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Effect of TiO2 nanoparticle loading on Poly(L-lactic acid)
porous scaffolds fabricated by TIPS
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s nanocomposite scaffolds of poly(L-lactic acid) (PLA), loaded with TiO2 nanoparticles, were pre-
by thermally induced phase-separation (TIPS). The preparation procedure induced crystalline 
er structures (with degree of crystallinity up to 51%) with no evidence of residual solvent, as 
med by thermal analysis. Scaffold porosity, distribution of the nanofiller and shape of the pores 
nvestigated by X-ray micro computed tomography (m-CT) and scanning electron microscopy (SEM). 
oduced scaffolds with porosity of 86 ± 2% have interconnected open tubular pores with diameter 
ngth in the ranges 40e80 mm and 200e400 mm respectively. The inorganic TiO2 nano-additive is 
ispersed in the scaffold walls, with only a small fraction of micrometric aggregates observable. All 
igated polymer scaffolds display similar compressive moduli (between 2.1 and 2.8 MPa). Ther-
vimetry (TGA), wide angle X-ray diffraction (XRD) and SEM analyses run on scaffolds subjected to 
o mineralization tests showed that PLA scaffolds loaded with TiO2 develop an amount of hy-
patite four times higher than that of plain PLA, thus assessing that titania nanoparticles confer 
ved bioactivity to the scaffolds.
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1. Introduction

In the last 20 years biodegradable and bioactive porous scaffolds 
onsisting of polymer/inorganic composites have been intensively 
vestigated for application in bone tissue engineering [1e4]. 
omposite systems combining advantages of polymers and of 
organic substances offer a promising approach to overcome the 
rawbacks encountered when single-component scaffolds are used 
5]. Polymers can be easily processed with a number of scaffold 
brication techniques to obtain controllable and reproducible 
orous architectures and they have tunable degradation rate, 
owever they are poorly bioactive and are thus scarcely useful for 
ducing bone regeneration [1]. Therefore, bioactive inorganic 
ubstances have been introduced in polymer matrices in order to 
onfer bioactivity to the scaffolds. Inorganic materials with 
omposition close to the mineral phase of bone, such as bioglasses 
nd calcium phosphates, are highly osteoconductive and capable to
rovska).
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integrate well into the host bone [6]. Moreover, their use in com-
bination with a polymer phase enables to counteract their intrinsic
brittleness and low resistance to break propagation.

There is still some ambiguity surrounding the optimal porosity
and pore size for a 3D bone scaffold. Typically, a porosity of 80e90%
and a minimum pore size of 50e100 mm have been quoted for
achieving cell penetration, proper vascularization and bone for-
mation [7e9]. Several review articles describe the desired proper-
ties of scaffolds for bone tissue engineering and their fabrication
technologies [10e12]. Commonly used processes for the production
of such scaffolds are phase separation, foaming and solvent casting/
particulate leaching. Thermally induced phase separation (TIPS)
has been largely applied in the production of scaffolds for bone
tissue engineering. This technique enables to produce highly
porous structures (up to 95%) with highly interconnected micro-
metric pores. Pore dimension, morphology and orientation can be
controlled by varying polymer concentration in solution, solvent
and cooling temperature [13].

In this work polymer/inorganic composite scaffolds of Poly(L-
lactic acid) (PLA) loaded with titanium oxide nanoparticles were
produced by TIPS. PLA is a degradable polymer largely employed in
117
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he biomedical field for medium to long-term implants. TiO2 has 
een employed as filler of polymer matrices for different biomed-
cal applications, including scaffolds for bone tissue engineering 
14e16], drug delivery [16e19] and devices with antibacterial 
roperties [16]. In addition, TiO2 nanoparticles were proven to be 
ore effective than microparticles in improving osteoblast func-

ions (adhesion, synthesis of alkaline phosphatase, and deposition 
f calcium-containing mineral) [20]. Earlier work reported that the 
ieOH surface groups of the crystalline forms of titanium oxide, 
specially those of anatase, are capable to induce epitaxial nucle-
tion of hydroxyapatite from simulated body fluid (SBF) [21,22].
Although it was mentioned that TiO2 nanoparticles impart 

ioactivity on PLA, the aim of this study is to perform a careful 
nvestigation of 3D architecture of PLA and TiO2-loaded scaffolds 
nd to evaluate their applicability for bone tissue engineering. Since 
-CT technique enables to detect and visualize 3D nanoparticle 
gglomerates as well as their dimensions, the main focus of this 
aper is to highlight the volumetric distribution of TiO2 filler within 
he polymer matrix and to correlate it with the thermal, structural 
nd bioactivity characteristics of the prepared scaffolds.
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. Experimental part

.1. Materials and methods

Poly(L-lactic acid) (PLA) used in this study (Mw ¼ 220 kDa, 
n ¼ 101 kDa) was purchased from Biomer (Krailling, Germany). 
itanium oxide (TiO2) nanopowder (Hombicat UV100, average 
article size ¼ 5 nm, BET surface area > 250 m2/g, 99% anatase) was 
 product of Sachtleben Chemie GmbH. The solvents (dioxane and 
thanol) were Merck products and were used without additional 
urification.
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.2. Preparation of PLA/TiO2 nanocomposite scaffolds

The PLA/TiO2 nanocomposite scaffolds were prepared using 
hermally induced phase separation (TIPS). Two alternative 
ethods of solvent removal were applied: freeze-extraction or 

reeze-drying. PLA was dissolved in dioxane at 50 �C and stirred for 
wo days in a glass vial. A given amount of nanopowder was sus-
ended in dioxane and ultrasonicated for 30 min. The polymer 
olution and TiO2-dioxane suspension were mixed to produce a 5%
w/v) PLA-dioxane solution. The resulting mixture was ultra-
onicated for additional 30 min and then frozen at �30 �C in a deep 
reezer.

Freeze-extraction procedure After 24 h, the frozen mixture was 
emoved from the glass vial and soaked in a beaker filled with pre-
ooled ethanol at �30 �C. The frozen sample was maintained in a 
reezer at 4 �C for three days, while the solvent was changed every 
4 h. After complete dioxane extraction, the sample was vacuum 
ried at room temperature. Sample labels and compositions are 
isted Table 1.
able 1
olymer scaffolds prepared by TIPS.

Sample Solvent removal method PLA/TiO2 w/w (%)

PLA freeze-extraction 100/0
PLA/TiO2-5 freeze-extraction 95/5
PLA/TiO2-10 freeze-extraction 90/10
d-PLA freeze-drying 100/0
d-PLA/TiO2-5 freeze-drying 95/5
d-PLA/TiO2-10 freeze-drying 90/10

Please cite this article in press as: Buzarovska A, et al., Effect of TiO2 nan
TIPS, Composites Part B (2015), http://dx.doi.org/10.1016/j.compositesb.2
Freeze-drying procedure The frozen mixture was freeze-dried 
t �20 �C and 10�3 mbars for 72 h. Sample labels and composi-
ons are listed Table 1.
.3. Scaffold mineralization

In vitro mineralization tests were performed using a slightly 
persaturated CaP solution, which was prepared as previously 
ported [23]. In brief, a Ca solution (5 mM CaCl2$2H2O) and a P 
lution (36 mM NaHCO3 and 5 mM Na2HPO4$12H2O) were pre-
ared in double distilled water and buffered at pH ¼ 7.2 with Hepes 
-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]. CaP super-
turated calcifying solution was freshly prepared before per-
rming the experiments, by mixing equal volumes of Ca and P 
lutions at 37 �C. Mineralization experiments were run on PLA and 
LA/TiO2-10 scaffolds. The scaffolds were soaked in the supersat-
rated solution at 37 �C and were kept at this temperature for 6 h 
nder mild shaking. After completing the treatment, scaffolds were 
arefully washed with distilled water and vacuum dried overnight.
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.4. Scaffold characterization

Thermogravimetric analyses (TGA) were performed under ni-
ogen flow at a heating rate of 10 �C min�1, from room temperature 
 500 �C, using a TA Instruments TGA2950.
Differential Scanning Calorimetry (DSC) measurements were 

erformed using a TA Instruments DSC-2910. The samples were 
eated from �20 �C up to 220 �C at a heating rate of 20 �C/min. The 
egree of crystallinity (cc) was determined by applying the 
llowing equation:

DHm

DH0
m$wPLA

$100 (1)

where DHm is the experimental melting enthalpy,DH0
m the melting

enthalpy of 100% crystalline PLA taken as 93.2 J/g [24] and wPLA is
PLA weight fraction.

X-ray diffraction analysis (XRD) was performed using X-ray
Diffractometer, (PANalyticalX'Pert PRO equipped with an X'Cele-
rator detector), with CuKa radiation (l ¼ 0.154 nm). The measure-
ments were performed in the 2q range between 5 and 60�,
collecting for 80 s at each scan step of 0.065�.

The morphology of the inner part of the scaffolds was observed
with a Philips 515 scanning electron microscope (SEM) at an
accelerating voltage of 15 kV. Prior to SEM analysis, samples were
sputter-coated with gold.

Full assessment of the porous structure, porosity, pore size and
distribution of the nano filler was performed with microcomputed
tomography (m-CT, Skyscan 1172, Bruker Micro-CT, Kontich,
Belgium) with applied voltage of 20 kV and a current of 110 mA.
During the scan, the samples were rotated by 180� with a step of
0.3�. The obtained jpg images (m-CT cross-sections) had
4000�4000 pixels each with a pixel size of 2 mm. Microstructural
characteristics were determined using CTAn software, while the
orientation of pores was evaluated using OrientationJ, an ImageJ
plug-in Ref. [25].

Compressive mechanical properties were determined at room
temperature, using a TA.XT Stable Micro System, UK. Cylindrical
samples with diameter of 20 mm and 5 mm height were analyzed
using static load of 5 kg and cross-head speed of 1 mm min�1. The
compressive moduli were calculated from the initial linear region
of stressestrain curves. Five replicate specimens were run for each
sample and results are provided as the average value ± standard
deviation.
oparticle loading on Poly(L-lactic acid) porous scaffolds fabricated by
015.07.016



crystallization peak was observed during the heating scan and all
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Table 2
Thermal characterization of scaffolds.

Sample Dm (%)a Residue (%)b Xc (%)c

PLA 0.05 2.0 46.4
PLA/TiO2-5 0.002 6.4 48.9
PLA/TiO2-10 0.04 10.5 51.0
d-PLA 1.7 2.2 n.d.d

d-PLA/TiO2-5 2.6 6.1 n.d.
d-PLA/TiO2-10 1.9 10.9 n.d.

a From RT to 120 �C.
b At 500 �C.
c By DSC, normalized with respect to the actual PLA content in the given scaffold. 
d Not determined.
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3. Results and discussion

3.1. Thermal and structural characterization of the scaffolds

Thermogravimetric analysis was performed to gain information
about thermal degradation of the polymer, possible presence of
residual solvent and actual amount of TiO2 in the scaffold. TGA
curves of the scaffolds are reported in Fig. 1 while Table 2 lists the
corresponding relevant parameters. All thermogravimetric curves
display a main weight loss in the temperature range 300e400 �C,
corresponding to the thermal degradation of PLA, and a residual
weight at 500 �C that is reasonably close to the nominal content of
TiO2 in the scaffolds (5 or 10 wt%). The weight loss observed at
T< 120 �C in the samples prepared by freeze-drying can be ascribed
to residual solvent, demonstrating that this scaffold preparation
procedure does not allow the complete evaporation of solvent, as
previously found when freeze-drying was applied to prepare
poly(lactide-co-glycolide) scaffolds [26]. The same authors showed
that the residual solvent can be eliminated by washing the freeze-
dried scaffolds in ethanol, a step that, however, lengthens the
scaffold preparation procedure [26]. Conversely, in Fig. 1 no weight
loss ascribable to residual solvent is detected in TGA curves of the
samples prepared by the freeze-extraction method. Hence freeze-
extracted scaffolds were selected and the following characteriza-
tion results refer to them. In order to quantify the amount of
crystallinity developed by PLA during scaffold preparation, DSC first
scans of the samples (not shown) were analyzed. No cold
o
c
p
(
p
a
a

3

(
p
s

Fig. 1. TGA curves of PLA (a), PLA/TiO2-5 (b) and PLA/TiO2-10 (c) scaffolds, produced by
freeze extraction (A) or freeze drying (B).
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amples exhibited a single melting endotherm with Tm ¼ 171 �C.
his result shows that crystallization of PLA (both primary and
econdary crystallization) was completed during scaffold fabrica-
ion. The degree of crystallinity (cc, Table 2), calculated from the
SC curves by means of Equation (1), slightly increases with
ncreasing content of TiO2 nanoparticles in the scaffold, possibly
ue to an earlier reported nucleating effect of titania on PLA crys-
allization [27e29].

XRD patterns of PLA and of its nanocomposite scaffolds, with
istinctive crystalline peaks, are given in Fig. 2. It can be observed
hat XRD pattern for pure PLA scaffold shows an intensive reflection
t 2q ¼ 16.6� and a less intense peak at 2q ¼ 19.0�, corresponding
espectively to the (110/200) and (203/113) planes of the orthor-
mbic lattice of the a-form [30]. The XRD profile of the nano-
omposite scaffold filled with 10 wt% of TiO2 shows additional
eaks at 25.3�, 37.9�, 48.0�and 54.4� (broad), that are attributed to
101), (004), (200) and (105 and 211) planes of the TiO2 anatase
hase respectively [31]. The introduction of the nanofiller does not
ffect the evolved crystalline structure of PLA that is in all samples
-form.

.2. Morphological characterization of the scaffolds

The freeze-extracted cylindrical scaffolds produced by TIPS
Fig. 3A) were analyzed by m-CT to gain information about total
orosity, size and shape of the pores, and TiO2 distribution. All
caffolds are characterized by high open porosity (86 ± 2%) whereas
Fig. 2. X-ray diffraction patterns of PLA (a) and PLA/TiO2-10 (b). The asterisks highlight
the anatase peaks.
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Fig. 3. Picture of the freeze extracted scaffolds produced by TIPS (A) and m-CT results on PLA scaffold (B, C, D). (B) 3-Dm-CT model of a scaffold portion.(C) two-dimensional m-CT
cross-sections: colored squares around each m-CT picture identify the section space orientation, shown as colored Cartesian planes in A. (D) two-dimensional m-CT cross-sections
where scaffold walls are colored according to their angular orientation with respect to the tangent to scaffold edge.
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no closed porosity is detected, demonstrating complete intercon-
nection of scaffold pores. The latter is a key feature to enable
scaffold vascularization, cell colonization, tissue ingrowth and
nutrient exchange in in vivo applications. Fig. 3B shows a three-
dimensional (3-D) m-CT reconstruction of a representative portion
of the PLA scaffold, whereas 2-D images of scaffold cross-sections
are reported in Fig. 3C. Inspection of the scaffold cross-sections
highlights the presence of tubular pores, most of them having
diameter and length in the ranges 40e80 mm and 200e400 mm,
respectively. Close to the scaffold edge the channels tend to be
perpendicular to the scaffold surface down to a depth of about
300 mm. This particular pore orientation (highlighted in Fig. 3D
using a graded colored scale) is attributed to the presence of a radial
temperature gradient in the outer scaffold shell during scaffold
Please cite this article in press as: Buzarovska A, et al., Effect of TiO2 nan
TIPS, Composites Part B (2015), http://dx.doi.org/10.1016/j.compositesb.2
fabrication by TIPS. Such a T gradient generates when the vial
containing the polymer solution is stored in the freezer and it in-
fluences the process of pore formation via solvent separation/so-
lidification. Indeed, it was previously demonstrated that strongly
anisotropic pore structures are generated by well-defined tem-
perature gradients during TIPS scaffold fabrication, as a conse-
quence of solvent crystals growing along the gradient direction
[32e34]. The effect associated with the T-gradient in the present
scaffolds seems to vanish at a distance from the surface of ca.
300 mmwhere channel orientation tends to become parallel to the
outer scaffold surface (Fig. 3D).

The pore architecture illustrated in Fig. 3 for PLA was also found
in the m-CT analysis of the scaffolds loaded with TiO2. The SEM
images of Fig. 4 confirm such a morphology. When scaffold walls
oparticle loading on Poly(L-lactic acid) porous scaffolds fabricated by
015.07.016



Fig. 4. SEM images of the morphology of scaffolds obtained by freeze extraction (A, B and C: pictures refer to PLA scaffold and are also representative of TiO2-loaded scaffolds).
Magnifications refer to PLA (D), PLA/TiO2-5 (E) and PLA/TiO2-10 (F) scaffolds. Scale bars: A ¼ 200 mm; B and C ¼ 50 mm; D, E and F ¼ 10 mm.
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are observed at highmagnification (Fig. 4D, E and F) the boundaries
of large spherulitic structures seem to appear, in agreement with
the DSC evidence of highly crystalline scaffolds. SEM images of
samples loaded with TiO2 display small white dots on scaffold walls
(Fig. 4E and F) with diameter ranging from few nanometers (visible
at higher magnification) to few micrometers. The m-CT technique
enables to detect and visualize 3-D TiO2 agglomerates with
dimension greater than or equal to nearly 2 mm in the loaded
scaffolds. Fig. 5 shows the 3-D m-CT reconstruction of a represen-
tative portion of PLA/TiO2-10 and highlights the corresponding
volumetric distribution of TiO2 particles (colored in blue). The
titania agglomerates, whose average dimension in terms of diam-
eter of the equivalent-volume sphere is in the range of a few mi-
crons (Fig. 5C), are seen to be homogeneously distributed in the
PLA/TiO2-10 scaffold (Fig. 5B). Their amount, calculated from m-CT,
is about 0.88% by volume that corresponds to 2.6% by weight.
Therefore we can conclude that, although the nano-dispersion of
TiO2 is not optimal, micrometric agglomerates are few and about
Fig. 5. PLA/TiO2-10 scaffold:3-D m-CT model of a portion of the scaffold (A), the correspond
and TiO2particle size distribution in terms of volume-equivalent sphere diameters (C). (For
the web version of this article.)

Please cite this article in press as: Buzarovska A, et al., Effect of TiO2 nan
TIPS, Composites Part B (2015), http://dx.doi.org/10.1016/j.compositesb.2
75% by weight of the loaded titania is finely dispersed in particles
with sub-micrometric dimensions. This result can be probably
ascribed to the fact that, when the TiO2 suspension is frozen, for-
mation of large agglomerates is impaired in the viscous polymeric
dioxane solution.

The mechanical properties of the 3D scaffolds are generally
governed by their porosity. The compressive moduli were deter-
mined from the linear part of the stressestrain curves and very
similar values were obtained for all scaffolds (EPLA ¼ 2.8 ± 0.6 MPa,
EPLA=TiO2�5

¼ 2.9 ± 0.9 MPa, EPLA=TiO2�10
¼ 2.2 ± 0.3 MPa). This

behavior may be associated to the fact that the porosity of all
investigated scaffolds (86 ± 2) did not change with TiO2 loadings.

The literature reports for PLA scaffolds with high porosity
(above 80%) modulus values in the range 1e10 MPa, depending on
the material and on scaffold density [32,33,35,36]. Numerous
studies have also shown minimal increase of the mechanical
properties or even decrease with increasing content of the filler
[37,38]. The present compressive modulus data confirm that the
ing volumetric distribution of TiO2 agglomerates detected by m-CT (�2 mm, in blue) (B)
interpretation of the references to colour in this figure legend, the reader is referred to
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Fig. 6. XRD patterns of PLA (A) and PLA/TiO2-10 (B) scaffolds before (a) and after 6 h of 
immersion in Ca/P solution (b). The vertical line is in the position where hydroxyap-
atite shows the most intense peaks. The asterisks highlight the anatase peaks. In B an 
enlarged view of the range 29e35� is reported in the inset.

Fig. 7. SEM images of PLA scaffold (AeD) and PLA/TiO2-10 scaffold (EeH) after 6 h of immers
G ¼ 2 mm; D, H ¼ 1 mm.
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mechanical properties of the scaffolds are not significantly influ-
enced by TiO2 in the concentration range investigated, even when
the filler is well distributed as demonstrated by m-CT and SEM
results.
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3.3. Scaffold mineralization

In this work mineralization experiments were carried out by
using a slightly supersaturated Ca/P solution that induces a very
fast deposition of hydroxyapatite on both inorganic and polymeric
substrates [23,39] and is characterized by an ionic composition
simpler than that of SBF. In order to evaluate the effect of the
presence of TiO2 on scaffold mineralization, PLA and PLA/TiO2-10
samples were immersed in the supersaturated Ca/P solution for 6 h.
The samples retrieved from the solution were analyzed by TGA,
XRD and SEM. TGA analysis showed for both scaffolds an increase of
the solid residue at 500 �C after 6 h in contact with Ca/P solution.
Such an increment, associated with the mineralization process, was
larger for PLA/TiO2-10 (4%) than for PLA (1%).

The XRD patterns of pristine scaffolds and of mineralized scaf-
folds are shown in Fig. 6. The formation of hydroxyapatite is ex-
pected to show main reflections at 2q ¼ 26� and around 2q ¼ 32�,
the latter being due to three intense peaks that are overlapped in
poor crystalline material [40]. It is worth pointing out that the
mentioned reflections fall where reflections of TiO2 and of PLA are
observed in the scaffolds before mineralization. In Fig. 6A the XRD
pattern of PLA mineralized sample is similar to that of the pristine
scaffold, in line with the very low increment of inorganic content in
this sample after mineralization (1wt% by TGA). Conversely, the
pattern of mineralized PLA/TiO2-10 (Fig. 6B) shows a clear intensity
increase around 2q ¼ 32�, whereas no significant enhancement of
the diffractogram intensity appears at 2q ¼ 26�, where the typical
anatase peak also lays. The observed increment of the pattern in-
tensity at 2q ¼ 32�, where hydroxyapatite shows the most intense
peaks, is a clear evidence of its presence in this sample. The SEM
micrographs of PLA and PLA/TiO2-10 mineralized scaffolds are
shown in Fig. 7. It is seen that the walls of both scaffolds are coated
with a mineralized layer. On PLA the inorganic phase seems to
cover the scaffold surface rather homogeneously with particles
having diameter in the range 100e400 nm. Conversely, at the
surface of the PLA/TiO2-10 scaffold, individual microparticles with
the typical ‘cauliflower’ morphology of hydroxyapatite crystals
[23,41] are observed. The inhomogeneous distribution of such
ion in Ca/P solution at different magnifications. Scale bars: A, E ¼ 10 mm; B, F ¼ 5 mm; C,
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crystal clusters on the surface of the scaffold pores may be attrib-
uted in PLA/TiO2-10 to the presence of titania particles. Indeed the
ability of crystalline titanium oxide, particularly in the anatase
form, to induce crystallization of hydroxyapatite [22,23,41] likely
via epitaxial crystallization [21] is well documented. The absence of
‘cauliflower’ agglomerates on plain PLA (Fig. 7, AeD) is attributed to
slower HA crystallization in such a scaffold that lacks the nucleating
TiO2 inorganic component. It is expected that the ‘cauliflower’
morphology might appear also in plain PLA at longer mineraliza-
tion times, as already found in other unloaded polymeric scaffolds
[39].

4. Conclusions

PLLA/TiO2 nanocomposite scaffolds with two different contents
of titania (5 and 10 wt. %) were obtained via thermally induced
phase-separation, where dioxane was used as a solvent for PLLA
matrix. Highly crystalline structures were produced, with no sig-
nificant effect of the nanofiller on their evolvement. Careful
investigation of the scaffolds by m-CT and SEM analyses highlighted
their suitability for bone tissue engineering application: scaffolds
display high porosity (86 ± 2%), with open and interconnected
pores, having diameter and length in the ranges 40e80 mm and
200e400 mm, respectively, ideal for achieving cell penetration and
proper vascularization. m-CT analysis enabled to localize the inor-
ganic TiO2 nano-additive in the scaffold walls and showed its good
dispersion, with only a small fraction of micrometer aggregates
observable. The effect of TiO2 nanoparticles on scaffold minerali-
zation was clearly demonstrated. Indeed, after 6 h in Ca/P super-
saturated solution the loaded scaffold contained an amount of
hydroxyapatite, with the typical ‘cauliflower’ morphology, four
times higher than that of the plain PLA scaffold.
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