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Abstract

The hydrophobicity of the poly(L-lactide) (PLLA) surface was modified by incorporating hydroxyapatite (HAp) nanocrystalline particles during
the electrospinning process for the engineered scaffold applications. The HAp nanocrystals were synthesized with 30 nm in diameter and 100–120 nm
in length, which subsequently formed micrometer-sized agglomerates in the range of 2.5 μm. The synthesized HAp agglomerates were electrospun in
the PLLA solution, and the HAp nanocrystals were desirably exposed on the surface of the electrospun PLLA fibers to give higher surface energy
and lower contact angles with water. The surface-exposed hydrophilic HAp nanocrystals substantially increased the precipitation of various salts on the
HAp/PLLA fiber surfaces in a buffer solution due to the hydrophilic nature and ionic affinity of HAp. Finally, the developedHAp/PLLA fibers desirably
sustained the fibrous structural integrity during the accelerated-aging test in water, which was not the case with the pristine PLLA fibers.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Biodegradability and ability to induce and promote the new
bone formation by osteogenic cells at grafted sites are the pre-
requisites of graft materials in the field of the bone regeneration
like implant dentistry and periodontology [1]. The critical prop-
erties of bone-graft materials to be used in the load-bearing sites
are the degree of strength retention over time, and the structural
and mechanical equivalence to the bone with the proper biode-
gradation rates [2]. Engineered scaffold structures usually in the
form of porous structures need to provide a mechanical modulus
ranging from 10 to 1,500 MPa for hard tissue and 0.4 to 350MPa
for soft tissue applications [3], which correspond to the mecha-
nical properties of human tissues [4]. Polymeric porous scaf-
fold structures have been fabricated using traditional polymer-
processing techniques such as porogen leaching or gas forming
[5]. However, the maximum compressive moduli of those pro-
cesses andmaterial systems are in the range of ca. 0.4MPa, which
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is well below the requirements for hard tissue or most soft tis-
sue applications [6]. Recently, a nanocomposite technology has
been adopted to reinforce the polymer scaffold structure, for
example, by using nano-sized reinforcing entities like montmo-
rillonite (MMT) [7]. When a small amount of MMT platelets
(5.79 vol. %) is added to PLLA polymers, the tensile modulus of
the MMT/PLLA composite systemwas reported to increase up to
170.1 MPa [7a].

HAp represents a family of bone graftingmaterials which have
been focused on in the last decades because it contains bio-
compatibility with little inflammatory response when implant-
ed within connective and bone tissues [8]. In addition, as with
the MMT/PLLA scaffold systems [7], the HAp particles can act
as reinforcing entities when incorporated in biodegradable
polymers, which can ultimately give a mechanically-robust en-
gineered scaffolds. Excellent biocompatibility and promising
bioactivity ofHAp stem from the similar compositions to the bone
and tooth minerals [9]. A polymer-based HAp implant system
prepared by an image-based design with orthogonal channels
(40% porosity) was reported to provide a compressive modulus
and strength of 1400±400 MPa and 30±8 MPa, respectively
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[10]. When the HAp-polyacrylamide composite scaffold was
fabricated by combining the gel casting and polymer sponge
techniques, a compressive strength of 9.8±0.3MPawas reported,
which was comparable to the high-end value (2–10 MPa) of
cancellous bone [11].

In addition to the enhancement of mechanical properties, the
bone bonding and osteoconductive capacity of HAp have dem-
onstrated it to be a good biocompatible implant material [12].
HAp has excellent biocompatibility, bioactivity, osteoconduc-
tion characteristics [13], and surface activity with living tissue
[14] and, further, they allow osteogenesis to occur to form tight
bonds with host tissue [11]. It should also be addressed that
the nano-sized HAp particles can provide an extremely large
surface area and high surface energy, which may provide sub-
stantially different mechanical properties and bioactivity of
HAp nanocomposite systems. Subsequently, we synthesized the
HAp nanocrystals in this study using a liquid-phase chemical
precipitation method to control the HAp particulate sizes down
to the nanometer scale with a narrow size distribution [15].

The electrospinning process offers unique capabilities for
producing novel synthetic fibers with an unusually small di-
ameter and good mechanical performance [16]. In particular,
this process is considered to be an attractive approach for
fabricating fibrous biomaterials for applications such as tissue
engineering, vascular grafts, tissue repair, wound healing, and
drug delivery [17,18]. For example, an electrospun scaffold
structure has been fabricated to produce a scaffold system
containing dual-sized porosity distribution by combining the
electrospinning and salt-leaching techniques [18]. The electro-
spun fibrous structure can provide a facile transport of meta-
bolic nutrients and waste through the nanometer-sized pores,
and the efficient cell implantation and blood vessel invasion can
be expected through the micrometer-sized pores [18]. Although
the structural morphology of electrospun polymer fibers is de-
sirable in scaffold applications, the surface property of most
polymeric materials is hydrophobic in nature and, thus, it is not
favorable to human cellular adhesion. In this sense, it is needed
to modify the hydrophobic surface of electrospun polymer
fibers, for example, incorporating the hydrophilic and bioactive
HAp nanoparticles in biodegradable polymers especially on the
exposed surfaces. It should also be addressed that the incor-
porated HAp nanoparticles can also act as a reinforcement to
give an increased mechanical strength and structural integrity
during the bone regeneration processes.

In this study, HAp was synthesized by a chemical precipita-
tionmethod and incorporated into the PLLA solution. The surface
energy and structural integrity of the electrospun HAp/PLLA
composite fibers were investigated to give desirable surface
characteristics and improved biodegradation behaviors for hard-
tissue scaffold applications.

2. Materials and methods

2.1. Materials

The Ca(NO3)2 ·4H2O (99%), (NH4)2HPO4 (99%), ammon-
ium hydroxide solution, poly(L-lactide) (MW 85,000–160,000),
polyvinylpyrrolidone(PVP)(MW 40,000) and chloroform were
purchased from the Sigma–Aldrich Corporation. Deionized (DI)
water was used throughout all experiments. All other reagents
were of commercially available analytical grade and used as
received.

2.2. Synthesis of hydroxyapatite

Nanocrystalline HAp was synthesized using a chemical preci-
pitation method [11]. Each of Ca(NO3)2 ·4H2O and (NH4)2HPO4

was dissolved in deionizedwater to form0.5M aqueous solutions.
Then, PVP was dissolved in the Ca(NO3)2 ·4H2O solution at 7
weight percent (wt.%), 15 wt.%, 25 wt.% and 100 wt.% with
respect to the solid content of Ca(NO3)2 ·4H2O. Subsequently
equal amounts of Ca(NO3)2 ·4H2O and (NH4)2HPO4 aqueous
solutions were mixed under constant magnetic stirring at room
temperature. Ammonium hydroxide was added immediately in
order to maintain at the pH at 10, which was kept constant
throughout the experiment. After ripening at ambient temperature
for 72 h, the precipitates were recovered by centrifugation and
washed with DI water to remove PVP. Five cycles of washing and
centrifugation were repeated in order to ensure the complete
removal of byproducts. The synthesized powders were calcinated
at 800 °C for 1 h in nitrogen.

2.3. Electrospinning

The electrospinning set-up consisted of a syringe needle and a
DC high voltage power supply. A positive voltage was applied to
the polymer solution using a power supply (HYP-303D, Han
Young Co., Korea) at 3–10 kV. A HAp/PLLA mixture was
prepared by mixing the HAp powder in a chloroform solution of
poly(L-lactide) (1:10 w/w of HAp to PLLA) with two different
mixing conditions: (i) at room temperature for 48 h and (ii) at 70 °C
for 5 h, each corresponding to a poor and goodmixing condition of
particle dispersion, respectively. The HAp/PLLA mixture was
electrospun at a constant mass flow rate of 1 ml/h [19].

2.4. Biodegradation experiments

For the biodegradation experiments, the electrospun PLLA
and HAp/PLLA fibers were hydrolyzed in water at 60 °C and in a
buffer solution at 38 °C. The buffer solution was composed of
135mMofNaCl, 5mMofKCl, 1mMofMgCl2, 10mMofN-(2-
hydroxyethyl)-piperazine-N'-2-ethanesulfonic acid C8H18N2O4S
(HEPES), 1 mM of CaCl2, and 10 mM of glucose, which were
adjusted at pH 7.4 using a 1 N NaOH solution.

2.5. Measurements

The phase composition and crystallinity of the “as-dried” and
“calcinated”HApwere analysed by wide angle X-ray diffraction
(Mac Science,Mac-18xhf). CuKα radiation (λ=0.154 nm) and a
curved graphite crystal monochromator was used in the
measurements. The applied voltage and current of the X-ray
tubes were 30 kV and 100 mA, respectively. The data was
collected in the 2θ range between 20 and 60° with a scanning
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speed of 5°/min. The aggregated particle size of the HAp powder
was further analyzed by a particle size analyzer (Zetasizer
1000HS). The morphology of the HAp and the electrospun
fibers was analyzed by a scanning electron microscopy (Hitachi
S-2140). For the Infrared (IR) analysis (MATTSON 5000), the
PLLA and HAp/PLLA electrospun fiber samples were dissolved
in chloroform for 1 day and cast as a transparent thin film. The
water contact angle and surface energy of HAp/PLLA systems
were measured by a contact angle meter (GBX DIGIDROP-
Scientific Instrumentation) using the same thin-film specimens
as prepared for the IR analysis.

3. Results and discussion

3.1. Synthesis of hydroxyapatite

Fig. 1 shows the SEM images and XRD patterns of HAp pow-
ders comparing before and after calcinations (100 wt.% of PVP
concentrationswith respect to the solid content ofCa(NO3)2 ·4H2O
at pH=10). In the SEM image before calcinations (Fig. 1A), the
shape of the HAp is not well developed exhibiting obscure
Fig. 1. SEMmicrographs of the synthesized HAp nanocrystals in the state of as-dried p
and XRD of HAp nanocrystals for (A) as-dried powder and (B) calcined powder.
particulate boundaries. In the SEM image after calcination
(Fig. 1B), however, the boundaries of HAp crystalline particles
can be seen as a rod shape at approximately 30 nm in diameter and
100–120 nm in length. The size of the synthesized HAp nanorods
may be compared well with the HAp particles existing in the
human body: 130×30 nm in teeth enamel and 20×4 nm in dentine
and bones [20,21]. These primary crystallites in the nanometer
scale aggregated by the interparticle bonding to form agglomerates
[21] in ca. 2.5 μm of diameters (see the result of particle size
analysis in the Supporting information). The XRD results of HAp
powders in the Fig. 1 compare the as-dried (Fig. 1A) and calcined
powders (Fig. 1B). The XRD spectra of both systems exhibit the
HAp characteristic peaks [11,22]. In particular, the peak at 31.8°
(the strongest intensity peak) corresponds to the hydroxyapatite
(211) diffraction peak, which is a strong evidence of HAp and a
strong evidence for the crystallinity of HAp. Comparing the
specimens before and after calcination, the as-dried HAp powders
appear poorly crystalline, but the crystallinity of the calcinated
HAp powder increases markedly after calcination at 800 °C. For
example, the lattice planes of HAp at (200), (111), (300), (301),
(131), etc. can be clearly seen in calcined sample, which is not the
owders (A) and calcined powders (B) synthesized at 100 wt.% of PVP stabilizer,
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case with as-dried sample. Upon calcination at 800 °C, the level of
crystallinity is believed to increase dramatically as revealed by the
sharpened and distinct peaks in the 2θ angle range of 30–35°. The
splitting of the broadened peaks in the 2θ angle region of approx-
imately 31–34° for the powder after calcination indicate that it
possesses a higher level of crystallinity and a larger average
crystallite size than as-dried powders.

3.2. Fabrication of HAp/PLLA composite fiber using
electrospinning

Fig. 2 shows SEM images of the electrospun fibers of the
various HAp/PLLA systems. The pristine PLLA fibers show a
smooth and uniform fiber surface with 1–3 µm of diameter
(Fig. 2A and B). Fig. 2C and D show that the HAp/PLLA
composite fibers containing 10 wt.% HAp mixed at room tem-
perature, which correspond to a relatively poor dispersion condi-
tion ofHAp, have an irregular and undulating surfacemorphology
with substantial variations in diameter along the fiber direction. In
this case, the electrospun fiber diameters range from 2 to 6 µm and
the HAp particles appear to agglomerate in the mixture to form
undulated fiber surfaces. Fig. 2E and F show the HAp/PLLA
fibers containing 10wt.%HApmixed at 70 °C, which represents a
good mixing condition. When mixing is performed at high tem-
perature (70 °C) for 5 h, the fiber diameters appear fairly uniform
with 5–10µm,which is slightly larger than the ones electrospun in
the bad mixing condition. It can be also seen that a larger number
of HAp particles are exposed on the surface of the PLLA
composite fibers. It is believed that a good dispersion of the HAp
Fig. 2. SEMmicrographs of the electrospun fibers of the pristine PLLA (A, B), HAp/P
for 5 h (E, F). The HAp content with respect to PLLA was fixed at 10 wt.%.
particles in the PLLA solution results in a uniform fiber diameter
and good HAp exposure on the electrospun fiber surfaces. We be-
lieve that the mixing condition of HAp in the polymer solution
substantially influences the final morphology of the electrospun
fibers. The surface-exposed HAp particles may well enhance the
hydrophilicity and biocompatibility of scaffold systems.

Fig. 3 compares the IR spectra of the pristine PLLA (Fig. 3A)
and HAp/PLLA composite (10 wt.% of HAp) (Fig. 3B) fibers for
the HAp mixing condition at 70 °C for 5 h. The CfO absorbance
peak at 1760 cm−1 in the poly(L-lactide) chains has been used as a
typical PLLA characteristic peak, which can be observed in both
Fig. 3A and B [23,24]. For the HAp/PLLA composite fibers
shown in Fig. 3B, the characteristic peaks of HAp, corresponding
to the stretching vibration of PO4

3−(956; 1047; 1099 cm−1) and
deformation vibrations of PO4

3−(563; 605 cm−1) can be identified,
which do not appeared in the case of PLLA fibers. The weak
absorption peak at 871 cm−1 (P–O–H vibration in the HPO4

2−),
can also be confirmed [15 a,23,25,26]. The results demonstrate
that the HAp particles are successfully incorporated into the
electrospun HAp/PLLA fibers.

3.3. Contact angle and surface free energy

The surface energy characteristics of engineered scaffolds
substantially influence interactive processes taking place at the
interphase between the human tissue and the implant surface [27].
It is the surface of a scaffold that first comes into contact with a
living body; hence, the initial response of cells to the biomaterial
mostly depends on the surface properties of scaffolds [28]. Cellular
LLAmixed at room temperature for 48 h (C, D), and HAp/PLLAmixed at 70 °C
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PLLA solution at 70 °C for 5 h.
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adhesion is affected by the hydrophilic property, structure, and
chemical composition of the scaffold surface [28–32]. These
factors also influence cellular proliferation, migration, and phys-
iological response [29]. Appropriate modification of the surface
characteristics of the scaffold increases cell adhesion, proliferation,
migration, and differentiation [28–32]. One of the simplest meth-
ods of estimating the surface adhesion properties of materials may
be the contact angle [32]. Generally, determination of solid surface
tensions from contact angles starts with the Young equation [33],
which describes the energy balance of a liquid drop on a solid
surface. This equation can be expressed as

g1 cos h ¼ gs � gsl ð1Þ

where θ is the contact angle (degree), γl, γs, and γsl are the surface
free energy of the liquid, the surface free energy of the solid, and the
Fig. 4. SEMmicrographs of (A) pristine PLLA fiber and (B) HAp/PLLA composite fi
contains 10 wt.% of HAp mixed with PLLA solution at 70 °C for 5 h.
interfacial free energy between the liquid and the solid (mJ m−2),
respectively. The pristine PLLA polymer film shows a water
contact angle at 76.3° with the surface energy values of
γs=29.52 mJ m−2, γs

d=15.81 mJ m−2, and γs
p=13.71 mJ m−2,

and the HAp/PLLA system, which contains 10 wt.% of HAp
mixed at 70 °C for 5 h, shows 67.7° with surface energy values of
γs=34.66mJm−2,γs

d=9.44mJm−2, and γs
p =25.22mJm−2. The

γs
d and γs

p are the dispersion and polar components of the surface
free energy [33], respectively, which were determined by
comparing the contact angles of water and ethylene glycol in this
study [34]. It demonstrates that the nanocrystalline HAp particles
make the PLLA fiber surface more hydrophilic by increasing the
surface energy, especially increasing the polar component of the
surface energy. It is believed that the increased hydrophilicity of the
HAp/PLLA composite system can enhance the biocompatibility of
the scaffold surface with respect to human cells.
ber after biodegradation in buffer solution at 38 °C for 48 h. The HAp/PLLA fiber
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3.4. Biodegradation experiments

The SEM micrographs in Fig. 4 show the surface mor-
phologies of the pristine PLLA (Fig. 4A) and HAp/PLLA
composite fibers (Fig. 4B) after immerging them in the buffer
solution at 38 °C for 48 h. As shown in Fig. 4B, the ions included
in the buffer solution precipitate to form non-soluble salt
particles (most probably calcium-based salts) on the surface of
the HAp/PLLA composite fibers to a large extent, which is not
the case with the pristine PLLA fibers (Fig. 4A). The facile
precipitation process of ions in buffer solution on HAp/PLLA
composite fiber surfaces may be assumed to occur due to the
ionic affinity of HAp with the ions in buffer solution. The
absorption of solutes from the aqueous solutions to the HAp/
PLLA surface may take place by the formation of a surface
complex or the chemical reactionwith calcium or phosphate ions
of HAp to form the precipitates out of the solution [35]. The
surface-exposed HAp particles on the PLLA fibers improve the
hydrophilicity of the pristine PLLA, which may very well
improve the in vivo cytocompatibility of PLLA composite fibers
[28]. Due to the hydrophilic nature and ionic affinity of
nanocrystalline HAp particles, there is a strong possibility that
the osteogenic cells can be effectively grafted at the HAp sites to
be promoted because it has been widely accepted that human
cells prefer to attach to hydrophilic surfaces than hydrophobic
surfaces [31].

Furthermore, the biodegradation behavior of the PLLA/HAp
systems was investigated in an accelerated condition at 60 °C of
DI water. Fig. 5 compares the pristine PLLA fibers (Fig. 5A, B,
Fig. 5. SEM micrographs of the PLLA fiber (A, B, C) and HAp/PLLA composite (D,
The HAp/PLLA fiber contains 10 wt.% of HAp mixed with PLLA solution at 70 °C
and C) and HAp/PLLA composite fibers (Fig. 5D, E and F,
which were synthesized with a mixing condition at 70 °C for
5 h) aged for 24, 72 and 96 h, respectively. After the pristine
PLLA fibers are aged for 72 h (Fig. 5B), the fiber surface starts
being fragmented. After 96 h of aging, it can be seen that the
PLLA fiber is completely fragmented (Fig. 5C). However, when
HAp particles are included in the PLLA fibers, the fibrous
structure is clearly sustained after 24, 72 and 96 h of aging
(Fig. 5D, E and F). This clearly demonstrates that the HAp
nano-sized entities effectively slow the biodegradation process
of the PLLA electrospun fibers.

The biodegradation of PLLA in water take places when the
ester groups in the PLLA macromolecules are hydrolyzed [36].
In the HAp/PLLA composite fibers, the ester groups (COO−) in
PLLA molecules are bound with Ca2+ ions of HAp by the ionic
interaction, and thus the hydrolysis reaction of the ester groups
in PLLA may be suppressed by the ionic bonding [35a]. In most
polymeric composite systems, the filler–matrix interactions
have a great effect on increasing the chemical resistance and the
thermo-oxidative stability by the presence of additive entities
[37]. The similar composite effect is expected to occur in the
composite system to give an enhanced resistance to the
hydrolysis reaction. It is also believed that this interphase-
bonding effect of the filler can be increased when the particle
size is further reduced because the interphase area is sub-
stantially increased in the composite system. Conclusively, the
interphase layer is formed between the PLLA molecules and
HAp particles in our composite system due to the ionic in-
teraction between the COO− groups in PLLA and Ca2+ ions in
E, F) after biodegradation in DI water at 60 °C for 24, 72 and 96 h, respectively.
for 5 h.
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HAp to suppress the hydrolysis reaction and enhance the struc-
tural stability during biodegradation reaction.

We believe that the sustainability of the HAp incorporation
could desirably enhance the guided bone regeneration process by
securing the scaffold skeletal structure and the pore space during
biodegradation, which is highly required for the bone regenera-
tion. The developed technique demonstrates a great potential to
tailor the surface cytocompatibilization and in vivo biodegrada-
tion characteristics of the engineered scaffolds further through the
optimization of the HAp-particle morphology, biodegradable
polymers, and their composite formation process.

4. Conclusions

The HAp nanocrystals were synthesized and incorporated
into PLLA polymer solutions. The mixing (or dispersion)
conditions of HAp particles influenced the resulting morphol-
ogy of electrospun fibers of HAp/PLLA composite systems.
The electrospun HAp/PLLA composite fibers exhibited an
improved hydrophilicity and bioactivity due to the surface-
exposed HAp particles, and the structural sustainability of the
composite system was demonstrated by the accelerated
biodegradation experiments.

4.1. Supporting information available

Details of description and Supplement figures about SEM,
XRD, IR, and particle size analysis of the synthesized HAps.
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