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ABSTRACT: Porous scaffolds consisting of bioactive in-
organic nanoparticles and biodegradable polymers have gained
much interest in bone tissue engineering. We report here a
facile approach to fabricating poly(r-lactic acid)-grafted
hydroxyapatite (g-HAp)/poly(lactide-co-glycolide) (PLGA)
nanocomposite (NC) porous scaffolds by solvent evaporation
of Pickering high internal phase emulsion (HIPE) templates,
where g-HAp nanoparticles act as particulate stabilizers. The
resultant porous scaffolds exhibit an open and rough pore
structure. The pore structure and mechanical properties of the
scaffolds can be tuned readily by varying the g-HAp

nanoparticle concentration and internal phase volume fraction of the emulsion templates. With increasing the g-HAp
concentration or decreasing the internal phase volume fraction, the pore size and the porosity decrease, while the Young’s
modulus and the compressive stress enhance. Moreover, the in vitro mineralization tests show that the bioactivity of the scaffolds
increases with increasing the g-HAp concentration. Furthermore, the anti-inflammatory drug ibuprofen (IBU) is loaded into the
scaffolds, and the drug release studies indicate that the loaded-IBU exhibits a sustained release profile. Finally, in vitro cell culture
assays prove that the scaffolds are biocompatible because of supporting adhesion, spreading, and proliferation of mouse bone
mesenchymal stem cells. All the results indicate that the solvent evaporation based on Pickering HIPE templates is a promising
alternative method to fabricate NC porous scaffolds for potential bone tissue engineering applications.
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1. INTRODUCTION

The bone tissue engineering approach holds great promise in
providing an improved clinical therapy to repair damaged and
diseased bones."” In this approach, one of the main goals is to
fabricate suitable engineering scaffolds for bone graft
substitutes.> These scaffolds can not only mimic the
biochemical and physical environment of native bone
extracellular matrix, but also serve as a temporary three-
dimensional template for cell attachment, proliferation, differ-
entiation, and the subsequent bone regeneration.4_6 To achieve
this goal, the ideal scaffolds for bone tissue engineering
application should meet certain criteria, including good
biocompatibility, excellent bioactivity, adequate mechanical
property to resist physiological loads during healing, and
appropriate biodegradability at a rate commensurate with
remodeling.”® Additionally, it is noted that implantation of
engineered scaffolds might result in local inflammation
response.”'* In this aspect, adding an anti-inflammatory drug
into engineered scaffolds can attenuate the local inflammatory
response. Thus, the engineering scaffolds should also possess
the controlled drug release properties to achieve the long-term
anti-inflammatory efficacy and low side effect.
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Synthetic biodegradable polyesters, especially poly(r-lactic
acid) (PLLA) and poly(lactic-co-glycolic acid) (PLGA), have
been extensively used to fabricate engineering scaffolds and
drug carriers, because of their excellent biocompatibility,
biodegradability, and convenient processability.”''~"*> How-
ever, these polyester polymers have low cell adhesion and
proliferation due to their hydrophobic surface character.'*'®
Besides, the porous polyester scaffolds demonstrate poor
bioactivity and mechanical properties,'>'® which limit their
applications in bone tissue engineering. To overcome the above
issues, a promising strategy is the combination of bioactive
inorganic nanoparticles as fillers inside the polymer matrix.
Among a variety of bioactive inorganic nanoparticles, nano-
hydroxyapatite (HAp) has received much attention, because it
has some special properties, including high biocompatibility,
excellent absorbability, good cell adhesiveness, outstanding
bioactivity, and strong mechanical properties."’ ™'’ Recently,
nanocomposite (NC) porous bioscaffolds made from HAp and
synthetic biodegradable polyester, especially HAp/PLLA and
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HAp/PLGA, were found to have improved cell viability,
bioactivity, and mechanical properties compared to the porous
polyester scaffolds.**">* However, the interface adhesion
strength between HAp nanoparticles and polyester polymer
matrix is low, as natural HAp and nonpolar polyester polymers
are thermodynamically immiscible, resulting in early failure at
the HAp—polymer interface.® Surface modification of HAp
nanoparticles is a potential strategy to address the above
problem. Hong et al. reported that PLLA surface-grafted HAp
(g-HAp) nanoparticles could enhance the adhesion strength
between the nanoparticles and the polymer matrix.”*** And the
NC porous scaffolds of g-HAp/PLGA fabricated by the melt-
molding particulate leaching method exhibited good bio-
compatibility, homogeneity, and mechanical properties.*®
Nonetheless, the above report involved relatively complex
and time-consuming process for removing the porogens.
Therefore, it is imperative to develop a simple and effective
method for the preparation of g-HAp/polyesters porous
scaffolds.

Recently, Pickering high internal phase emulsion (HIPE)
templates have obtained increasing attention to fabricate NC
porous scaffolds with well-defined porous structure.”*™** The
fabrication process involves preparing a Pickering HIPE, i.e., a
solid particle-stabilized emulsion with the internal phase
volume larger than 74%,31737 and subsequently solidifying
the emulsion external phase. In Pickering HIPEs, solid particles
are irreversibly adsorbed at the oil/water interface due to their
high attachment energy, which makes the resulting emulsion
extremely stable.**™*' Therefore, Pickering HIPEs are very
useful as templates for preparing NC porous scaffolds. As
significant progress has been made in the fabrication of NC
porous scaffolds from Pickering HIPEs, the polymerization of
the monomers in the external phase become the most common
method for the solidification of the Pickering HIPEs. The
polymerization of the monomers demands additional strict
control in the chemical reaction process, which may be
challenging.** Hence, the facile fabrication of NC porous
scaffolds using Pickering HIPE templates that would not
involve chemical reactions is highly desirable.

In this work, we reported a simple and effective method to
prepare g-HAp/PLGA porous scaffolds by Pickering HIPE
templates for bone tissue engineering applications. The
schematic illustration is shown in Figure 1. To be specific, we
employed g-HAp nanoparticles as particle stabilizers to prepare
water-in-dichloromethane (W/O) Pickering HIPEs containing
PLGA in oil phase. Then, the NC scaffolds were easily

Pickering HIPE

~ PLGA

o Apatite #  Drug

D CH,Cl, Water + g-HAp

Figure 1. Schematic illustration of fabrication of g-HAp/PLGA NC
scaffolds by water-in-CH,Cl, Pickering HIPE templates.

fabricated by evaporating the solvents in the Pickering HIPEs.
The effects of g-HAp concentration and internal phase volume
fraction on the emulsion morphology, pore structure, and
mechanical properties of the NC scaffolds were discussed in
detail. Furthermore, the bioactivity, anti-inflammatory drug
release behavior, and biocompatibility of NC scaffolds were also
investigated.

2. EXPERIMENTAL SECTION

2.1. Materials. PLGA (LA/GA = 50:50, weight-average molecular
weight My, = 100000 g/mol) and PLLA with carboxyl end groups
(My = 10000 g/mol) were obtained from Shandong Medical
Instrument Research Institute (Jinan, China). HAp nanoparticles
were synthesized based on our previous study.* Dichloromethane
(CH,Cl,) was purchased from Guangzhou Chemical Factory
(Guangzhou, China). Ibuprofen (IBU) was bought from Dalian
Melone Pharmaceutical Co., Ltd. (Dalian, China). All chemicals were
used as received without any purification. The water used in all
experiments was purified using a Millipore purification apparatus (MA,
U.S.A.) with a resistivity higher than 18.0 MQ-cm.

2.2. Fabrication of g-HAp Nanoparticles. First, the dried HAp
nanoparticles were heated from room temperature to 800 °C at a rate
of 10 °C min™, and calcined at 800 °C for 1 h. Afterward, 30 mL of
CH,Cl, dispersion of calcined HAp nanoparticles (2.0 g) was stirred
while 30 mL of CH,ClI, solution of PLLA with carboxyl end groups
(2.0 g) was added, and then CH,Cl, was removed by evaporation at
room temperature in a fume hood. The dried mixture was heated at
200 °C for 24 h to obtain g-HAp nanoparticles. For further
characterization, g-HAp nanoparticles were centrifugally washed
three times with CH,Cl, to remove free PLLA. The g-HAp
nanoparticles were used to prepare NC scaffolds without purification
after heat treatment.

2.3. Preparation of g-HAp/PLGA NC Scaffolds. The g-HAp/
PLGA NC scaffolds were prepared by solvent evaporation from W/O
Pickering HIPEs. First, g-HAp nanoparticles were uniformly dispersed
into a 7.5 w/v% CH,Cl, solution of PLGA with the aid of ultrasound.
Thereafter, Pickering HIPE was prepared by adding water to the oil
phase in batches and then hand shaking at every turn. The total
volume of Pickering HIPE was kept at 20 mL. Furthermore, the as-
prepared Pickering HIPE was transferred into cylindrical molds, and
dried in a fume hood at room temperature to remove solvents. Herein,
the obtained NC scaffold was named as H,P-y, which meant that the
corresponding Pickering HIPE was fabricated at the g-HAp nano-
particle concentration of x w/v% with respect to the continuous phase
and inter phase volume fraction of y v/v%.

2.4. Porosity Measurement. The NC scaffold with a diameter of
about 12 mm and thickness of 8 mm was used for porosity
determination. The porosity (&) was estimated on the basis of the
apparent density (ps) of NC scaffold and the bulk density (p;) of
nonporous NC film. And the pg and p¢ were obtained by calculating
the mass/volume ratio of the corresponding samples. The porosity of
the sample was calculated according to the following equation:

(%) = (1 = pg/p;) X 100 (1)

Three specimens were measured for each sample to obtain the average
value.

2.5. Mechanical Property Testing. The compression tests of NC
scaffolds were performed by a material testing machine (SLBL-1KN,
Shimadzu) at 25 °C. The samples used for the tests were about 12 mm
in diameter and 8 mm in thickness. The cross-head speed was 1.0
mm/min, and the tests went on until 50% reduction in the height of
the specimen. The Young’s modulus (E) was defined as the slope of
the initial linear region of the stress—strain curve. At least three
samples were tested for each scaffold, and the mean value was
calculated.

2.6. Biomineralization Study. In vitro biomineralization studies
were performed in a 1.5 times simulated body fluid (1.5 X SBF) to
evaluate the bioactivity of NC scaffolds. The NC scaffolds with a
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diameter of about 12 mm and thickness of 4 mm were incubated in 30
mL 1.5 X SBF at 37 °C without vibration. And the media were
replaced with fresh 1.5 X SBF solution every other day. After being
incubated for predetermined time intervals, the samples were taken
out, washed with water three times, and subsequently dried at room
temperature. The mass change of NC scaffolds (W) after incubation in
1.5 X SBF was calculated using the following equation:

W(%) = [(m, — my)/my] X 100 )

where m, is the mass of NC scaffolds after incubation in 1.5 X SBF at
time ¢, and m, represents the original mass of NC scaffolds without
mineralization.

2.7. In Vitro Drug Release. The IBU-loaded NC scaffolds were
fabricated as described in 2.3 section except that CH,Cl, solution of
PLGA containing 5.0 wt % of IBU with respect to the total mass of g-
HAp and PLGA. The drug release studies of IBU-loaded NC scaffolds
and free IBU were carried out by measuring the absorbance of IBU at
222 nm using an UV—vis spectrophotometer. The IBU-loaded NC
scaffold samples (30 mg, 1.5 mg IBU) were placed into different vials
containing 30 mL of phosphate buffer saline (PBS, pH = 7.4). And free
IBU (1.5 mg) was put in a dialysis bag (cutoff molecular weight 8000
g/ mol) containing S mL of PBS, and then immersed in a vial
containing 25 mL of PBS. All the samples were incubated in a shaking
incubator at a speed of 100 rpm at 37 °C. At predetermined time
point, 2 mL of release medium was taken out and equal volume of
fresh PBS was replenished. The accumulated release rate of IBU was
calculated according to the standard IBU absorbance—concentration
calibration curve established from standard PBS solutions of IBU. Each
experiment was carried out in triplicate, and the average value was
taken.

2.8. Characterization. The microstructure of g-HAp nanoparticles
and NC scaffolds were examined by a Zeiss EVO 18 scanning electron
microscope (SEM) with an X-ray energy dispersive spectrometer
(EDS). Samples were gold coated using a sputter coater and observed
at 10 kV acceleration voltage. The g-HAp nanoparticles was also
observed using a FEI Tecnai 12 transmission electron microscope
(TEM) under accelerating voltage of 200 kV. Thermogravimetry
analysis (TGA) was carried out in nitrogen atmosphere with a TG209
thermo-analyzer from 40 to 700 °C at a heating rate of 10 °C/min.
The hydrodynamic diameter and polydispersity of g-HAp nano-
particles dispersed in CH,Cl, were measured using a Malvern
Zetasizer Nano ZS90. The X-ray diffraction (XRD) test of g-HAp
nanoparticles was carried out using an X’pert PRO diffractometer with
a Cu Ko radiation source at ambient temperature with a range from
10° to 45°. The Pickering HIPEs were observed using a microscope
(Carl Zeiss, German) fitted with a digital camera. Fourier transform
infrared spectroscopy (FTIR) of the samples were recorded on a
German Vector-33 IR instrument in the range from 4000 to 500 cm™
using a KBr pellet.

2.9. In Vitro Biocompatibility Assay. 2.9.1. Cell Culture. Mouse
bone mesenchymal stem cells (BMSCs), purchased from the American
Type Culture Collection (ATCC, Manassas, VA), were cultured in
Dulbecco’s modified eagle medium (DMEM, Gibco) supplemented
with 10% (v/v) fetal bovine serum (FBS, Gibco). BMSCs were
incubated in a humidified incubator at 37 °C with 5% CO, and the
medium was refreshed every 3 days. When BMSCs had grown to
confluence, they were harvested using 0.25% trypsin solution. Prior to
cell culture, the NC scaffolds were sterilized by soaking in 75% ethanol
for 6 h, washed with sterile PBS three times, and exposed to UV light
for 4 h. And the NC scaffolds were prewetted in the culture medium
for 12 h.

2.9.2. Cell Proliferation. The NC scaffolds with a diameter of 6 mm
and thickness of 2 mm were placed into 96-well tissue culture plates
(TCPS). 40 uL of BMSCs suspension was seeded at a density of 2 X
10® cells/well onto the top of the prewetted scaffolds. The cell-seeded
scaffolds were incubated in a humidified incubator at 37 °C with 5%
CO, for 3 h, and then additional 160 uL of culture medium was added
into each well. The culture medium was refreshed every 2 days. At
designated time intervals, the culture media were removed and the
scaffolds were rinsed with PBS three times. 100 uL 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) sol-
ution (5 mg mL™") was added to each well. After incubation for 4 h at
37 °C, the upper medium was discarded and the intracellular formazan
was dissolved in 150 L of dimethyl sulfoxide by shaking the plates for
10 min. Thereafter, aliquot of 100 uL was pipetted into the well of 96-
well TCPS, and the absorbance was measured using a spectrophoto-
metric microplate reader at 570 nm. The cells cultured directly on
TCPS were regarded as a negative control. Experiments were
performed in triplicate for each sample and the average value was
taken.

2.9.3. Cell Morphology. The scaffolds with a diameter of about 12
mm and thickness of 2 mm were placed in the 24-well TCPS. 200 uL
of BMSCs suspension was seeded evenly at a density of 1 X 10* cells/
well onto the top of the prewetted scaffolds. One mL of culture
medium was added into each well after being incubated in a humidified
incubator at 37 °C with 5% CO, for 3 h. The culture medium was
changed every 2 days. At designated time point, the cell-loaded
scaffold constructs were washed twice with PBS, fixed with 2.5%
glutaraldehyde solution for 4 h at room temperature, and then
dehydrated using a series of graded alcohol solutions for 15 min. After
drying, the samples were coated with gold and observed by SEM.

3. RESULTS AND DISCUSSION

3.1. Preparation of g-HAp Nanoparticles and Picker-
ing HIPEs. HAp nanoparticles were used as particulate
emulsifiers after hydrophobicity modification to stabilize W/
O HIPEs. In this work, PLLA molecules with carboxyl end
groups were used as the biodegradable and biocompatible
modifiers to modify the HAp nanoparticles. PLLA molecules
were grafted onto HAp surface by forming calcium carboxylate
bonds between carboxyl end groups of PLLA and calcium ions
on the HAp surfaces.**"* SEM and TEM studies of the dried
g-HAp nanoparticles (Figure 2a and Supporting Information
(SI) Figure S1) indicated that the g-HAp nanoparticles were
irregular shape with broad diameter distribution. Dynamic light
scattering study of dilute CH,Cl, dispersion of g-HAp
nanoparticles (SI Figure S2a) showed that the mean diameter
of g-HAp nanoparticles was about 580 nm. Furthermore, the
XRD pattern of g-HAp nanoparticles (SI Figure S2b)
demonstrated that the peaks of PLLA at 16.7°, 19° and
22.4° were coexistent with the peaks of HAp nanoparticles at
26°, 27.8°, 31.2°, and 34.3°, which suggested that PLLA were
successfully grafted on the HAp surfaces. And the graft ratio of
g-HAp was determined using TGA (Figure 2b). It was seen that
the HAp nanoparticles exhibited little mass loss while the g-
HAp nanoparticles showed obvious mass loss because of the
decomposition of PLLA. The amount of PLLA grafted on the
HAp nanoparticle surfaces was about 5.5 wt %.

Herein, g-HAp nanoparticles stabilized HIPEs were prepared
in the CH,Cl, solution of PLGA. Drop test showed that the
prepared emulsions were the W/O type (see SI Figure S3).
And these W/O Pickering HIPEs could be stored for longer
than one month, showing excellent stability. As control
experiments, the emulsification of CH,Cl, dispersion of g-
HAp nanoparticles and water, CH,Cl, dispersion of HAp
nanoparticles and water, and CH,Cl, solution of PLGA and
water were conducted. The first system succeeded in preparing
stable HIPEs, whereas the last two systems failed to form stable
emulsions. Hence, it was confirmed that the g-HAp nano-
particles were effective particulate emulsifiers to obtain stable
HIPEs.*

The Pickering HIPEs were observed by optical microscopy.
Figure 3 presents the optical images of Pickering HIPEs with
different g-HAp nanoparticle concentrations. The emulsion

droplets exhibited well-defined spherical shape. With the
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fraction on Pickering HIPEs was also investigated, and the
related optical images were shown in SI Figure S4. With
increasing internal phase volume fraction from 75 to 90 v/v%,
the shape of emulsion droplets changed from well-defined
spherical to deformed spherical, and the emulsion droplet sizes
increased. The result suggested that with increasing internal
phase volume fraction, the fixed concentration of g-HAp
nanoparticles became insufficient to cover the increased
interfacial areas, leading to the destabilization of Pickering
HIPEs.

3.2. Fabrication of NC Scaffolds. The g-HAp/PLGA NC
scaffolds were facilely obtained by simple drying of the as-
prepared W/O Pickering HIPEs at room temperature. The
resulting NC scaffolds were cut by a razor blade after being
frozen by liquid nitrogen, and then the cross sections of NC
scaffolds were characterized by SEM. The corresponding SEM
images are shown in Figures 4,5 and SI Figure SS5. As observed,

g-HAp
0 100 200 300 400 500 600 700
Temperature (OC)

92

Figure 2. (a) SEM image of g-HAp nanoparticles. (b) TGA curves of
HAp nanoparticles and g-HAp nanoparticles.

Figure 3. Optical microscopic images of water-in-CH,Cl, Pickering
HIPEs prepared with different g-HAp nanoparticle concentrations of:
(a) 2.5, (b) S, (c) 7.5, and (d) 10 w/v%. The scale bars are 60 yum.

increase of g-HAp nanoparticle concentration from 2.5 to 10
w/v%, the emulsion droplet sizes gradually decreased and the
emulsion stability was enhanced significantly. This result was
attributed to the fact that increased g-HAp nanoparticles could
be used to stabilize a larger interfacial area and result in denser
nanoparticle layers to enhance the stabilization of the
emulsions. Furthermore, the effect of internal phase volume

Figure 4. SEM images of NC scaffolds prepared with different g-HAp
nanoparticle concentrations of: (a; and a,) 2.5, (b, and b,) S, (¢, and
c,) 7.5, and (d; and d,) 10 w/v%.

all NC scaffolds exhibited a highly open-porous structure, and
the pores were interconnected by pore throats. Even though
the formation of pore throats is a complex process and results
from many parameters, it is currently believed that they form in
the region of the contact areas of neighboring HIPE droplets.*’
In these areas, the HIPE droplets are separated by only an
extremely thin film of the continuous phase, which is unstable
in the solvent evaporation process. Furthermore, the pore wall
of NC scaffolds was rough because of the g-HAp nanoparticles
filled or attached on the pore wall surface. The rough surface of
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Figure 5. SEM images of NC scaffolds prepared with different internal
phase fractions of (a) 75, (b) 80, (c) 85, and (d) 90 vol %. The scale
bars are 30 pm.

pore wall was beneficial to improve attachment, proliferation,
and differentiation of anchorage-dependent bone forming
cells.”

Figure 4 presents the SEM images of NC scaffolds prepared
at different g-HAp nanoparticle concentrations and internal
phase volume fraction of 80%. It was observed that with
increasing the g-HAp nanoparticle concentration, the pore
shape changed from irregular ellipsoidal to uniform spherical.
The pore size and pore throat size decreased gradually. This
was because more g-HAp nanoparticles were used to stabilize
the emulsions, which enhanced the stabilization of the
emulsions and reduced the emulsion droplet sizes, and hence
decreased the pore size and pore throat size of NC scaffolds. As
the same reason, the apparent density of the NC scaffolds
increased and the porosity decreased (Table 1) with the

Table 1. Physical Properties of NC Scaffolds from Pickering
HIPEs

absolute  apparent Young’s compressive

density density  porosity modulus  stress at 40%
samples  (gem™) (g em™) (%) (MPa) strain (MPa)
H,,P-80 1470 0.195 867 2.4 020
H,P-80 1.608 0.230 85.7 9.5 0.59
H,P-80 1.698 0.338 80.1 14.9 0.96
H,,P-80 1.766 0.396 77.6 19.2 148
HP-75 1.608 0.314 80.5 10.1 127
HyP-85 1.608 0.164 89.8 5.5 0.50
HP-90 1.608 0.109 93.2 3.4 0.42

increase of g-HAp nanoparticle concentration. The materials by
the HIPE templates of the same internal phase volume should
have the same pore volume. However, with the increase of g-
HAp concentration, the solid volume of the materials increases,
which will decrease the porosity. As expected, increasing the g-
HAp nanoparticle concentration resulted in more g-HAp
nanoparticles appeared on the surface of pore wall, which
enhanced the surface roughness of pore wall.

SEM images of NC scaffolds prepared at different internal
phase volume fractions and g-HAp nanoparticle concentration
of 5 w/v% are shown in Figure 5 and SI Figure S4. With
increasing internal phase volume fraction, the pore size and
pore throat size increased, respectively. The result should be
assigned to the reason that the g-HAp nanoparticle

concentration available to adsorb at w/o interface became
insufficient with increasing the internal phase volume fraction,
which resulted in the destabilization of Pickering HIPEs and the
formation of bigger emulsion droplets, hence increased the
pore size and pore throat size of NC scaffolds. The absolute
density of the four NC scaffolds was identical, because the
composition in the continuous phase of HIPE templates kept
the same. As expected, the apparent density of NC scaffolds
decreased and the porosity increased with increasing internal
phase volume fraction of the emulsion template (Table 1).

NC scaffolds with different pore structures could be easily
fabricated by adjusting the g-HAp nanoparticle concentration
or internal phase volume fraction. And the average pore size of
NC scaffolds was smaller than the corresponding precursor
emulsion droplet size, which might be because the high
capillary stresses developed in the drying process resulted in the
volume shrinkage from precursor HIPE to the corresponding
scaffold. Nevertheless, the interconnected macroporous NC
scaffolds with the pore sizes ranging from a few microns to
several tens of microns were successfully prepared. Therefore,
the g-HAp nanoparticle stabilized HIPEs used as initial
templates were extremely effective to form hierarchical
macroporous NC scaffolds. Additionally, the NC scaffolds
were examined by EDS to assess the compositions and their
distribution on the pore wall surface. EDS results of scaffold
H,P-80 showed that the main elements were carbon (C),
oxygen (O), calcium (Ca), and phosphorus (P) (SI Figure S6).
As is well known, the elements Ca and P were derived from g-
HAp nanoparticles. The elements Ca and P were uniformly
distributed on the pore wall surface, which suggested that g-
HAp nanoparticles were evenly embedded in the pore wall of
NC scaffolds. Noting that the Ca/P molar ratio was 1.68, which
was similar to the Ca/P molar ratio of 1.67 in HAp from natural
bone.

3.3. Mechanical Property of NC Scaffolds. Mechanical
property is an important indice in the preparation of porous
scaffolds to arrive the requirements for the bone tissue
engineering application. Thus, compression tests were con-
ducted to evaluate the mechanical properties of the NC
scaffolds prepared varying g-HAp nanoparticle concentration
and internal phase volume fraction. The Young’s modulus and
compressive stress at 40% strain of NC scaffolds are
summarized in Table 1. It was observed that with increasing
g-HAp nanoparticle concentration, the Young’s modulus and
compressive stress at 40% strain significantly increased. The
result was likely attributed to the fact that the rigid g-HAp
nanoparticles could enhance stress transfer from the polymer
matrix to the g-HAp nanoparticles. Therefore, the higher
concentration of g-HAp nanoparticles, the more efficient stress
transfers from the polymer matrix to the g-HAp nanoparticles,
which greatly improved the compressive modulus and stress.
However, increasing the g-HAp nanoparticle concentration
visibly decreased the porosity of NC scaffolds, which could be
another major reason to the improved the compressive
modulus and stress. Furthermore, it was also seen that the
internal phase volume fraction affected the mechanical
properties of NC scaffolds. With the increase in the internal
phase volume fraction, both the compressive modulus and
stress gradually decreased, which were consistent with the
previous literature.** This was probably ascribed to the fact that
increasing the internal phase volume fraction obviously
increased the porosity of NC scaffolds, which led to a
significant reduction of compressive modulus and stress of

dx.doi.org/10.1021/am504877h | ACS Appl. Mater. Interfaces 2014, 6, 17166—17175



ACS Applied Materials & Interfaces

Research Article

NC scaffolds. In short, the above results indicated that the
mechanical properties of NC scaffolds could be controlled by
adjusting g-HAp nanoparticle concentration or internal phase
volume fraction.

3.4. Biomineralization on NC Scaffolds. The in vitro
biomineralization studies were performed to testify the
bioactivity of NC scaffolds. Herein, the NC scaffolds prepared
with varying g-HAp nanoparticle concentrations were im-
mersed in 1.5 X SBF at 37 °C up to 14 days. Figure 6a shows

30} 3 .
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. —&—H_, P-80
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Figure 6. (a) Mass increase vs incubation time in 1.5 X SBF for NC
scaffolds prepared at different g-HAp nanoparticle concentration. Error
bars indicate SD (n = 3). SEM image (b) showing morphology of the
mineral formed on scaffold H;P-80 after 4 days incubation in 1.5 X
SBEF. EDS spectrum (c) shows the mineral composition on the area
reported in (b).

the mass changes of NC scaffolds after mineralization for
various time periods. It was observed that all NC scaffolds
showed a remarkable mass increase with the prolongation of
the incubation time. According to the literature,” the mass
changes of the degradable polymer-based scaffolds after
mineralization in SBF were ascribed to the two competing
processes of scaffold degradation and apatite deposition. Hence,
the obvious mass increase of the mineralized NC scaffolds
showed that the deposition rates of apatite were greatly higher
than the loss rates of the NC scaffolds due to their degradation.
Furthermore, it was also seen that the mass increase rate of NC
scaffolds enhanced with increasing g-HAp nanoparticle
concentration for the same incubation time. This might be
ascribed to the fact that the g-HAp nanoparticle surfaces
contained a great many hydroxyl groups, which might ionize in
1.5 X SBF (pH 7.4) to form negatively charged units because of
the isoelectric point of HAp nanoparticles of around pH 6. And
the g-HAp nanoparticles with negative charges on their surfaces
could act as initial nucleation sites, which attracted the positive
calcium ions from the 1.5 X SBF, and in turn interacted with
the negative phosphate ions leading to the formation of
bonelike apatite. Hence, the higher concentration of g-HAp
nanoparticles used to prepare NC scaffolds, the more
nucleation initiation sites and negative charges existed,
consequently the more apatite would deposit on the NC
scaffolds. The above results suggested that the addition of g-
HAp nanoparticles enhanced the bioactivity of polymer
scaffolds.

To understand the morphology of the apatite deposited on
the NC scaffolds, the mineralized NC scaffolds were observed
by SEM. An example was reported in Figure 6b, which referred
to the scaffold H;P-80 immersed in 1.5 X SBF after 4 days.
Figure 6b revealed that the scattered spherical apatite particles
were deposited randomly on the pore wall surface of NC
scaffold. And the average size of apatite particles was about 4.3
um. Furthermore, the composition of the apatite particles was
farther discussed by EDS (Figure 6¢c). The result of EDS
spectrum showed the major elements of apatite consisted of
carbon (C), oxygen (O), phosphorus (P), and calcium (Ca).
And the Ca/P molar ratio of apatite was 1.65, which was
slightly less than that of pure HAp (1.67), indicating the
presence of calcium-sufficient apatite on the pore wall surface of
NC scaffold. It might be attributed to the substitution at PO,*~
sites by HPO,"".

3.5. In Vitro Anti-inflammatory Drug Release Study. In
this work, we have chosen IBU as the model drug, because it is
a potent anti-inflammatory drug which has been widely used in
tissue engineering to mitigate immune response. Herein, IBU
was dissolved into CH,Cl, solution of PLGA to prepare IBU-
loaded NC scaffolds by solvent evaporation from Pickering
HIPEs. SI Figure S7 shows the FTIR spectra of scaffold H;P-80
before and after loading of IBU. In the spectrum of IBU-loaded
scaffold H;P-80, the peak at 1721 cm™}, which originated from
the typical stretching vibration of carboxyl groups in IBU, could
be observed, indicating the successful loading of IBU in the NC
scaffold. And the SEM image of IBU-loaded scaffold H;P-80
(SI Figure S8) showed that the pore structure of IBU-loaded
NC scaffold was similar to that of NC scaffold without IBU
(Figure Sb), which suggested that IBU was little influence for
the pore structure of the NC scaffolds. Furthermore, the drug
loading efliciencies of the IBU-loaded scaffolds were
determined by the extraction method reported in our previous
work.*” The drug loading efficiencies of IBU-loaded scaffolds
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fabricated at 2.5, 5, 7.5, and 10 w/v% of g-HAp nanoparticle
concentrations were 97.2%, 98.6%, 99.1%, 99.4%, respectively.
Hence, solvent evaporation from Pickering HIPE templates was
a facile and effective method to form drug-loaded porous
scaffolds.

Figure 7 shows the in vitro release profiles of IBU in PBS
from NC scaffolds prepared with different g-HAp nanoparticle
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Figure 7. In vitro release profiles of IBU from IBU-loaded scaffolds
incubated in PBS at 37 °C.

concentrations. It could be seen that all samples showed the
similar IBU release profiles during the study period, which
consisted of an initial fast release phase (burst release) and then
a successive sustained release phase. For instance, the released
amounts of IBU from IBU-loaded scaffold H;P-80 were about
55.3% in 48 h and about 64.9% in 192 h, respectively. The
initial fast release stage should be ascribed to the rapid release
of IBU from the outer surfaces and pore entrances. After 48 h,
the release profile of IBU became relatively slow, which should
be attributed to the increase in diffusion path length of IBU and
the interaction between the carboxyl groups of IBU and the
hydroxyl groups from the surfaces of g-HAp nanoparticles. In
addition, the release rate and maximum amount of IBU released
from the NC scaffolds increased with the increase in g-HAp
nanoparticle concentration, despite the decrease in porosity of
NC scaffolds. This might be mainly attributed to the
hydrophilicity of g-HAp nanoparticles, which was beneficial
for release medium penetrating into the NC scaffolds, and in
turn facilitated the dissolving process of IBU into the release
medium. Hence, the higher drug release was observed from the
release profile of NC scaffolds prepared at higher g-HAp
nanoparticle concentration. For comparison, the release
kinetics of free IBU was also investigated in PBS at 37 °C,
and the result is shown in SI Figure S9. It was clearly seen that
the release of free IBU was very fast, and approximate 92.2%
IBU was released within 1 h. Considering the controlled IBU
release profile of NC scaffolds, the long-term anti-inflammatory
effect can be anticipated, when they are applied as drug loaded
engineered scaffolds for bone repair and regeneration.

3.6. Proliferation and Morphology of BMSCs on NC
Scaffolds. Cell proliferation is an important initial parameter
to evaluate the biocompatibility of scaffolds for tissue
engineering application. Herein, we cultured BMSCs on
TCPS and NC scaffolds prepared with different g-HAp
nanoparticle concentrations, and determined cell proliferation
ability using MTT assay after being cultured for 1, 4, and 7

days. As shown in Figure 8, the cell viability of BMSCs on both
TCPS and NC scaffolds increased significantly with increasing
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Figure 8. Cell viability of BMSCs after 1, 4, and 7 days of culture on
NC scaffolds and TCPS as a function of time, measured by MTT
assay.

Day 4

culturing time. Furthermore, it was also seen that the NC
scaffolds with relatively high g-HAp nanoparticle concentration
exhibited an obviously increased optical density (OD) value,
indicating that the g-HAp nanoparticles facilitated cell growth
and further promoted cell proliferation. The result was likely to
be associated with the chemical composition and the surface
topography of the NC scaffolds. The incorporation of g-HAp
nanoparticles into the polymer matrix lead to a change in the
chemical composition of NC scaffolds. To be specific,
increasing the g-HAp nanoparticle concentration in the NC
scaffolds enhances the amount of HAp, because HAp is the
main composite in g-HAp. The introduction of HAp in
scaffolds is beneficial for the improvement of cell viability.>® In
addition, with the increase in the g-HAp nanoparticle
concentration, the surface roughness of NC scaffolds is
enhanced, which is active in facilitating cell adhesion and
proliferation.”® Overall, although cell viability on NC scaffolds
was lower than that on TCPS, the experiments demonstrated
the ability of NC scaffolds to support cell growth and promoted
cell proliferation, and consequently give an indication of the
biocompatibility of g-HAp/PLGA NC scaffolds.

To further examine the biocompatibility of NC scaffolds, we
evaluated the distribution and morphology of BMSCs cultured
on scaffold HyP-80 using SEM. It was found that after 4 days of
cell seeding, most of the BMSCs attached and grew on the
scaffold surfaces, while a few BMSCs could be found in the
inner pores of the scaffolds (SI Figure S10). Furthermore,
representative SEM images of BMSCs cultured on scaffold
H,P-80 after different culture time are shown in Figure 9. After
1 day of cell seeding, the morphology of BMSCs was largely in
flattened round shape. After 4 days of cell seeding, the cells
were bipolar extensions and showed a spindle shape with
elongated pseudopodia. More interestingly, after 7 days of cell
seeding, the cells formed a confluent layer, indicating the good
cell viability of NC scaffolds. Combined with the results from
MTT, we concluded that the NC scaffolds had good
biocompatibility with BMSCs and were potential engineering
scaffolds for biomedical applications.
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Figure 9. SEM images of BMSCs seeded on scaffold HP-80 after (a)
1 day, (b) 4 days, and (c) 7 days culture. The scale bars are S ym.

4. CONCLUSIONS

g-HAp/PLGA NC porous scaffolds with rough pore wall
surfaces were facilely prepared by solvent evaporation from
templating g-HAp nanoparticle-stabilized W/O Pickering
HIPEs. The emulsion morphology, pore structure, and
mechanical properties of the scaffolds could be tailored by
varying the g-HAp nanoparticle concentration or internal phase
volume fraction of the emulsion template. The emulsion size,
pore size, and porosity decreased, while the compressive
modulus and compressive stress at 40% stain enhanced with
increasing g-HAp nanoparticle concentration or decreasing
internal phase volume fraction. The NC scaffolds with varying
g-HAp nanoparticle concentrations were used as matrixes for
the mineralization study in SBF. The results showed that the
mass of apatite particles formed on the NC scaffolds increased
with the increase in incubation time and the concentration of g-
HAp nanoparticles. And the apatite particles were similar to the
apatite in natural bone. The anti-inflammatory drug IBU was
easily loaded into the NC scaffolds by dispersing it in the oil
phase in the fabrication process. The drug release studies
indicated that the IBU-loaded scaffolds displayed a sustained
release profile, and the release rate increased with higher g-HAp
nanoparticle concentration. Cell culture assay results showed
the NC scaffolds supported adhesion, spread and proliferation
of BMSCs, showing the biocompatibility of NC scaffolds.
Overall, the above results demonstrated the feasibility of NC
scaffolds templated from Pickering HIPEs as promising
biodegradable and bioactive biomaterials for bone tissue
engineering applications.
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