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ABSTRACT

Cytocompatibility is one of the most important aspects in evaluating biomate-
rials for tissue engineering applications. In this study, biodegradable polymer
scaffolds based on nanocomposites of poly(L-lactic acid) and TiO, nanoparticles
functionalized with oleic acid (5 and 10 wt%) were prepared by thermally
induced phase separation method. The aim of this research was to evaluate the
properties of nanocomposite scaffolds and to investigate the influence of func-
tionalized nanofiller on their bioactivity, biodegradability and cytocompatibility.
The nanocomposite scaffolds showed bioactivity in supersaturated fluids and
reduced biodegradation in simulated body fluid when compared to pure PLA
scaffold. Cell viability and proliferation potential in contact with nanocomposite
scaffolds were tested via MTT assay, while the scaffolds cytotoxic potential was
evaluated using lactate dehydrogenase method. It was found that incorporation
of functionalized TiO, nanofiller with content of 5 wt% in the corresponding
PLA matrix has a significant positive effect on the cell viability and proliferation,
while at higher nanofiller content (10 wt%), insignificant cell proliferation and
increased cytotoxicity were confirmed. Furthermore, PLA/TiO,~OA nanocom-
posite scaffolds were proved as promising materials for drug delivery.
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appropriate conditions, while the biodegradable
polymer matrix is subjected to biodegradation [1, 2].

Introduction

3D biodegradable polymer porous structures play a
central role in tissue engineering (TE). The porous
structures or scaffolds usually act as temporary
templates for seeding of living cells, their growth,
proliferation and regeneration of new tissues in

Biodegradable polymer scaffolds are also widely
applied as support materials for different drug
loadings. Sustained and controlled release of drugs
from scaffolds over a desired period of time is
another important aspect in TE [3, 4].
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In the last 15 years, a lot of materials were identi-
fied as promising for different scaffolds production.
Among them, biodegradable polymers such as PLA,
PCL, PGA and their copolymers have received sig-
nificant scientific attention, and most of them were
already approved by the FDA as materials for
biomedical application [5, 6]. In spite of their recog-
nition, some characteristics such as adequate
mechanical stability, corresponding surface chem-
istry, controlled biodegradability and bioactivity are
issues that are still open in this multidisciplinary field
of research.

Some of these desired characteristics were partly
accomplished by a combination of biodegradable
polymers and inorganic bioactive particles [7, 8].
Nanoparticle-based composites have been the subject
of intensive research due to their unique character-
istics relative to other biomedical materials.

Poly(lactic acid) and its copolymers are among the
most studied biodegradable polymers in this field,
not only due to their relatively good mechanical
properties but also because of their biodegradability
into natural metabolites that have non-toxic influence
on human health [9]. In recent years, the most
explored PLA nanocomposites for tissue engineering
were mainly based on bioactive glass ceramic
nanoparticles, nanotricalcium phosphates and carbon
nanotubes [10-13].

TiO, as nanofiller in PLA scaffolds has received
considerable scientific interest [14, 15] since this
ceramic filler was identified as an effective biological
material due to the presence of surface OH groups
that could induce formation of hydroxyapatite from
simulated body fluid (SBF) [16]. In spite of the
numerous published papers related to these systems,
the concern related to the toxicity of nanoparticles is
still an open issue. TiO, NPs have been shown to be
toxic in several in vitro models inducing pulmonary
inflammatory response [17]. However, the results
related to the toxicity of these widely used nanofillers
are very often controversial as a result of the exis-
tence of numerous commercial TiO, NPs forms (dif-
fering by size and properties). The toxicity of
nanoparticles was usually correlated with their
crystalline form, particle size and surface chemistry
[18, 19].

Besides the toxicity, an additional problematic
issue in nanocomposite scaffolds production is the
agglomeration of nanoparticles within the polymer
matrix that could additionally affect the nanofiller
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distribution and properties of nanocomposite mate-
rial itself.

One of the strategies to enhance the stability of
nanofillers in certain polymer matrix and to prevent
their toxicity is to functionalize them properly [20].
Surface functionalization is essential for the reduction
of toxicity of many NPs; therefore, it is interesting to
explore how chemical or synthetic moieties on NPs
interact with the living cells. In terms of cell viability,
surface-modified TiO, NPs have been reported as
materials with low cytotoxicity [21].

From this point of view, the main goal of the pre-
sent study was to produce porous PLA nanocom-
posite scaffolds filled with oleic acid surface
functionalized TiO, nanoparticles and to assess their
influence on the bioactivity, biodegradability and
cytocompatibility, as well as to evaluate their poten-
tial as drug delivery systems.

As an amphiphilic molecule belonging to the fatty
acid family, oleic acid (OA) was chosen because of its
non-toxicity and potential for mediation between the
hydrophilic TiO, nanoparticles and hydrophobic
PLA matrix.

Materials and methods
Materials

Poly(L-lactic acid) (M,, = 220 kDa) was obtained from
Biomer, Krailling, Germany. The inorganic TiO,
(Hombicat UV100) nanopowder was a product of
Sachtleben Chemie GmbH. All solvents used in this
study (dioxane, toluene, oleic acid, and ethanol) were
Merck products and were used without any addi-
tional purification.

All reagents used in biological assays were pur-
chased from Sigma-Aldrich (Steinheim, Germany) or
Thermo Fisher Sci (USA). Murine preosteoblasts from
MC-3T3E1 cell line were purchased from ATCC,
together with the necessary culture media. Cell cul-
ture consumables were acquired from NUNC.

Surface modification of TiO, nanoparticles
with oleic acid (OA)

The surface functionalization of TiO, nanoparticles
with oleic acid was performed in toluene. Namely, an
appropriate amount of TiO, was mechanically stirred
in approx. 40 ml of toluene. The suspension was
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additionally ultrasonically treated (Cole-Parmer
8890) for 10 min, and 7 mM of oleic acid was added
to the suspension. After the suspension received
slightly yellowish color, it was additionally stirred for
4 h. The resulting mixture was washed with metha-
nol, centrifuged and vacuum-dried for 24 h.

Characterization of functionalized
nanoparticles

An FTIR spectrometer (PerkinElmer Spectrum 1000)
was used to confirm the attachment of the oleic acid
molecules onto TiO, nanoparticles. The spectra were
recorded in the range of 4004000 cm™ ' at a 4 cm ™'
resolution, and 64 scans were averaged. The FTIR
spectra of unmodified and modified TiO, nanopar-
ticles were obtained using attenuated total reflection
(ATR) method.

Thermogravimetric analysis of unmodified and
functionalized nanoparticles was performed on a
PerkinElmer, Pyris Diamond analyzer in a tempera-
ture range between 30 and 700 °C, at a heating rate of
10° min~!, under constant nitrogen flow (50 cm®
min ™).

Preparation of PLA nanocomposite scaffolds

The PLA/TiO,~OA nanocomposite scaffolds were
prepared using thermally induced phase separation
(TIPS) method, by applying freeze-extraction method
using ethanol in order to remove the frozen solvent.
PLA was dissolved in dioxane for 2 days in order to
obtain a stable solution. A given amount of OA
modified nanoparticles (5 and 10 wt% related to the
polymer) was suspended in dioxane and ultrasoni-
cally treated for 60 min. The polymer solution and
TiO,-dioxane suspension were mixed together to
produce 5% (w/v) PLA-dioxane solution. The
obtained mixture was ultrasonically treated for
30 min and then frozen at — 30 °C. The solvent
extraction was performed with pre-cooled ethanol.
The extracting solvent was changed every 24 h dur-
ing 72 h. The solvent extracted samples were vac-
uum-dried at room temperature. For comparison
purposes, PLA scaffolds filled with unmodified TiO,
(5 and 10 wt%) nanoparticles were also prepared.
The designations of prepared scaffolds are given in
Table 1.
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Table 1 Composition and designation of PLA scaffolds

Sample PLA (wt%) TiO,—OA (wt%) TiO, (wt%)
PLA 100 0 0
PLA/TiO,—OA-5 95 5 0
PLA/TiO,—OA-10 90 10 0
PLA/TiO,-5% 95 0 5
PLA/TiO,-10* 90 0 10

“Polymer scaffolds prepared for some comparisons

Characterization of PLA/TiO,-OA
nanocomposite scaffolds

The prepared PLA/TiO,-OA nanocomposite scaf-
folds were analyzed by FTIR spectroscopy for the
wavelength range of 400-4000 cm ™', using the same
instrument as described above. FTIR spectroscopy
was used to determine the influence of the function-
alized nanofiller on the crystalline sensitive bands
and to determine the crystalline indices.

The glass transition, melting temperature and
degree of crystallinity were determined by differen-
tial scanning calorimetry, using TA Instruments DSC-
Q-200. The samples were heated from — 20 °C up to
220 °C at a heating rate of 10 °C min . The degree of
crystallinity was determined as a ratio between the
enthalpy of fusion AH; and the AH}) taken as
93.2 kJ mol ! [22].

The apparent density (p) was obtained by mea-
suring the mass (m) and the volume (v) of the scaf-
fold, while the porosity was determined as [23]:

e=1-p/p, (1)

where p, is the bulk density of the scaffold composite.

The pore structure and morphology of the pre-
pared samples were studied with a scanning electron
microscope (Philips 515) with accelerating voltage of
15 kV. The observed specimens were taken from the
inner part of the scaffolds and metallized with gold.

The compressive modulus were measured on
cylindrical samples (1 = 5) (with ~ 20 mm diameter
and ~ 5 mm height), at a static load of 5 kg and
cross-head speed of 1 mm min~'!, using TAXT
Stable Micro System, UK.

@ Springer
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Hydrolytic biodegradation

The hydrolytic biodegradation was followed in a
simulated body fluid (SBF), prepared according to
the Kokubo procedure [24] and buffered at adjusted
pH =7.4 using HCl (Merck). The scaffolds were
placed in vials containing 15 ml of the SBF solutions
at constant temperature of 37 °C. The degradation
was observed for a period of 7, 14, and 28 days by
using FTIR spectroscopy and analyzing the charac-
teristic peaks of PLA.

In vitro bioactivity

The potential bioactivity of the PLA-TiO,~OA scaf-
folds was tested in supersaturated fluids prepared
according to [25]. The investigated scaffolds were
immersed in Ca/P supersaturated fluid for 6 h and
characterized by SEM.

Water uptake measurements

The water uptake behavior of the prepared scaffolds
was studied in phosphate buffer solution (PBS),
(pH = 7.4) at 37 °C. The precisely weighed scaffolds
were measured before and after immersion in PBS
after a certain period of time (4, 8, 24, 48 and 96 h).
The wetted scaffolds were wiped with soft paper
before each measurement. The degree of water
uptake at the time t was calculated using equation:

WU = (Wt - Wo)/wo -100 (2)

where W, is the weight of dry scaffold and W, is the
weight of wet scaffold after relevant time periods t.

Drug loading and release

Salicylic acid with high purity (Merck product) was
used as a model drug in our investigations. The
experiments were carried out by immersing the
weighed scaffolds (0.05 g) in model drug solution in
ethanol with initial concentration of 0.01 g ml™".
After mildly stirring for 48 h at room temperature,
the scaffolds were gently removed from the model
drug solution. The relative amount DL of loaded
model drug in each scaffold was calculated from the
equation:

DL = V(Cy — C))/w (3)

where V is the volume of model drug solution in
(ml), C, is the initial concentration of salicylic acid in
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ethanol, C, is the concentration of model drug solu-
tion after loading process, and w is weight of the
scaffold (g).

Each loaded scaffold was immersed in 10 ml of
phosphate buffered saline (pH =74) at 37 °C
applying mild stirring. The in vitro release profile of
the model drug was followed by UV/VIS spectrom-
eter (HP 8452) at 296 nm. The calibration curve was
obtained with the model drug in concentration range
of 0.2-15 ng ml~!, where the curve was linear, fol-
lowing the Beer’s law.

Cell viability and proliferation potential

Murine preosteoblasts from MC-3T3E1 cell line were
cultivated in direct contact with PLA /TiO, and PLA/
TiO,~OA nanocomposite scaffolds. Cell suspension
was allowed to distribute in the volume of the scaf-
folds, resulting in 3D cell-scaffold cultures, which
were maintained in standard culture conditions
(37 °C, 5% CO, and adequate humidity) for up to
7 days.

Cell viability and proliferation potential in contact
with nanocomposite scaffolds were tested via MTT
assay, after 2 and 7 days of culture. Briefly, the cell-
scaffold constructs were incubated with 1 mg/ml
MTT solution for 4 h at 37 °C and the resulted for-
mazan crystals were solubilized afterward with iso-
propanol. The optic density of the resulting solution
was measured by spectrophotometry at 550 nm.

PLA/TiO,-OA nanocomposite scaffolds cytotoxic
potential was tested using lactate dehydrogenase
(LDH) method and compared to the cytotoxic
potential of PLA/TiO, nanocomposite scaffolds. The
culture media was briefly collected from the 3D cul-
tures and mixed with the components of the kit
(Tox7-KT, Sigma, Steinheim, Germany), according to
manufacturer’s instructions. The resulting solution
was measured by spectrophotometry at 490 nm on
Flex Station 3 (Molecular Devices, USA).

LiveDead assay was used as a qualitative method
to highlight the ratio between live (green cells) and
dead (red cells) using calcein-AM and ethidium
bromide homodimer (EthD-1) fluorescent dyes. After
30 min of incubation with the mixed solution, images
were obtained in confocal microscopy using Zeiss
LSM 710 system and corresponding ZEN software.

In order to investigate cell adhesion to the bioma-
terials, F-actin filaments were stained using a phal-
loidin-FITC solution. Cells were fixed with 4%
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paraformaldehyde (PFA) for 1h at 4C and then
permeabilized with a solution containing 1% Triton-
X100. Cytoskeleton filaments staining were per-
formed for 1 h in dark conditions, followed by nuclei
staining with DAPI and visualization in confocal
microscopy.

All tests were performed in triplicate. Statistical
analysis of the data was carried out using Graph Pad
Prism software, considering a p value < 0.05 to be
statistically significant.

Results and discussion

Characterization of surface-modified TiO,
nanoparticles

FTIR spectroscopy was used to verify the proper
surface functionalization of TiO, nanoparticles with
oleic acid (OA). The FTIR spectra of TiO, and TiO,—
OA NPs are shown in Fig. 1. FTIR spectrum of
uncoated TiO, NPs showed intensive extended band
at 3400 cm™' as well as small intensity band at
1630 cm ™" due to the stretching and bending vibra-
tions of hydroxyl groups on the surface of TiO,
nanoparticles [26]. In FTIR spectrum of modified
TiO, (TiO,~OA), the intensity of the peak that
appeared between 3000 and 3700 cm™', decreased
showing suppression of OH vibration mode that
could be considered as an evidence for lower content
of surface OH groups. Additionally, new absorption

1.5
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Figure 1 FTIR spectra of bare TiO, (a) and functionalized TiO,
nanoparticles with oleic acid (b).
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bands positioned at around 2800-3000, 1460, 1519
and 1433 cm ™' could be observed. The bands located
at 2924 and 2854 cm ™' were ascribed to the asym-
metric and symmetric stretch vibrations of CH,
groups of oleic acid, while the very small in intensity
band around 1460 cm ™' was due to the deformation
bending mode of CH, groups [26]. The peaks posi-
tioned at 1519 and 1433 cm™' were ascribed to
V(COO)asym and V(COO)gyy, vibrations, respectively
[26]. The difference between these two vibrations
Av,_, of 86 cm™' < 110 corresponds to the literature
value, which is characteristic for bidentate chelating
coordination between Ti atoms and carboxylic
groups of oleic acid [27]. The appearance of charac-
teristic bands of oleic acid confirmed the successful
functionalization of TiO, NPs.

The degree of surface functionalization was deter-
mined by TG analysis. Figure 2a shows thermo-
gravimetric curves of TiO, unmodified nanoparticles
and TiO,~OA NPs. The weight loss of TiO, NPs up to
200 °C (7.61%) was due to the physically absorbed
water, while the weight loss between 200 and 400 °C
(5.65%) was associated with the removal of surface
OH groups. In the TGA curve of TiO,—OA NPs, after
gradual loss of water molecules (4.78%), the weight
loss of about 2.69% up to 320 °C might be due to the
loss of OH surface groups and removal of free oleic
acid. Further degradation beyond 320 °C corre-
sponded to decomposition of bonded oleic acid to
TiO, NPs (5.76%). Typically, ligands that are bonded
more strongly to the nanoparticles decompose at
higher temperatures [28], as it is shown in Fig. 2a.
The last weight loss of 5.76% could actually confirm
that almost all surface OH groups are theoretically
functionalized with OA. The above considerations
were verified by analyzing the DTG data. The DTG
curves related to unmodified TiO,, modified TiO,—
OA NPs, and oleic acid are shown in Fig. 2b. The
DTG curve of TiO, NPs exhibited a DTG peak posi-
tioned at 78.1 °C, while the DTG curve for TiO,—OA
showed two DTG peaks (positioned at 87.7 and
422 °C) and a small shoulder at 353 °C. The free
unbonded oleic acid showed DTG peak at about
314 °C, thus confirming the above TGA results.

Taking into account the results obtained from FTIR
spectroscopy and thermogravimetric measurements,
it could be concluded that proper functionalization of
nanoparticles was achieved.

@ Springer
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Figure 2 a TGA curves of oleic acid, bare and functionalized
TiO, NPs. b DTG curves of oleic acid, bare and functionalized
TiO, NPs.

Characterization of PLA/TiO,-OA
nanocomposite scaffolds

FTIR characterization was performed in order to
analyze the influence of modified nanofiller on the
molecular structure of PLA.

FTIR spectra of the investigated samples are pre-
sented in Fig. 3. Characteristic peaks of pure PLA
scaffold at 1754, 1454, 1383 and 1181 cm™! were
assigned to C=0O stretching vibration, CH; asym-
metric and symmetric deformations and C-O-C
stretching vibrations, respectively [29]. The shoulder
absorption band positioned at 1210 cm™"' was ascri-
bed to C-O-C stretching vibrations characteristic for
crystalline phase. It could be noted that the
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Figure 3 FTIR spectra of PLA (a), PLA/TiO,—OA-5 (b), and
PLA/TiO,—OA-10 (c) nanocomposite scaffolds.

incorporation of functionalized TiO, nanoparticles in
the corresponding PLA matrix had no pronounced
influence on the absorption peaks characteristic for
PLA matrix, but certain influence on crystallinity
indices was identified. Namely, the crystallinity
index for each scaffold was determined as the ratio of
the intensities of the bands positioned at 1180 and
1382 cm ™! [30] and was as follows: 6.6, 7.4 and 7.6 for
the PLA, PLA-TiO,-OA-5, and PLA-TiO,-OA-10,
respectively.

The increased crystallinity indices determined in
the nanocomposites confirmed the increased crys-
tallinity of polymer matrix with the increase in TiO,—
OA nanofiller content. Similar results were previ-
ously reported, showing improved crystallinity in
PLA composites filled with TiO, nanoparticles [31].

The first DSC runs at a heating rate of 10° min™
were analyzed in order to comment the actual crys-
tallinity developed during the preparation procedure
of all investigated scaffolds. All relevant data are

1

Table 2 Thermal properties of PLA/TiO, and PLA/TiO,—OA
nanocomposite scaffolds

Scaffold T,(°C) T, (°C) AH;(Jg™) X. (%)
PLA 67 168.8  40.1 43.0
PLA/TIO,-OA-5 68 169.1  40.6 458
PLA/TiO,-OA-10 67 169.0  42.1 50.2
PLA/TiO,-5 67 1692 403 455
PLA/TiO,-10° 68 169.0  40.0 476

#Control measurements
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collected in Table 2. It could be noted that the glass
transition temperature in PLA and its composite
scaffolds was around 67 + 1 °C. This insignificant
change in glass transition temperature supports the
conclusion that nanofiller particles did not affect the
mobility of PLA chains. The melting peak tempera-
ture of PLA was located around 169 £ 1 °C in both
polymer nanocomposite scaffolds. The normalized
degree of crystallinities (Table 2) showed higher X,
values with the increase in functionalized TiO,
nanopaticles when compared to the X, value relevant
for pure PLA scaffold. Similar results were obtained
in PLA nanocomposite scaffolds filled with TiO,
unmodified nanoparticles [32].

The increased degrees of crystallinity confirmed by
DSC data correspond very well with the increased
crystallinity indices obtained by FTIR analysis. This
additionally supports the hypothesis that such a
behavior might be due to the nucleation ability of
nanoparticles, as reported in the literature [33].

The pore quality and pore size in polymer scaf-
folds, prepared by thermally induced phase separa-
tion method, could be generally controlled by the
initial polymer concentration and cooling rate of
polymer solution during the preparation procedure
[34]. The polymer concentration of 5% (w/v) and
slow cooling process were taken as an optimal con-
dition for production of polymer scaffolds with
highly porous structures, based on previously pub-
lished results [32].

Both densities and porosities of PLA/TiO,-OA
nanocomposite scaffolds are listed in Table 3 and
compared to those relevant to PLA/TiO, nanocom-
posite scaffolds.

The measured porosities of the investigated scaf-
folds (determined according to Eq. 1) were around
92%. It could be noted that the nanofiller has no
noticeable influence on the apparent densities at

Table 3 Densities and porosities of PLA nanocomposite scaffolds

Sample Density (g cm ™) Porosity (%)
PLA 0.092 + 0.007 92 + 0.56
PLA/TiO,—OA-5 0.094 + 0.005 92 + 0.40
PLA/TiO,—OA-10 0.103 + 0.004 91 £ 0.30
PLA/TiO,-5 0.090 + 0.006 92 £+ 0.51
PLA/TiO,-10 0.108 + 0.005 91 + 0.47

Measurements averaged of n = 3

11157

nanofiller content of 5 wt%, while at 10 wt% content
of TiO,~OA a slightly increased density could be
observed. Similar results were obtained for the con-
trol group of nanocomposite scaffolds prepared with
unmodified TiO, NPs.

SEM microscopy was used to analyze the mor-
phology of the prepared scaffolds and to evaluate the
dispersibility of the added nanofiller. SEM images of
PLA nanocomposite scaffolds are shown in Fig. 4. A
highly porous, anisotropic architecture could be seen
in all investigated composite scaffolds, with charac-
teristically interconnected and elongated pores with
lengths ranged between 70 and 150 ym and wall
thickness between 7 and 12 pm. Similar morpholo-
gies were obtained in PLA/TiO, nanocomposite
scaffolds prepared by the same method [32]. Nano-
filler content of 5 and 10 wt% seems to have no sig-
nificant influence on the pore architecture, as was
also confirmed by the porosity measurements. In the
filled composite scaffolds, nice and evenly dis-
tributed nanoparticles were observed as small white
dots (Fig. 4). Certain agglomerates with dimensions
lower than 0.5 um were identified, especially in the
nanocomposite scaffold with 10 wt% of the nano-
filler. Additionally, these small agglomerates were
evenly dispersed, acting as larger particles within the
polymer matrix. Morphologically it could be con-
cluded that the nanofiller was well distributed, but
comparing to the previously published results [32],
the functionalization of TiO, nanoparticles with oleic
acid did not significantly affect their dispersibility.
The reason for such a behavior could be ascribed to
the restricted diffusion process of TiO~OA NPs
within the viscous polymer solution, which has an
additional influence on the distribution process.

The addition of nanofillers was expected to
improve the mechanical properties of the prepared
scaffolds, and it is usually correlated with the
improved nanofiller dispersibility.

The compressive strength was not measured in this
study, because all investigated scaffolds were com-
pressed under applied load without fracture. The
compressive modulus were determined from the
linear part of the stress—strain curves as 2.79, 2.91 and
2.10 MPa for the PLA, PLA/TiO,-OA-5 and PLA/
TiO,~OA-10, respectively. Only a slight increase in
the compressive modulus was detected in PLA/
TiO,~OA-5 nanocomposite, while the compressive
modulus in PLA/TiO,-OA-10 nanocomposite had a
decreased value. Polymer scaffolds with high
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Figure 4 SEM images of the morphology of PLA (a), PLA/TiO,-OA-5 (b), PLA/TiO,—OA-10 (c¢) and PLA/TiO,—OA-10

(d) nanocomposite scaffolds. Scale bars: a, b, ¢ =20 pm; d = 10 pm.

porosity (above 80%) have moduli of approximately
0.5-5 MPa, depending on the material and scaffold
density [35, 36].

Bioactivity evaluation

The bioactivity evaluation is usually connected to the
process of formation of hydroxyapatite layers when
treating the samples in biological fluids. The prop-
erties of the hydroxyapatite layer, which is an
important component in bone tissue engineering, can
additionally affect the cell viability and proliferation
[37]. The method used in this study for evaluating the
bioactivity of scaffolds is fast and simplified, instead
of the slow methods of scaffolds treatment in simu-
lated body fluid (SBF) that sometimes need very long
times (more than 15 days) to evaluate their bioactiv-
ity. The SEM micrographs, obtained after scaffolds
treatment for 6 h in calcifying solutions, are pre-
sented in Fig. 5. It is obvious that 6 h of treatment of
pure PLA scaffold induce formation of hydroxyap-
atite clusters that appear only at certain areas on the
scaffold surface, and certain colonies of HA could be
observed but with lower dimensions when compared
to HA induced onto nanocomposite scaffolds. These

@ Springer

clusters were more pronounced in nanocomposite
scaffolds. Moreover, the 6 h treatment time of poly-
mer scaffolds was long enough to identify hydrox-
yapatite cores, present not only on the surfaces of the
scaffolds but also deeper in the inner sections of the
scaffold pores. From the presented images, it seems
that scaffolds filled with TiO, modified particles also
induce enhanced formation of hydroxyapatite,
despite the fact that the reactive surface of TiO,
nanoparticles (OH groups) was replaced with long
oleic acid tails.

Determination of water uptake

The water uptake behavior usually describes the
ability of scaffolds to preserve water and is an
important parameter in tissue engineering and drug
delivery systems. In TE applications, the material
should possess certain hydrophilicity, since insuffi-
cient water absorption inhibits cell growth [38]. As
the functionalization of TiO, nanoparticles induced
lower content of surface OH groups, it was interest-
ing to follow the water uptake behavior of the com-
posites prepared with OA modified nanoparticles.
The effect of filler loading on the water uptake of
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Figure 5 SEM images of PLA (a), PLA/TiO,—OA-5 (b), and PLA/TiO,—OA-10 (c) nanocomposite scaffolds treated in supersaturated

fluids for 6 h. Scale bars: a =5 um; b, ¢ = 20 pm.

nanocomposite scaffolds as a function of time is
presented in Fig. 6. It could be observed that water
uptake increased with the increase in soaking time in
PBS. It could be seen that nanocomposites filled with
TiO,~OA NPs have lower water uptake capability
when compared to the water uptake behavior of neat

PLA scaffold and PLA scaffolds filled with
120
100 - -
_— /A/// )
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; :4;//v
2 6. /v_/_
s /
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Figure 6 Water uptake behavior in PLA/TiO,—OA and PLA/TiO,
nanocomposite scaffolds.

unmodified TiO, nanoparticles, given here for com-
parison. It was also evident that the two nanocom-
posites (PLA/TiO,-OA-5 and PLA/TiO,-OA-10)
have almost similar trends in water uptake behavior,
thus confirming that there was no influence of the
nanofiller content.

In PLA scaffolds with porosity lower than 80%, the
water uptake was about 25%, mainly due to the
capillary action of the material [39]. For a prolonged
immersion time, water absorption of about 150% was
reported by Guo et al. [40].

Biodegradability of the PLA/TiO,-OA
scaffolds

Hydrolytic degradation is an important aspect in
designing materials for biomedical applications. The
biodegradation was carried out in SBF solution at
37 °C for the duration of 7, 14 and 28 days, and the
treated samples were subjected to FTIR analysis. The
summary FTIR spectra of untreated and treated
scaffolds (PLA and PLA/TiO,-OA-5) in SBF are
presented in Fig. 7a and b. It is obvious that except
the peak intensity changes of certain characteristic
bands of PLA, no significant changes could be

@ Springer



11160

[0}
o
C
S| ©
o
(2]
<

(b)

(@) m

T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber ( cm'1)

(b)

(d)

)

Absorbance
L

(b)

(a)

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’)

4000
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identified. Accordingly, the crystallinity as well as
carbonyl indices were determined as a function of
time (Table 4). The crystallinity index for PLA scaf-
fold treated in SBF tends to increase, while in PLA/
TiO,—OA-5 and PLA/TiO,~OA-10 scaffolds the CI's
were almost constant. During the degradation, the
process primarily occurs on the amorphous parts of
the sample, thus increasing the total crystallinity of
the system [41]. This behavior clearly confirms that
the biodegradation during the investigated period of
time proceeded in pure PLA scaffold, while in scaf-
folds filled with TiO,—~OA the biodegradation was
considerably restricted. The restricted biodegradation
in filled composites was supported by the estimated
carbonyl indices, determined as the ratio of the peak
intensities corresponding to carbonyl stretching at
1754 cm™' and CH; bending at 1450 cm™! [42].
Namely, the carbonyl indices of PLA scaffolds as a
function of time decreased continuously, while for
PLA/TiO,—OA-5 and PLA/TiO,~OA-10 composites,
these values are almost constant, thus confirming the
fact that the biodegradation within the investigated
period of up to 28 days was considerably limited.
Contrary to this, the literature data related to PLA
systems filled with TiO, nanoparticles showed that
the biodegradation was considerably improved when
compared to unfilled PLA matrix, supporting the
hypothesis that biodegradation is drastically influ-
enced by the reactive surface OH groups [43].

Drug loadings and release

The ability of polymer scaffolds to serve as controlled
drug releasing systems is a very important aspect in
tissue engineering, since these template materials are
capable of releasing certain drug over a desired per-
iod of time. The drug loading and release primarily
depend on physicochemical properties of the

Table 4 Crystallinity and carbonyl indices of PLA and its nanocomposites after immersion in SBF

Period of immersion in SBF CI (I1150/11382)

Carbonyl index (I] 754/11450)

PLA  PLA-TiO,-OA-5  PLA-TiO,-OA-10 PLA  PLA-TiO,—OA-5  PLA-TiO,—OA-10
0 6.6 7.4 7.6 4.7 4.5 4.6
7 7.1 7.3 7.3 4.1 4.4 4.7
14 7.2 7.4 7.3 39 4.4 4.7
28 8.3 7.5 7.4 3.7 4.5 4.8
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polymer scaffold, its porosity and biodegradability
[44, 45].

The contents of the loaded model drug in all
investigated scaffolds are given in Table 5. For com-
parison, the results of PLA composites with TiO,
unmodified nanoparticles are also presented. It could
be seen that the loading efficiencies were almost
constant in all investigated composites. The surface
OH groups of unmodified TiO, nanoparticles should
attract the model drug more easily, since salicylic
acid also possesses functional OH groups [46, 47].
However, since the model drug loadings were per-
formed in ethanol, medium that actually increased
the hydrophilicity of all systems, regardless if the
scaffolds were filled with unmodified TiO, or TiO,—
OA nanoparticles, the loading concentrations were
almost similar.

The releasing profiles for all samples are presented
in Fig. 8. It could be seen that the release process was
intensive in the first 4 h, while during prolonged
periods of time this process was slowed down. Such a
behavior could be explained by the fact that usually
during the first 5 h, surface absorbed drug is released
(fast releasing), while the drug absorbed within the
scaffold structure is released by diffusion controlled
mechanism (slow releasing process) [48]. As it is
presented, the amount of drug release increased in
PLA/TiO, nanocomposites, while in PLA/TiO>-OA
scaffolds the drug release was decreased. These
results are in close correlation with the water uptake
measurements given in Fig. 6. Namely, the systems
that exhibited improved water uptake facilitate the
diffusion process, causing improved diffusion of the
model drug. The water absorption in PLA/TiO>-OA
systems was lower; the diffusion of the model drug
was suppressed, causing slower drug releasing [49].
Within 24 h, between 20 and 24% of the absorbed
drug was released. In spite of the fact that these
releasing profiles do not differ from each other dra-
matically, nevertheless by proper NPs functionaliza-
tion and proper content of added nanofiller, the

Table 5 Drug loadings within PLA nanocomposite scaffolds

Scaffold type Drug loading mg/0.05 g scaffold

PLA 7.82
PLA/TiO,—OA-5 7.78
PLA/TiO,—OA-10 7.59
PLA/TiO,-5 7.74
PLA/TiO,-10 7.76
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Figure 8 Drug-releasing profiles for PLA/TiO, and PLA/TiOp—
OA nanocomposite scaffolds.

controlled drug release could be additionally tai-
lored, giving these systems a promising potential for
targeted drug delivery.

Cell viability and proliferation potential
in contact with PLA/TiO, composites

PLA/TiO-OA and PLA/TiO, nanocomposites were
comparatively tested for the ability to support pre-
osteoblasts growth and development in the context of
possible bone tissue regeneration.

Cell viability in contact with the investigated
materials was quantitatively evaluated by MTT
assay, and important differences between the com-
posites were revealed during 1 week of analysis
(Fig. 9). Based on MTT assay results, the cells dis-
played similar profile of cell viability 3 days after cell
seeding in contact with the scaffolds. The only sta-
tistically significant difference in viability (p < 0.01)
was reported for PLA/TiO,~OA-5, as compared to
the PLA control scaffold. After 1 week of culture in
standard conditions, a higher proportion of viable
cells was found in contact with PLA/TiO,-10
(p < 0.001) and PLA/TiO,~OA-5 (p < 0.001) than in
contact with pure PLA control sample. Interestingly,
similar levels of cell viability were quantified for
PLA/TiO,—OA-10 and PLA control scaffold. This
finding may suggest that the addition of TiO, nano-
filler in the PLA matrix and its functionalization with
oleic acid has a positive impact on cell behavior and
growth, but the addition of nanoparticles in excess
(10 wt%) appears to inhibit cell viability.
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Figure 9 Cell viability and proliferation in contact with PLA/
TiO, materials as revealed by MTT test after 7 days of standard
culture. Statistical significance: **p < 0.01 [PLA/TiO,—OA-5
3 days vs. PLA 3 days; PLA/TiO,—OA-5 7 days vs. PLA/TiO,-
10 7 days]; ***p < 0.001 [PLA/TiO,-10 7 days vs. PLA 7 days;
PLA/TiO,—OA-5 7 days vs. PLA 7 days; PLA/TiO,—OA-10
7 days vs. PLA/Ti0,—OA-5 7 days; PLA/TiO,—OA-5 7 days vs.
PLA/TiO,-5 7 days]; # p < 0.05 [PLA/TiO,-5 7 days vs. PLA/
TiO,-5 3 days]; ### p < 0.001 [PLA/TiO,-10 7 days vs. PLA/
TiO,-10 3 days; PLA/TiO,—OA-5 7 days vs. PLA/TiO,—OA-5
3 days].

In terms of proliferation, no significant prolifera-
tion was registered for PLA scaffold between 3 and
7 days of culture. Similar profile was also observed
for PLA/TiO,-OA-10 sample. In contrast, cells culti-
vated in contact with PLA/TiO,-5 registered a slight
proliferation (p < 0.05) from 3 to 7 days of culture,
whereas highest proliferation rates were reported for
PLA/TiO,-10 and PLA/TiO>-OA-5 composites,
confirming the first conclusions of the viability tests.
Therefore, the most biocompatible composites in
terms of cell viability and proliferation appear to be
PLA/TiO,-10 and PLA/TiO,~OA-5, as compared to
the pure PLA control sample.

Cytotoxic potential of PLA/TiO, composites

The proportion of dead cells in the 3D cultures,
shown by the levels of released LDH in the culture
media, was informative for the cytotoxic potential of
PLA/TiO,~OA nanocomposites comparing with
PLA/TiO, nanocomposite scaffolds (Fig. 10). Similar
levels of basic cytotoxicity were displayed by PLA-
TiO,-5, PLA-TiO,-10 and PLA-TiO,—OA-5 nanoma-
terials after 3 days of culture, related to PLA control
sample, whereas a statistically significant increased
cytotoxicity was registered for PLA-TiO,~OA-10

@ Springer

J Mater Sci (2018) 53:11151-11166

LDH

0.75-
£
< wtt
53 _em
< 0.504 it *
-
©
8 CIPLA
€ PLATIO,-5
'g I PLA/TIO, 10
2 EZE8 PLAITIO,-OA-5
< B PLA/TIO,-OA-10

Figure 10 PLA/TiO, materials cytotoxicity over 7 days of cul-
ture as shown by LDH assay. Statistical significance: *p < 0.05
[PLA/TiO,—OA-5 7 days vs. PLA 7 days]; **p < 0.01 [PLA/
TiO,—OA-10 7 days vs. PLA 7 days]; ***p < 0.001 [PLA/TiO,—
OA-10 3 days vs. PLA 3 days]; ### p < 0.001 [PLA 7 days vs.
PLA 3 days; PLA/TiO,-5 7 days vs. PLA/TiO,-5 3 days; PLA/
TiO,-10 7 days vs. PLA/TiO,-10 3 days].

composite (p < 0.001). After 7 days of culture, this
difference was maintained, but to a lower degree
(p < 0.01). Interestingly, the cytotoxic potential of
PLA/TiO,-OA-5 was found to be lower than the one
of the control PLA sample (p < 0.05), supporting the
data obtained for cell viability and proliferation.

Qualitative analysis of live and dead cells
in PLA/TiO,-OA and PLA/TiO,
nanocomposites

The results of quantitative MTT and LDH assays
were confirmed also by fluorescent staining and
confocal microscopy, using LiveDead assay (Fig. 11).
Additionally, this method allowed the observation of
cell morphology and distribution in contact with PLA
nanocomposite scaffolds. After 3 days of culture, a
high number of living green cells were observed in
contact with PLA-TiO,—OA-5, whereas the situation
found for PLA-TiO,-OA-10 revealed an equilibrated
ratio between live (green) and dead (red) cells. After
7 days of culture, there is a clear difference in the
number of cells on the composites, as compared to
the pure PLA control, suggesting that the addition of
TiO, nanoparticles to a certain proportion, as well as
nanoparticles functionalization with OA, brings
advantages and better biocompatibility properties for
the PLA-based scaffolds. In addition, LiveDead
analysis also revealed the possibility of cells to group,
particularly on PLA/TiO,—OA-5 nanocomposite. For
better observation of cell distribution, 3D recon-
structions were performed for all five composites
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Figure 11 Live (green) and 3 days
dead (red) cells found in 3D
PLA/TiO; cultures by
LiveDead staining and
confocal microscopy; 3D
reconstructions showing cell
distribution and grouping, as
well as the ratio between live
and dead cells.

o

~—
'~

Q

P

seeded with preosteoblasts (Fig. 10). These recon-
structions confirmed the best cell distribution and
grouping in PLA/TiO,-OA-5, suggesting that this
composition is the most equilibrated in terms of
structural and physicochemical properties among the

3D reconstruction

five studied scaffolds. Both nanocomposite scaffolds
filled with unfunctionalized TiO, NPs displayed a
good biocompeatibility, contrarily to PLA-TiO,~OA-
10 scaffold, which showed dispersed non-grouped
cells and higher proportion of dead cells.
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Figure 12 F-Actin fibers developed by preosteoblasts in contact with TiO, materials showing cell cytoskeleton and proof of attachment
(F-actin- green, cell nuclei- blue). a PLA, b PLA/TiO,-5, ¢ PLA/TiO,-10, d PLA/TiO>—OA-5 and e PLA/TiO,—OA-10.

Cytoskeleton development in contact
with PLA nanocomposite scaffolds

F-actin filaments were developed by cells in contact
with PLA nanocomposites. However, the cells culti-
vated in contact with PLA displayed grouped actin
around the nuclei and not very long actin filaments,
suggesting a lower cytoskeletal development in con-
tact with PLA. When adding TiO, nanoparticles
(5-10%), cells tend to develop longer actin filaments,
and in the case of functionalized TiO, NPs, cells have
developed the best represented cytoskeleton, show-
ing a good biocompatibility of the composites
(Fig. 12).

Conclusions

TiO, nanoparticles were functionalized with oleic
acid (TiO,~OA) and were used as nanofiller in poly(L-
lactic acid) nanocomposite scaffolds. The FTIR data of
the modified NPs revealed capping of oleic acid via
bidentate chelating interaction.

PLA nanoscaffolds filled with TiO,~OA nanopar-
ticles were prepared by thermally induced phase

@ Springer

separation method. The effect of functionalization
nanoparticles was studied in terms of biodegrad-
ability, bioactivity and cytocompatibility of the pre-
pared scaffolds, and their potential use as drug
delivery systems.

It was shown that PLA/TiO,~OA nanocomposites
possess bioactivity inducing hydroxyapatite when
treated in supersaturated fluids. Restricted
biodegradation in SBF was identified in investigated
nanocomposites when compared to biodegradation
of PLA scaffold.

The PLA/TiO,—OA-5 nanocomposite appeared to
be the most biocompatible in terms of cell viability
and proliferation, as compared to pure PLA and
composites prepared with the same content of
unfunctionalized nanofiller.

Insignificant cell proliferation and increased cyto-
toxicity were identified in the nanocomposite with
10 wt% of TiO,—OA nanofiller.
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