilic surfaces are better for cell attachment,
spreading, and proliferation than hydrophobic surfa-

ces.”” In addition, Yang et al. reported that a bioma-
terial’s hydrophilicity aided absorption of fibronec-
tin, which 1is essential for osteoblast adhesion
in vitro.>® Therefore, the composite’s better hydro-
philic surface might be suitable for cells attachment
and proliferation.

Attachment is part of the first phase of cell-mate-
rial interactions, and the quality of this first phase
will influence the cell’s capacity for growth, mor-
phology, proliferation, and differentiation upon con-
tact with the implant.*® The cell attachment results
of this study indicate that MGg; osteoblast-like cells
adhered better to the composite with 60 wt % than
20 wt % ns-AP and PCL within the first 4 h. The
superior ability of MGg; cells to attach to the com-
posite with 60 wt % ns-AP is probably associated
with differing material surface features between the
composite and PCL. The nano-sized apatite exposed
on the composite surfaces may have additional spe-
cial surface properties as shown in Figure 2(d).
which promote cell attachment, and the more hydro-
philic surface of the composite may be more useful
for cell adhesion than PCL. Moreover, the results
also demonstrate that cell adhesion depended on the
apatite content. The higher the ns-AP content in

Figure 7 Histological photographs of rabbit mandible defect implanted with composite scaffolds with 60 wt % ns-AP for
(a) 4 weeks and (b) 12 weeks, (H&E, 40x). In the photos, B denotes newly formed bone tissue (red), while M denotes scaf-
fold materials. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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PCL, the more the apatite exposed on the composite
surfaces, the greater the cell attached ratio.

Ideally, bioactive biomaterials need to interact
actively with cells and stimulate growth. It was
observed that the cells were able to proliferate on
the composite scaffolds, as demonstrated by the
MTT assay. Our results reveal that both the compos-
ite and PCL could stimulate the MGg3 osteoblast-like
cells growth and proliferation over time, and the cell
proliferation on the composite scaffolds significantly
depended on the apatite content. The higher the ns-
AP content in PCL, the greater the ratio of cell pro-
liferation. It is surmised that the composite surface
features (ns-AP particles on the composite surfaces)
might be responsible for stimulating cell growth and
proliferation.

ALP activity has been used as an early marker for
functionality and differentiation of osteoblasts dur-
ing in vitro experiments.’” In this study, ALP activity
on the composite scaffolds with 60 wt % ns-AP
exhibited significantly higher levels of expression
than those on the composite with 20 wt % ns-AP
and PCL at 7 days, indicating that cells differenti-
ated more quickly after being cultured on the com-
posite than on PCL. Therefore, the most distinct
advantage the composite appears to be its superior
ALP activity as compared to PCL. This increased ac-
tivity probably resulted from the composite surface
features, which might be responsible for stimulating
cell differentiation.

NO is associated with the differentiation of osteo-
blasts cultured on the biomaterials.”®> The results
show that ns-AP content in PCL had obvious effects
on the NO production of osteoblasts. NO production
level is significantly higher for the composite with
60 wt % compared to composite with 20 wt % ns-AP
and PCL at 7 days, indicating high ns-AP content in
PCL could promote cell differentiation. The differen-
tiation of osteoblasts on the composite scaffolds also
indicates good cell viability, suggesting good
biocompatibility.

The results of in vitro experiments prompted us to
investigate the bioproperties of the composite scaf-
fold in vivo. A rabbit model (mandible defect) was
used to investigate the hard tissue response to the
composite scaffold in this study. During the experi-
ment, all rabbits were healthy and did not show any
wound complications. No inflammatory signs or
adverse tissue reactions were found. To monitor the
process of the formation of bone tissue, histological
studies were performed on the composite specimens
after different implantation periods. Active bone
regeneration in the rabbit mandible defects was
found in the composite scaffolds. Histological evalu-
ation results show that the porous composite scaf-
folds by incorporation of ns-AP into PCL could be
used as implants for bone regeneration. The results

show that composite scaffolds presented not only
good biocompatibility but also osteogenesis at the
bone defect.

CONCLUSIONS

Nonstoichiometric apatite and poly(e-caprolactone)
nano bioactive composite was synthesized, and the
fabricated composites had significantly greater
hydrophilicity than PCL, which could support MGg;
cell attachment. Porous scaffolds of the ns-AP/PCL
composite with 60 wt % ns-AP content were pre-
pared, and the scaffolds had a high porosity of
around 82%, with open and interconnected pores
ranging in size from 200 to 500 pm. Proliferation ra-
tio of MGg; cells was significantly higher on the
composite scaffolds with 60 wt % ns-AP than 20 wt
% and PCL at 3 and 5 days, demonstrating the com-
posite with higher apatite content can stimulate the
cell proliferation. Furthermore, the level of ALP ac-
tivity and NO production were obviously higher on
the composite with 60 wt % ns-AP than 20 wt %
and PCL after 7 days, revealing that increase apatite
content in composite can promote the cells differen-
tiation. The results confirm that the ns-AP/PCL bio-
composite scaffolds showed good in vitro biocompat-
ibility. Histological evaluation results demonstrated
that composite with 60 wt % ns-AP implants exhib-
ited efficiency of bone regeneration. The prepared
composite scaffolds could be applied as bioactive
bone implants that might stimulate tissue
regeneration.

The authors thank Ms. Fan Minghui from Institute of Chem-
istry and Materials Science, University of Science and Tech-
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this article.
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