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a b s t r a c t

Multifunctional bone scaffold materials have been produced from a biodegradable polymer, poly(L-lactic
acid) (PLLA), and 1e10% wt of octadecylamine-functionalized nanodiamond (ND-ODA) via solution
casting followed by compression molding. By comparison to pure PLLA, the addition of 10% wt of ND-
ODA resulted in a significant improvement of the mechanical properties of the composite matrix,
including a 280% increase in the strain at failure and a 310% increase in fracture energy in tensile tests.
The biomimetic process of bonelike apatite growth on the ND-ODA/PLLA scaffolds was studied using
microscopic and spectroscopic techniques. The enhanced mechanical properties and the increased
mineralization capability with higher ND-ODA concentration suggest that these biodegradable
composites may potentially be useful for a variety of biomedical applications, including scaffolds for
orthopedic regenerative engineering.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Bone fracture and damage are serious health concerns world-
wide. More than 1 million bone graft procedures are performed in
the United States annually [1,2]. Tissue engineering might offer
a promising approach for bone repair [3,4]. Scaffolds for bone tissue
engineering must have sufficient mechanical strength similar to
natural bone [5] and be designed to support the adhesion, prolif-
eration, and differentiation of osteogenic progenitor cells.

Poly(L-lactic acid) (PLLA) has been considered for bone scaffolds
because of its good biocompatibility and biodegradability [6,7].
However, pure PLLA has insufficientmechanical strength [8]. One of
the main disadvantages of synthetic polymers commonly used in
bone tissue engineering is their limitation to accommodate
mechanically induced deformations [9]. To address this issue, many
different types of fillers, including nanoparticles [10e12], have
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been used for reinforcing the common biopolymers [13e16].
Among these nanoscale fillers (“nanofillers”), spherical nano-
particles exhibit the highest surface to volume ratios [17]. Owing to
their nanoscale size, nearly spherical shape, exceptional mechan-
ical and physico-chemical properties, rich surface chemistry and
excellent biocompatibility, nanodiamonds (NDs) synthesized by
detonation are amongst the most promising materials for multi-
functional nanocomposites for various applications, including
biomedical [18e25]. To fully benefit from the advantages of NDs as
nanofillers for biopolymeric bone scaffolds, they need to be
dispersed into single particles. The quality of the filler dispersion in
the matrix is of paramount importance, since it determines the
surface area of the nanoparticles available for interaction with the
matrix and ultimately influences the mechanical properties of the
resulting composites. When adequately dispersed, NDs increase
strength, toughness, and thermal stability of the nanocomposites
[26].

Purified NDs are composed of particles with 5 nm average
diameter. They contain an inert diamond core and are decorated by
functional groups such as COOH, OH, NH2, etc. [18,27]. Poor affinity
to a matrix and favorable inter-particle interactions will lead to
agglomeration of individual NDs [28], resulting in poor dispersion
with loosely bonded micron-sized ND agglomerates scattered
throughout the polymer matrix and little or no improvement of
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mechanical properties. Studies on increased mechanical properties
of ND-reinforced polymers typically deal with low concentrations
of ND (<1% wt) [29,30], partly because most of the composite
manufacturing methods are incapable to achieve good nanofiller
dispersion at higher ND concentrations in polymers. However, ND
surface modification can improve dispersion. In our previous work,
octadecylamine-functionalized ND (ND-ODA) was used to reinforce
PLLA [25]. This surface modification greatly improved the disper-
sion of ND-ODA at concentrations up to 10% wt and resulted in
increased hardness and Young’s modulus of the ND-ODA/PLLA
composites, as measured by nanoindentation. To the best of our
knowledge bulk mechanical properties of ND/PLLA composites,
which are important for the design of nanocomposites for implants,
have not been reported.

An ideal bone grafting material, in addition to possessing
appropriate mechanical properties, should be both osteo-
conductive and osteoinductive. Bone tissue contains 65e70% wt of
inorganic crystals, mainly hydroxyapatite (HA), and 30e35% wt of
an organic matrix, mainly collagen [31]. HA is an important
bioactive osteogenic inducer that is critical for the bonding of
synthetic scaffolds to regenerating bone. Chemical integration
between prosthetic biomaterials and bone tissue in situ can be
achieved through a layer of biologically active bonelike apatite
formed on the surface of the scaffold [32e34]. In vitro assessments
of the mineralization capacity of bioactive materials, such as Bio-
glass�, bioactive titanium, and biopolymers, using simulated body
fluid (SBF), suggest that the bonelike apatite is made of carbonate-
containing HA crystallites with defective structure [32,35e38]. A
recent study suggests that NDs can facilitate enhanced bone
mineralization since the functional groups on the ND surface
favorably interact with the ions in SBF [39].

The objective of this study was to examine the bulk mechanical
properties of ND-ODA/PLLA composites, to investigate the changes
in the nanocomposite morphology and structure under mechanical
loading, and to evaluate the influence of ND-ODA on the crystal-
linity of PLLA matrix. In order to assess the feasibility of ND-ODA/
PLLA composites for bone tissue engineering, biomineralization of
the nanocomposite scaffolds in SBF was tested.

2. Materials and methods

2.1. Sample preparation

PLLA (PL32, Gorinchem Inc., Netherlands) e ND-ODA composites were prepared
as previously described [25]. Briefly, PLLA was dissolved in chloroform; a pre-
determined amount of ND-ODA was dispersed in chloroform separately and soni-
cated until no visible chunks of ND-ODA could be observed. This ND dispersion was
then mixed with the PLLA/chloroform solution. Chloroform was allowed to evapo-
rate at room temperature and the composites were vacuum dried. The dried
composite thin films were compression molded into 4 cm long cylinders with 6 mm
diameter or 20 � 20 cm2 sheets with 0.8 mm thickness at 200 �C for 5 min and then
cooled down to room temperature freely. The cylinders were cut and polished into
samples with lengths equal to two times the diameter according to the ASTM
standard D695-02a and used in mechanical compression tests. The sheets were cut
into dog-bone shaped specimens with neck length of 12 mm and width of 3 mm for
tensile tests or into 4 � 4 mm2 square samples for biomineralization tests.

2.2. Preparation of simulated body fluid (SBF)

For SBF preparation, pre-determined amounts of reagent-grade NaCl
(SigmaeAldrich, St. Louis, MO, USA), NaHCO3 (SigmaeAldrich), KCl (Fisher Scientific,
Pittsburgh, PA, USA), K2HPO4$3H2O (SigmaeAldrich), MgCl2$6H2O (SigmaeAldrich),
Na2SO4$10H2O (SigmaeAldrich), and CaCl2$2H2O (Fisher) were weighed with an
analytical balance (AB54-S/FACT Classic plus, Mettler-Toledo, Columbus, OH, USA)
and dissolved in deionized (DI) water. The ionic concentrations in SBF were as
follows: Naþ 142.0 mM, Kþ 5.0 mM, Mg2þ 1.5 mM, Ca2þ 2.5 mM, Cl� 147.8 mM, HCO�

3
4.2 mM, HPO2�

4 1.0 mM, SO2�
4 0.5 mM, which are nearly equal to those in human blood

plasma at 37 �C. The SBF was then buffered at pH 7.4 with tris(hydroxymethyl)
aminomethane (SigmaeAldrich) and hydrochloric acid (Fisher) at 37 �C following
published protocols [40].
2.3. Mechanical testing

Monotonic displacement-control compression tests were conducted using
a 5 kN load cell of an MTS servo-controlled hydraulic system (MTS Systems Co, Eden
Prairie, MN, USA). The compression tests were carried out at a strain rate of 1 mm/
min; six specimens were tested for each sample. Displacements were measured
using the built-in LVDT component in the MTS system and were corrected using
ASTM standard-recommended compliance procedures. Two steel plates, one plain
rigid and the other spherically seated, were used to load the specimen. Due to the
evident role of friction in compression testing, particularly at large strains, the
surfaces of both steel plates were lubricated with extra virgin olive oil to decrease
frictional effects. Uniaxial tensile tests were performed on an Instron Testing system
(Instron Co, Norwood, MA, USA) equipped with a 30 kN load cell. The tensile tests
were carried out at a strain rate of 1 mm/min; nine specimens were tested for each
composite sample. A fixed lower and a free-moving upper mechanical wedge grip
were used to clamp the samples. Displacement was continuously monitored using
a laser extensometer measuring the distance between appropriately placed strips of
reflective tape on the specimen surface. Fracture energy was calculated from the
area under measured stressestrain curves. Both compression and tensile tests were
performed at room temperature.

2.4. Biomineralization test

ND-ODA/PLLA samples with 0, 1, 5 and 10% wt of ND-ODAwere placed in 6-well
tissue culture plates, immersed in 5 ml SBF and maintained at 37 �C. Six specimens
with the same ND-ODA concentrations and identical dimensions were used for each
experiment. Fresh SBF was changed every other day for up to 6 weeks. After incu-
bation for various periods of time, the specimens were removed from the fluid and
immersed in DI water overnight to remove any soluble inorganic ions. After rinsing
with DI water three times, the specimens were air-dried at room temperature for 3
days for further characterization.

2.5. Differential scanning calorimetry (DSC)

The thermal properties of ND-ODA/PLLA nanocomposites with 0, 1, 3, 5, 7, and
10% wt of ND-ODA were studied by DSC (TA Instruments DSC Q100, NewCastle, DE)
over a temperature range 50e200 �C, using w10 mg samples. All measurements
were performed under nitrogen atmosphere at heating and cooling rates of
10 �C/min. The thermal history of the samples was erased prior to collecting the
data. DSC was calibrated with an indium standard; background subtraction was
done according to the manufacturer’s protocols. The enthalpy of melting (DHm)
and cold crystallization (DHc) were determined from the areas of endothermal
(DHm) and exothermal (DHc) peaks. The degree of crystallinity (c) was calculated
as c ¼ DH0/DHf ¼ (DHm � DHc)/DHf, where DHf is the heat of fusion of a 100%
crystalline PLLA [41]. In this work, the literature value of DHf ¼ 93.7 J/g [42] was
used.

2.6. Scanning electron microscopy (SEM)

To observe the morphology of fracture surfaces and the degree of bio-
mineralization, two randomly selected tensile test specimens and mineralized ND-
ODA/PLLA scaffolds were sputter coated with carbon and visualized in an XL-30
Environmental Scanning Electron Microscope (SEM, Philips) at 10 kV acceleration
voltage, as previously described [25]. Energy-Dispersive X-ray Spectroscopy (EDS)
was used to obtain information on the elemental composition of the solid particles
grown during incubation of scaffolds in SBF.

2.7. Transmission electron microscopy (TEM)

For TEM, the 10% wt ND-ODA/PLLA tensile test samples were sectioned at about
100 nm thickness in the fracture regions with a diamond knife using an ultrami-
crotome (Leica Ultracut EMUC6) at room temperature and transferred fromwater to
a 200-mesh Cu TEM grid. TEM images were obtained with a JEOL JEM 2100
microscope at 200 kV. Micrographs at different magnifications were taken from
several randomly chosen spots on the grid to ensure representative imaging.

2.8. Fourier transform infrared spectroscopy (FTIR)

Mineral particles grown on 10% wt ND-ODA/PLLA after 6 weeks incubation in
SBF were scratched from the scaffolds, ground and pressed with KBr [43]. The FTIR
spectrawere collected using an FTIR spectrometer (Excalibur FTS-3000, Varian, USA)
at 4 cm�1 resolution.

2.9. X-Ray diffraction (XRD)

XRD patterns were recorded using a Rigaku SmartLab X-ray diffractometer
(Rigaku Corporation, Japan) with a Cu Ka source. Samples of solid precipitates were
collected from the surface of ND-ODA/PLLA scaffolds after incubation in SBF and



Fig. 1. DSC curves of 0e10% wt ND-ODA/PLLA nanocomposites, where 1e10% repre-
sents 1e10% wt ND-ODA in PLLA.
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placed on a siliconwafer. The diffractograms were recorded between 10 and 60� (2q)
with 0.01�steps and count time 2 s per step.

2.10. Statistical analysis

All the mechanical and biomineralization experiments were repeated inde-
pendently at least 3 times. Data are expressed as mean value plus or minus one
standard deviation. A two-tail Student’s t-test (assuming equal variances) was
performed to determine the statistical significance of the differences in particle size,
mass, and mechanical properties between the samples. The differences were taken
to be significant for p-value < 0.05.

3. Results and discussion

3.1. Thermal behavior and crystallinity of ND-ODA/PLLA
nanocomposites

The differential heat flow curves of neat PLLA and ND-ODA/PLLA
composites are shown in Fig. 1. Glass transition temperatures (Tg),
cold crystallization temperatures (Tc), and melting temperatures
(Tm) extracted from the curves are shown in Table 1, along with the
DHm, DHc, and crystallinity (c) of the nanocomposites. The DSC
curve of neat PLLA is similar to published data [41,44,45], and
shows typical features of semicrystalline PLLA, such as glass tran-
sition, cold crystallization, and melting [46]. The DSC data also
indicate that the ND-ODA/PLLA composites with up to 10% wt ND-
ODA are uniform, since there are no secondary peaks in any of the
DSC curves. The differences in the DSC curves for the various ND-
Table 1
Thermal behavior of ND-ODA/PLLA samples. Calculations were based on the heat of fusion

Sample Tm (�C) Tc (�C) Tg (�C) DHc (J/g)

PLLA 178 96.3 62.1 14.9
1% ND-ODA/PLLA 181 104.3 63.2 12.3
3% ND-ODA/PLLA 178 106.8 62.8 20.7
5% ND-ODA/PLLA 177 105.6 62.5 21.6
7% ND-ODA/PLLA 177 103.4 62.3 11.8
10% ND-ODA/PLLA 176 99.9 61.9 8.73
ODA/PLLA composites are related to the thermal behavior of PLLA
since ND is stable in the range 50e200 �C in inert atmosphere [47].

Upon addition of 1% wt of ND-ODA to the PLLA matrix, the Tg, Tc
and Tm increased. However, the Tg and Tm decreased at ND
concentrations above 1% wt (Table 1). Tc increased from 96 �C to
about 104 �C in the presence of 1% wt ND-ODA, which implies that
ND-ODA aided the crystallization of the matrix. Similar changes in
Tc and Tmwere observed in previous studies on alkyl-functionalized
ND-reinforced low density polyethylene [48]. By integrating the
endothermic peaks on the DSC curves, the heat of fusion and
crystallinity of PLLA in ND-ODA/PLLA nanocomposites were
calculated and tabulated in Table 1. The DHm decreases with the
addition of ND up to 1% wt and increases at higher concentrations
of ND, while the DHc decreases at a ND concentration up to 1% wt
and then increases up to a concentration of 5% and decreases again.
It has been reported that an inorganic filler uniformly distributed in
a polymer can decrease the crystallinity since the interactions
between the filler and polymer restrict the mobility of the polymer
chains and therefore hinder their transition to crystalline state [49].
We have previously shown that dispersions of up to 10% wt ND-
ODA in PLLA are fairly uniform due to the favorable interactions
between the hydrophobic ND-ODA and PLLA [25]. The results in
Table 1 show that although the crystallization temperature of PLLA
is higher in the presence of ND-ODA, addition of 1e5% wt of ND-
ODA reduces the heat of fusion and crystallinity of the polymer,
in agreement with the published data [49]. On the other hand, at
ND-ODA contents 7e10% wt, increased crystallinity of PLLA was
observed. This can be attributed to the ND-ODA-induced reorga-
nization and nucleation within amorphous regions of the polymer
matrix, which result in the transformation of PLLA from an amor-
phous to a crystalline state, as previously pointed out [29,30,46,50].

We conclude that the addition of ND-ODA into the polymer
matrix has a profound impact on the crystallization behavior of
PLLA: below 5% wt ND-ODA, the crystallinity is reduced; at
7e10% wt ND-ODA, the crystallinity of PLLA is increased. This could
be due to the opposing effects of the diamond core and the ODA
chains of ND-ODA. At lower ND-ODA concentrations, the observed
effect is predominantly due to diamond nanoparticles, which are
uniformly distributed in the matrix [25], and reduce the crystal-
linity of the polymer. At higher concentrations of ND-ODA, the
effect of the ODA chains, which can align themselves with PLLA
molecules and thus induce crystallization of PLLA, becomes more
pronounced. Further studies are required to better understand
these concentration-dependent effects of ND-ODA on the polymer
crystallinity.
3.2. Mechanical properties of ND-ODA/PLLA nanocomposites

Shown in Fig. 2a are representative compression stressestrain
curves. Table 2 summarizes the calculated apparent modulus and
the measured compressive strength. We use the term “apparent” to
denote the noticeable difference in the modulus values computed
in compression as compared to tensile tests (see below). The
experimentally determined apparent modulus of pure PLLA was
value of a perfectly (100%) crystalline PLLA reported in literature: DHf1¼93.7 J/g [42].

DHm (J/g) DH0 ¼ DHm�DHc (J/g) c (%) for H100% ¼ 93.7 J/g

46.6 31.7 34
37.2 24.9 27
45.4 24.7 26
45.5 23.9 26
47.7 35.9 38
50 41.3 44



Fig. 2. Representative compressive (a) and tensile (b) stressestrain curves of 0e10% wt of ND-ODA/PLLA nanocomposites. ceg show the SEM images of nanocomposites after tensile
tests: (c) The fracture surface of pure PLLA shows brittle fracture without a significant sample deformation. (d) The fracture surface of 1% wt ND-ODA/PLLA shows less brittle fracture
with crazing, indicated by the arrow. (e) The fracture surface of 5% wt ND-ODA/PLLA shows increased ductility with fibers (indicated by arrow) formed at the fracture surface after
tensile tests. (f) The fracture surface of 10% wt ND-ODA/PLLA shows a macroscopic deformation caused by tensile test, which is indicated by the arrow. (g) Higher magnification SEM
micrograph shows the fibers formed to bridge the crazing gaps in the 10% wt ND-ODA/PLLA after tensile testing. (h) Crazing observed under optical microscope.
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found to be 4.4 GPa, which falls in the range of 3.2e5.0 GPa,
reported previously [51,52]. While there was essentially no
change in the compressive strength with the addition of ND-ODA,
the modulus was improved. At 10% wt of ND-ODA in the nano-
composite, the apparent modulus increased to 5.4 GPa, a 22%
increase as compared to neat PLLA (Table 2).

Representative tensile stressestrain curves of the ND-ODA/PLLA
nanocomposites are shown in Fig. 2b. The mechanical properties
and calculated fracture energy values of the samples tested in
tension are summarized in Table 3. Apparent modulus and the
ultimate tensile strength of the composites decreases compared to
the PLLA matrix. It is known that the interface between filler
particle and polymer matrix has a significant effect on the tensile
properties of the composites [53]. Since there is no chemical
bonding between PLLA and ND-ODA particles, the integrity of the
nanocomposites depends only on physical interactions between
the nanofiller and the polymer matrix (weak interfacial interac-
tions), and thus the load transfer at the ND-ODA/PLLA interface
under tensile test is inefficient, which is believed to be one of the
Table 2
Mechanical properties of PLLA and 1e10% wt ND-ODA/PLLA nanocomposites
measured in compression.

Sample Apparent
modulus
(GPa)

Increase in
apparent
modulus (%)

Ultimate compressive
strength (MPa)

PLLA 4.4 � 0.4 0 118 � 15
1% ND-ODA/PLLA 4.7 � 0.5 7 114 � 23
5% ND-ODA/PLLA 4.9 � 0.4 11 117 � 9
10% ND-ODA/PLLA 5.4 � 0.5 22 116 � 16
reasons for the reduced modulus and strength in tension. Even
though the dispersion of ND-ODA in PLLA matrix is fairly uniform
[25], small agglomerates (5e10 particles) with trapped air bubbles
may still be present, functioning as defects, which negatively affect
the apparent modulus and the ultimate tensile strength. On the
other hand, the improvement of compression modulus of ND-ODA/
PLLA composites can be explained by an interconnected ND-ODA
particle network in PLLA matrix [25], which could transfer load
more effectively through direct particle contact in the matrix.

All the samples for mechanical tests were prepared under the
same conditions. However, due to the difference in the samples’
geometry, thermal degradation may be more severe in the thin
tensile samples; during fabrication the cooling rate of a sheet (used
in tensile test) is higher than that of a rod geometry (used in
compression test), which can cause the difference in crystallinity of
these specimens (Fig. S1); in addition, the thickness of the tensile
samples (0.8 mm) was smaller (due to the mold used in the fabri-
cation procedure) than the recommended thickness of
3.2 � 0.4 mm [54]. These factors could explain the difference in the
measured modulus values between tensile and compression tests
of neat PLLA. At the same time, addition of ND-ODA resulted in
a remarkable increase in the elongation to failure, as shown by the
strain values in Table 3, fromw5% for the neat PLLA tow19% for the
10% wt ND-ODA/PLLA e i.e., an w280% increase. Importantly,
a 316% increase in fracture energy over the neat PLLAwas observed
for 10% wt ND-ODA/PLLA nanocomposites (Table 3). Thus, the
addition of ND-ODA to PLLA helps to increase the fracture energy,
while slightly decreasing the apparent tensile modulus, as previ-
ously observed for toughened polymers [55,56]. The increased
fracture energy measured in the tensile tests (Fig. 2b, Table 3) and
a higher apparent modulus measured in the compression tests



Table 3
Mechanical properties of PLLA and 1e10% wt ND-ODA/PLLA nanocomposites measured in tensile tests.

Sample Apparent modulus (GPa) Ultimate tensile strength (MPa) Strain at failure (%) Fracture energy (J) Increase in fracture energy (%)

PLLA 3.1 � 0.2 53 � 2 5 � 1 199 � 39 0
1% ND-ODA/PLLA 2.8 � 0.2 54 � 2 8 � 4 637 � 77 220
5% ND-ODA/PLLA 2.9 � 0.4 48 � 3 14 � 5 697 � 18 250
10% ND-ODA/PLLA 2.7 � 0.2 45 � 2 19 � 2 827 � 26 316
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(Fig. 2a, Table 2) indicate that the introduction of ND-ODA into PLLA
at concentrations up to 10% wt significantly improves the bulk
mechanical properties of the nanocomposites.

SEM and light microscopy were used to visually inspect the
fracture surface of the ND-ODA/PLLA samples after tensile tests
(Fig. 2ceh and Fig. S2) and to assess reinforcing mechanisms. Neat
PLLA showed smooth fracture surfaces without noticeable plastic
deformation, characteristic of the brittle polymer [57]. Addition of
more than 1% wt of ND-ODA to PLLA matrix initiated crazing upon
stretching of the samples in tensile tests (Fig. 2deg). Crazing could
also be readily observed in a light microscope (Fig. 2h); however,
scanning electron microscopy reveals more details. Interestingly,
submicron diameter fibers connecting the opposite sides of the
forming cracks were observed in 10% wt ND-ODA/PLLA sample
after the tensile tests (Fig. 2g). These fibers were not observed in
any other samples investigated in this work. SEM images of freeze-
fracture surfaces of sheet samples show increased roughness with
increasing the concentration of ND-ODA (Fig. S3). Crazing, macro-
scopic deformation and formation of the fibers are all clear indi-
cators of the transition from brittle (pure PLLA) to ductile failure
behavior in the ND-ODA/PLLA samples.

To better understand the mechanism of the ND-ODA-induced
improvement of the mechanical properties of the PLLA matrix on
a microscopic scale, ultrathin sections were cut from the fracture
regions of 10% wt ND-ODA/PLLA samples after tensile tests and
inspected by transmission electron microscopy (TEM, Fig. 3). The
large interfacial area between the NDs and the polymer matrix
reportedly plays amajor role in the enhancement of themechanical
Fig. 3. TEMmicrographs of 10% wt ND-ODA/PLLA samples after tensile test. (a, b) Crazing bri
and fibers bridging a crazing gap in ND-ODA reinforced PLLA.
properties of the matrix [58]. Due to the good affinity between ND-
ODA and PLLA, the dispersion quality is improved resulting in
a large interfacial area and a significant increase in the fracture
energy and tensile strain of the ND-ODA reinforced nano-
composites. The TEM images (Fig. 3), which show fibers connecting
the opposite sides of the cracks (cf. Fig. 2g) containing ND-ODA
particles (Fig. 3c,d), could explain the increased fracture energy
and strain to failure. TEM images also show that the fibers are
formed in the regions where NDs are present in the polymer. This
indicates that NDs initiate crazing, observed at the macroscale
starting at 1%wt ND-ODA (cf. Fig. 2d). It has been shown in previous
studies that carbon nanotubes can initiate crazing in a polymer
matrix by reducing entanglement of the polymer chains [59].
Addition of poly(epsilon-caprolactone) (PCL) to PLLA also showed
crazing formation in the crack-tip region, and formation of elon-
gated fibrils and voids [60]. In those studies, the stretched fibril
structures formed as a result of elongation of PCL spherulites under
high tensile stress were considered to be the primary energy
dissipation mechanism that resulted in the improvement of frac-
ture energy [60]. Thus, we hypothesize that crazing induced by NDs
is a main reason for the increase in strain to failure and fracture
energy observed in ND-ODA/PLLA composites at 10% wt ND-ODA/
PLLA.

3.3. Biomineralization on ND-ODA/PLLA scaffolds

Fig. 4 shows representative SEM images of neat PLLA and 10%wt
ND-ODA/PLLA scaffolds mineralized in SBF at 37 �C for 3 days, 1, 2, 4
dged by fibers. (c) and (d) Higher magnification TEMmicrographs showing typical pores



Fig. 4. SEM micrographs showing morphology of the mineral formed on neat PLLA (aee) and 10% wt ND-ODA/PLLA (fej) scaffolds after 3 days (a, f), 1 week (b, g), 2 weeks (c, h), 4
weeks (d, i), and 6 weeks (e, j) incubation in SBF. (k) and (l) show higher magnification SEM images of mineral clusters formed from nano-crystalline apatite particles on 10% wt ND-
ODA/PLLA after 6 weeks mineralization in SBF. EDS shows the mineral composition on the scaffolds. The scale bars are 10 mm.
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and 6 weeks, respectively (micrographs of the mineralization of
scaffolds with other concentrations of ND-ODA/PLLA are shown in
Fig. S4). A small number of apatite particles could be observed on
the surface of neat PLLA incubated in SBF for 3 days (Fig. 4a). More
mineral particles were observed at the same time point on the
surface of 10% ND-ODA/PLLA scaffolds (Fig. 4f). The number of
apatite particles and their size increased with the incubation time
and the concentration of ND-ODA in the PLLA matrix (Fig. 4 and
Fig. S4). In all cases, the mineral particles are agglomerates of nano-
crystals. High magnification images of the mineral phase deposited
on the surface of 10% wt ND-ODA/PLLA scaffold after 6 weeks are
presented in Fig. 4k and l, where the aggregates are composed of
a
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day 3, all the samples show significant differences (p < 0.05) at longer mineralization tim
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incubation time from 1.24 after day 3 to 1.61 at week 6. The Ca/P
ratio after week 6 is lower than that of pure HA (1.67,
Ca10(PO4)6(OH)2), but close to that of carbonated apatite
(Ca/P ¼ 1.63) [38].

The mass increase and average diameter of mineral particles
deposited on ND-ODA/PLLA scaffolds versus the incubation time in
SBF are presented in Fig. 5. The weight of mineral particles formed
on ND-ODA/PLLA scaffolds was significantly (p < 0.05) larger
(Fig. 5a) than that on the neat PLLA for the same SBF incubation
time. Both the weight gain (Fig. 5a) and average mineral particles’
diameter (Fig. 5b) are increased significantly (p< 0.05) for the same
sample with the increase in incubation time. The first accumulation
of significant amounts of amorphous mineral nanoparticles on the
ND-ODA/PLLA scaffolds was observed after 3 days of incubation.
After 1 week of incubation, a large number of apatite nanoparticles
with a relatively large cluster size (1.5e2.5 mm) were observed. The
diameters of mineral particles were measured for the first 2 weeks
of incubation before the formation of large mineral clusters.

Results of a spectroscopic analysis of the mineral deposits are
shown in Fig. 6. The XRD pattern (Fig. 6a) contains two strong
diffraction peaks corresponding to the (002) and (211) planes of
bonelike apatite, which is similar to natural HA in human teeth [61].

A typical FTIR spectrum of the mineral particles scratched from
the surface of the scaffolds is shown in Fig. 6b (the spectra are about
the same for the mineral particles formed on all scaffolds). The
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incorporated water in the nano-crystals [64]. Since no peaks of
calcium carbonate phase were detected in XRD, the strong
carbonate bands in the IR spectrum of themineral particles indicate
that the carbonate group substituted OH in HA to form bonelike
apatite [32,65]. These results confirmed that the particles deposited
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ated apatite, which is similar in composition and structure to the
natural apatite in human and animal hard tissues [38,66].

These findings indicate that the addition of ND-ODA to PLLA
facilitates the formation of bonelike apatite on the polymer
surface, which may increase the osteoinductive properties of this
composite material and prove to be beneficial for its integration
with living bone [32]. Kim et al. [38] evaluated the kinetics of
bonelike apatite formation on sintered HA in SBF mainly based on
TEM observations and reported that the HA surface attracts Ca2þ

ions, which in turn interact with the phosphate ions and even-
tually crystallize into bonelike apatite. Zhang and Ma [32] evalu-
ated the biomineralization of PLLA scaffolds with and without
porosity. They hypothesized that the eCOOH groups formed on
the surface of the polymer as a result of PLLA hydrolysis during
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facilitating the accumulation of Ca2þ and phosphate ions to form
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the bonelike apatite. Pramatarova et al. [39] studied the influence
of NDs on biomineralization and demonstrated that the presence
of NDs in the SBF enhanced mineralization. The authors suggested
that the chemical interaction and physical adsorption of the ions
from SBF on the NDs might be the main reason for enhanced
apatite growth. The schematic in Fig. 7 shows a possible mecha-
nism for the biomineralization on ND-ODA/PLLA scaffolds. PLLA in
contact with SBF will begin to degrade (stage 1), exposing ND-ODA
at the surface of the composite polymer matrix to SBF (stage 2).
ND-ODA may have some non-reacted eCOOH groups after surface
modification with ODA. These groups will dissociate in the
aqueous SBF environment and make the composite surface more
negatively charged compared to neat PLLA (stage 3). On the other
hand, the ND-ODA particles may speed up the degradation of the
polymer, increasing the amount of eCOOH formed as a result of
PLLA hydrolysis. Thus, the ND-ODA/PLLA may have a higher
negative charge than the neat PLLA. The negatively charged
surface attracts Ca2þ ions from the SBF, which in turn attract
phosphate ions and form bonelike apatite clusters.

Due to its excellent bone-bonding properties, the formation of
this bonelike apatite may prove beneficial for the attachment and
growth of osteoblasts and osteoprogenitor cells on ND-ODA/PLLA
nanocomposite scaffolds in vitro and enhance bone regrowth
in vivo.
4. Conclusions

Multifunctional bone scaffold nanocomposites have been
produced from PLLA with up to 10% wt of ND-ODA. The good
affinity of nanoparticles to the polymer led to significant increase in
both the tensile strain and fracture energy of the nanocomposites.
Addition of 10% wt of ND-ODA resulted in a 280% increase in the
strain to failure and a 310% increase in fracture energy compared to
neat PLLA. Both of these parameters are crucial for bone tissue
engineering and for manufacturing of orthopedic surgical fixation
devices. Nanocomposites with varying ND-ODA contents were used
as matrices for the biomineralization in SBF. Based on SEM, EDS,
XRD, and FTIR, the apatite particles formed on the scaffolds were
similar to the apatite in natural bone, demonstrating for the first
time successful growth of apatite on ND-ODA/PLLA composites.
These particles were micrometer-sized, nearly spherical agglom-
erates of nano-crystalline apatite. The number and size of the
apatite particles formed on the composite matrices increased with
incubation time and the concentration of ND-ODA in PLLA. Apatite
nucleation and growth occurred faster on the composites con-
taining ND-ODA than on pure PLLA. With higher contents of ND-
ODA, more apatite particles grew on ND-ODA/PLLA surfaces. The
increased mechanical properties and enhanced biomineralization
make ND-ODA/PLLA composites a promising material for bone
tissue engineering, bone surgical fixation devices, and regenerative
medicine.
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