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Abstract: The development of bioactive and composite materials for tissue engineering applications is
being investigated worldwide. Many approaches have been published by including combinations of
resorbable polymers with hydroxyapatite (HA), tricalcium phosphate (TCP), bioactive glasses and
glass-ceramics in different scaffolds architectures. Taking into account these antecedents, porous
polylactic acid (PLA)/TCP composites were fabricated by employing dissolution-leaching technic from
PLA/chloroform solution (10, 15, and 20 wt % of TCP). Composite scaffolds exhibited porosity values
~1.3 times higher when compared to PLA foams. Their bioactive response of the composite foams after
immersion in a simulated body fluid (SBF) was studied by X-Ray Diffraction (XRD) and Fourier
Transform Infrared Spectroscopy (FTIR-ATR). By XRD analysis, diffraction peaks attributed to
hydroxyapatite deposition were observed; and by FTIR-ATR, new absorption bands corresponding to
HA were detected. Regarding mechanical properties, an increasing tendency on elastic Young's
modulus values was observed at higher TCP concentrations. These results envision the feasibility of
using these composites as precursors for bone tissue materials engineering.

Keywords: polymer composites; polylactic acid; tricalcium phosphate; bioactivity assessment; tissue
engineering.
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1. Introduction

Ceramic materials such as hydroxyapatite (HA), phosphates, and silicate glasses are
known for their "bioactivity" properties. In recent years, specific compositions have been used
to obtain hard and soft implants for tissue engineering [1-5]. The development of bioresorbable
and bioactive composites for tissue engineering applications are being investigated worldwide,
and many approaches have been published by including combinations of resorbable polymers
(such as polylactic acid, PLA, and polyglycolide, PGA) with HA, tricalcium phosphate
(Cas(POa4)2, TCP) or bioactive glasses and glass-ceramics in different scaffold architectures [6-
10]. In the most usual approach, HA, TCP, and bioactive glass particles or fibers are combined
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with bulk or porous polymeric biodegradable substrates either as fillers or in the coating form
to produce the desired scaffolds [11,12].

HA particles exhibit a similar chemical composition and crystalline structure to living
bone. Moreover, HA shows high osteoconductivity as well as bioresorbability in biological
environments [13-15]. One of the main purposes for employing HA in synthesizing
biodegradable polymeric scaffolds (such as those obtained with polylactides) is its ability to
modify surface properties in the resulting porous foams, which are suitable for their use in bone
tissue engineering [13,16-18]. The deposition of the HA layer on polymeric materials by using
a simulated body fluid (SBF) solution is generated by the increase in the supersaturation of
inorganic ions in the medium. On the other hand, TCP excels in terms of degradability and
bioactivity (two important reasons for its frequent use in clinical applications), and it has
attracted much interest since it has been postulated as a precursor of HA formation [19].
Consequently, it might be reasonable to use TCP as a Ca?* ions-releasing source by supplying
the desired Ca?* ions when immersed in SBF and by promoting HA synthesis [20,21].

Polylactic acid, PLA, is a semi-crystalline biodegradable polymer that has excellent
thermoplastic behavior and good processability. PLA has a glass transition temperature (Tg) at
around 55 - 65 °C and a melting temperature range (Tm) between 168 - 172 °C. In addition, it
has a high strain strength and a high elastic modulus. Therefore, it is employed in several
applications fields such as food packaging, containers, lamination films, tissue engineering and
3D printing filaments [22-25]. PLA is commonly used for medical implant device fabrication
and the production of scaffolds employed in skeletal or bone tissue engineering because of its
excellent biocompatibility, bioresorbability, and biodegradability properties. In addition, it is
approved by the US Food and Drug Administration (FDA) for different biomedical and clinical
applications [11,26]. Another reason for using this polyester is that its degradation products are
oligomers that cells can metabolize [26]. These degradation products are not toxic and
biocompatible and are easily removed by natural metabolic pathways [11,26-28].

By taking into account the above-mentioned facts, the purpose of this work is to develop
a simple and effective method to produce bioactive foams by employing PLA and TCP as filler
and as Ca?* sources for HA deposition. The emphasis of this work is placed on the high
biocompatibility of HA and the synergy of PLA and HA composites because they have already
demonstrated great potential in tissue engineering applications, for example, in the healing of
affected hard tissues such as bone and teeth [11,29]. In this sense, this work provides useful
information regarding the mechanical behavior, through compression tests, of the foams
obtained from PLA and different percentages of TCP as filler. From the results obtained in this
paper, it is envisioned that the materials synthesized in this work could be considered an
alternative for scaffolds in bone tissue engineering.

2. Materials and Methods

2.1. Materials.

Commercial and transparent polylactic acid (PLA, Createbot, Argentina) was used as
received. Sodium Chloride (NaCl) (Biopack, > 99 %, Argentina) and tricalcium phosphate
(Ca3(POa4)2, TCP, Carlo Erba Reagents, Analytical grade, France) were used as porogen and
filler precursors, respectively. Chloroform (Sintorgan, Argentina) was used as a solvent. For
bioactivity assays, simulated body fluid (SBF) was prepared according to Kokubo and
Takadama [30]. For this purpose, the SBF solution was prepared from the dissolution of the
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following salts: NaCl, NaHCOs3, KCI, K:HPO4.3H20, MgCl2.6H.0, CaCl,, NaSO4; and Tris
(NH2C(CH20H)3) in distilled water, at 37 °C and pH =7.3 - 7.4.

2.2. PLA and TCP characterization.

Fourier Transform Infrared Spectroscopy (FTIR-ATR). PLA and TCP spectra were
registered on a Nicolet®iS5 spectrometer, equipped with an Attenuated Total Reflectance
accessory (iD7-ATR). Samples were recorded at 4 cm™ resolution, over the 3,500 - 550 cm™
range, by using an accumulation of 16 scans. A Zinc Selenide (ZnSe) internal reflection crystal
was used for ATR measurements.

X-Ray Diffraction (XRD). Crystal structure identification of PLA and TCP were
determined by XRD. Patterns were obtained in an X-ray diffractometer Philips PW1710
(Philips, Holland), provided with a tube, a copper anode, and a detector operating at 45 kV and
30 mA within 26 from 5 to 60°.

Differential Scanning Calorimetry (DSC). Thermal transitions of commercial PLA
were studied in a TA-Instruments Calorimeter. Samples (= 10 mg) were measured under a
nitrogen atmosphere, with a flow of 50 mL min. First heating was performed from -90 to 210
°C at 10 °C min. Then, samples were kept at 210 °C for 5 min in order to avoid the influence
of the previous thermal history. After cooling at 10 °C min, they were heated again from -90
to 210 °C at 10 °C min. From this second heating process, glass-transition temperature (Tg)
and melting temperature (Tm) of PLA were determined.

Thermogravimetric Analysis (TGA). The thermal stabilities of PLA and TCP were
analyzed by TGA by using a Discovery TA Instruments TGAS5500 balance. Tests were carried
out under a nitrogen atmosphere, with a flow of 25 mL min™ and 2 °C min heating rate, in
the 50 - 700 °C range. Mass loss vs. heating temperature curves was registered.

Laser Diffraction (LD). The particle-size distribution of TCP was determined using a
Horiba Partica LA-950 Laser Diffraction Particle Size Distribution Analyzer (Kyoto, Japan).

Scanning Electron Microscopy (SEM). TCP particles were analyzed by SEM, by using
an LEO 40XVP scanning electron microscope operated at 10 kV. To perform this study,
samples were dispersed over 3M® aluminum conductive tape by using airflow and coated with
gold in a sputter coater SPI. From this analysis, the topographical characteristics of particles
were obtained from secondary electron signals.

2.3. Composite scaffolds.

PLA/TCP foams were obtained through a dissolution-leaching methodology by
employing chloroform (20 % wi/v) as solvent. PLA solution was transferred to circular molds
(40 mm diameter and 5 mm thickness). In these molds, different amounts of TCP (10, 15, and
20 % wt related to PLA mass) and NaCl crystals (in a NaCl/polyester ratio of 9:1 wt/wt with
an average size of 255 = 35 um) were added by following the methodology previously reported
by Ninago et al. [31]. After 1 day of chloroform evaporation at room temperature, the samples
were subjected to vacuum (30 °C) for 4 hours to remove the remaining solvent. Then, they
were washed by immersion in distilled water for 36 hours at room temperature, renewing the
washing water every 6 hours. The resulting materials were stored in a desiccator until use.
Composite porous foams were named Fx, where x denotes different TCP wt% (10, 15, and 20
%).
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In-vitro assessments. Bioactivity tests were carried out by soaking the foams in SBF for
7 and 14 days at 37 °C, replacing the SBF solution every 3 days, and following the protocol
reported in the literature [30,32]. After soaking, specimens were gently washed with distilled
water and dried in a desiccator up to constant weight. The resulting samples were named as Fx-
y, Where x denotes different TCP wt%; and y denotes the incubation time into SBF solution (7
and 14 days).

2.4. Composite scaffolds characterization.

Porosity of samples was calculated using the Equation (1) proposed in the literature

[16,33]:
P:(l—pap jxlOO%
APN (1)

where P is the porosity of the sample, Pap js the apparent density of the foam, and Peal js the
density of the PLA. A reference value of 1.24 g cm™ was used [25].

Thermal stability and crystal structure identification of samples after incubation in SBF
solution were studied by TGA and XRD analysis by employing the aforementioned equipment.
TGA curves were used to calculate the percentage of remaining residue after 7 and 14 days of
immersion in SBF, while XRD tests were used to evaluate the presence of HA particles on
foams.

Compression Test. Measurement of compressive strength was evaluated with a Texture
Analyzer model TA-XT2i (Stable Micro Systems, UK), equipped with a 25 kg load cell.
Mechanical properties of neat PLA foams and their composites were determined in dry and
wet conditions. For wet conditions, samples were first immersed in SBF for 24 hours. The
excess of liquid was removed with a paper filter just before applying the compressive force by
following the methodology reported by Roohani-Esfahani et al. [34]. Samples were tested at
room temperature, and a uniaxial compression force was applied up to 60 % deformation using
a cylindrical steel probe of 25 mm of diameter at 1 mm s*. Automatic probe-foam contact
detection was carried out with a force of 0.005 N. Young's modulus was calculated for the first
linear region with a non-zero slope, up to 10 % stress, in the stress-strain curve.

Scanning Electron Microscopy (SEM-EDX). The fracture cross-section appearance of
foams was analyzed by SEM, using a LEO 40XVP scanning electron microscope operated at
10 kV. In addition, an energy-dispersive X-ray detector (EDX, Model DX-4) with a UTW
window and a standardless quantification method was used to analyze the elementary
composition of samples. To perform this study, samples were coated with a thin layer of gold
and carbon. From analysis, it was possible to visualize the cryo-fracture surface of the foams
before and after being soaked in SBF solution. From this analysis, the Ca/P ratio for each
formulation was obtained.

2.5. Statistical analysis.

Any statistically significant difference in the pore size and porosity, as well as in the
mechanical properties, were determined by statistical analysis of variance ANOVA one-way
and using the comparison of means through the test of the least squared differences (LSD) of
Fisher, using a significance level a = 0.05 and the StatGraphics Statistical Software.
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3. Results and Discussion
3.1. PLA and TCP characterization.

Figure 1a shows the FTIR-ATR spectra of PLA and TCP precursors. PLA exhibits the
typical absorption bands of polyesters detected at 2,993 and 2,853 cm™ (symmetric and
asymmetric vibrations of the C-H bond of the CHs groups); 1,750 and 1,180 cm™ (C=0 and C-
O-C stretching peaks, respectively). The band at 1,450 cm™ is attributed to C-H stretching
vibration in methyl groups, while bands at 1,381 and 1,362 cm™ are attributed to symmetric
and asymmetric vibrations of -CH- bending. The band at 1,080 cm™ corresponds to carbonyl
C=0 and -OH groups. Finally, two peaks at 868 and 752 cm™ are assigned to the C-C stretching
vibration [23,35]. On the other hand, TCP shows typical absorption bands at 1,088, 561, and
600 cm™ (bending out of the plane of the PO4* group); 1,037 cm™ (asymmetric vibration of
the PO,* group), and 962 cm™ (asymmetric vibration of the PO* group) [36-39]. Figure 1b
shows X-ray diffraction patterns of PLA and TCP. Three peaks associated with the
orthorhombic semi-crystalline structure of PLA are detected at 20 ~ 16.8°, 19.2° and 22.4°
which correspond to the crystalline planes (110/200), (203) and (015), respectively [22]. On
the other hand, five peaks associated with the structure of TCP are detected at 20 ~ 25.9°,
29.0°, 31.8°, 39.0° and 46.7° [40,41].
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Figure 1. (a) FTIR-ATR spectra; (b) XRD diffractograms of polylactic acid, PLA, and tricalcium phosphate
powder, TCP. Spectra and diffractograms are displaced in order to observe differences between them.

Figure 2 shows the thermal characterization by DSC analysis of PLA and TCP samples.
From Figure 2a, the TgrLa and TmpLa values obtained (close to 65 and 175 °C, respectively)
agree with those reported previously by literature for commercial PLA polyesters [24]. On the
other hand, Figure 2b displays mass loss percentage vs. temperature and the first derivative
curve for PLA and TCP samples, respectively. PLA decomposition starts at 320 °C, and is
completed at 395 °C by reaching 98 % wt mass loss. In this sense, Spiridon et al. reported a
similar mass loss percentage when evaluating the properties of PLA bioplastics [42]. Regarding
TCP, no decomposition event is observed unless in the studied range. These results agree with
those values reported by Liu et al. during the evaluation of thermal stability of sintered
TCP/poly-L-lactic acid scaffolds [43].
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Figure 2. (a) DSC curve of commercial polylactic acid, PLA; (b) TGA and first derivative dW/dT curves of
PLA and tricalcium phosphate powder, TCP. Symbols: () TGA curve of PLA; (m) TGA curve of TCP; (0)
dW/dT curve of PLA; (o) dW/dT curve of TCP.

The particle size distribution of TCP powder is shown in Figure 3a. From LD analysis,
a unimodal distribution with an average size of 12.1 pm and a smaller population shoulder
(with an average size of 2.9 um) were determined. SEM micrograph of TCP particles shows
an irregular morphology, with non-spherical shapes, and the presence of aggregates with
irregular borders (Figure 3b). These results are in accordance with those reported by Ginebra
et al. and Nagase et al. [44,45] and correspond to the typical appearance of TCP particles.
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Figure 3. (a) Particle size distribution of TCP; (b) SEM micrograph of TCP particles.

3.2. Composite scaffolds characterization.

Table 1 shows porosity and pore size values obtained for PLA and PLA/TCP foams.
According to statistical analysis, results show that PLA foams have porosity values close to 70
%, whereas PLA/TCP reached mean porosity values between 86 - 88 %. These higher values
show the utility of NaCl as a porogen agent and a synergistic effect when combined with TCP.
In order to compare the mechanical properties of the foams obtained, Figure 4 shows the stress-
strain curves for PLA and F2o samples, essayed at dry (PLAD, F20-p) and wet conditions (PLAw,
F20-w). All samples exhibit three compression regions: initial linear elasticity, long plateau, and
densification regions, commonly observed for "cellular structures" or porous structures already
described by literature [46]. As it can be seen, all curves exhibit linear regression extended to
30 % deformation, and above this limit, the curve tends to rise upwards progressively. Upon
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release of the applied load, the decompression path does not retrace the compression one but
gives rise to a hysteresis loop [47].

Table 1. Pore size and porosity values of foams.

Samples Pore size (um) Porosity (%)
PLA foam 335.6 £ 106.5 69.5+9.5 (a)
F10 n/d 86.1£2.9 (b)
F15 n/d 85.3%£5.2 (b)
F20 4153 +87.2 88.0+1.4 (b)

Values are the average of ten determinations + standard deviation. Different letters, (a) or (b), indicate
significant differences (o < 0.05) between samples.
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Figure 4. Stress-deformation curve of neat porous PLA foams and their composite with 20 % wt filler in dry
(D) and wet (W) conditions.
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Figure 5. Compressive Young's Elastic modulus values of neat porous PLA foam and the porous foams with
different % of TCP in dry and wet conditions.
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Maximum Young's modulus obtained in dry and wet conditions for all formulations is
summarized in Figure 5. The values are the average of five determinations + standard deviation.
Different letters on bars (a), (b), and (c) indicate significant differences (o < 0.05) between dry
and wet compressive conditions. As it can be seen, an increasing tendency on elastic Young's
modulus values is observed at higher TCP concentration (~ 2.2 times higher) when compared
to samples unfilled at dry and wet conditions. However, no significant difference in the
modulus strength is found when comparing 15 and 20 % wt filler. In this context, Wu et al.
reported similar behavior during the study of the mechanical compression performance of PLA
composite reinforced with HA particles [48]. In this sense, incorporating TCP particles
improved the elastic modulus. Furthermore, its linear increase when increasing TCP
concentration might be explained (as a first approximation) by the rule of mixtures for elastic
properties.

In-vitro assessments. Taking into account the results previously discussed, F2o sample
was selected to evaluate its In-vitro response. Figure 6 shows the normalized FTIR-ATR
spectra of F2o foam before and after immersion in SBF solution for 7 and 14 days, respectively.
PLA absorption bands are distinguishable in all samples, and the absorption band at 1,040 cm"
! (asymmetric vibration of the PO4> group) is attributed to the TCP filler. Regarding Fo.7 and
F20-14 foams, new vibration bands were detected at 3,183 cm (stretching vibration attributed
to the crystal water and surface adsorbed water molecules), 1,627 cm™ (vibrations of -COOH
group), and 1,550 cm* (vibration of CO3% group). These results are in good agreement with
those described by Mohandes et al. [49]. In addition, a change in the intensity of absorption
bands at 1,083 and 1,040 cm™ is detected for different SBF immersion times. Mohandes et al.
concluded that this change in frequency could be explained by taking into account the
interaction of the carboxylic groups in the foams with new-formed HA nuclei [39,49]. The
absorption band at 1,040 cm™ increases its intensity when increasing time in SBF solution; for
this reason, the development of a crystalline HA phase can be reasonably proposed [50].

Normalized Transmittance (a. u.)

1 1 1 | 1 1 1 | 1 1 1 | 1 | 1 | 1 | 1 |
3,300 3,000 2,700 2,400 2,100 1,800 1,500 1,200 900 600
Wavenumber (cm!)

Figure 6. Normalized FTIR spectra of PLA foams with 20 % wt of TCP filler before (F20) and after (F20-7 and
F20-14) immersion in SBF solution.
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Figure 7 shows X-ray diffraction patterns of PLA foams with 20 % wt of TCP filler
(F20) before and after being soaked in SBF solution for 14 days (F20-14). The diffraction peaks
associated with PLA and TCP were detected in both samples. XRD patterns of F2o.14 exhibit
diffraction peaks associated to HA phase [39]. Characteristic diffraction peaks of HA are
detected at 20 values 0 26.0°,31.9°, 33.0°, 34.1°, 39.9°, 46.8°, 49.6° and 53.3°, corresponding
to the diffraction planes (002), (211), (300), (202), (310), (222), (213) and (004), respectively
[39,49]. These results suggest that TCP particles are transformed into mineral HA during In-
vitro assessment [51]. In a similar analysis, Dorozhkin et al. stressed that chemical changes
could occur in bioceramics materials when they are exposed to in vitro-conditions [20].
Thereby, in an acidic medium, it was found that TCP particles can be partially dissolved by
causing the liberation of Ca*? and PO4™ ions to the solution. Consequently, the increase of ions
leads to the supersaturation of the biologic fluid by promoting the precipitation of biological
HA nanocrystals. For example, Roether et al. reported that HA formed on PLA/Bioglass
composite foams after 7 days of immersion in SBF [50]. In similar experiments, Zhang et al.
reported that after 7 days of immersion in SBF, PLA/Bioglass composite foams fabricated
using thermally induced phase separation (TIPS) developed HA on their surfaces [52].
According to these previous tests, and by considering the results discussed in this paper,
TCP/PLA composite foams have the same HA forming ability as PLA/Bioglass composite
foams already presented in the literature [52,53].
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Figure 7. XRD spectra of porous PLA foam with 20 % wt filler (F2) before and after (F2o-14) immersion in SBF.

Figure 8 shows TGA and first derivative dW/dT curves of foams before (F20) and after
(F20-14) In-vitro assessment. F2o and F2o-14 foam composites show a weight-loss event between
50 to 200 °C attributed to removing absorbed water during the In-vitro assessment. It is
important to highlight that mass loss events only could be attributed to degradation processes
of polymeric chains since TCP powder is a stable material in the temperature range studied.
Since TCP is stable even at high temperatures, no weight losses are detected. The
decomposition of Fo started at 300 °C, and it is completed at 350 °C, reaching a 74 % weight
loss. The first derivative dW/dT curve of F2o shows a single peak at 346 °C.
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Figure 8. (a) TGA curves; (b) first derivative dW/dT curves of porous PLA foams with 20 % wt filler before
(F20) and after (F20-14) immersion in SBF. Symbols: (A) Fao; (©) Foo.14.

Regarding F2o.14, the decomposition started at 260 °C and is completed at 365 °C. In
this case, 65 % weight loss is recorded. The first derivative dW/dT curve of F2o.14 shows a
single peak at 342 °C, closer to that value reported by Haaparanta et al. [54]. When comparing,
the weight loss percentage for F20-14 is lower than F2o sample. These results could indicate that
F20-14 foam has a higher content of HA precipitate itself. This behavior could be attributed to
better transforming TCP into HA by a dissolution—precipitation mechanism, by producing a
new inorganic phase when the sample is soaked in SBF solution for more days [51,55].

According to SEM-EDX analysis, Figure 9a shows the internal fractured surface of
composite foam with 20 % wit filler (F20) before being soaked in SBF solution. The micrograph
reveals the presence of agglomerated and isolated micro-crystals corresponding to TCP
particles. EDX pattern is also included in the figure in order to analyze the elementary
composition of the foam, as well as the Ca/P ratio. Figure 9b shows the micrograph SEM of
F20 sample after being immersed in SBF solution for 14 days (F20-14). Internal surface of the
foam exhibits a porous structure with irregular cavities and a reduced number of particles
agglomerates. Besides, it is observed that a continuous layer partially covers porous with a
fine-grained structure. The EDX analysis revealed a value of Ca/P ratio of 1.50, which is very
close to the stoichiometric HA value reported in composite materials with TCP particles after
being submitted to SBF essays. In this sense, Yu et al. and Raynaud et al. reported the same
behavior by using powders of apatitic calcium phosphate with Ca/P ratios ranging from 1.50
to 1.67 [21,56]. HA growing could be attributed to the higher diffusion rate of calcium species
relative to that of phosphate anions inside the polymeric matrix, which leads to a higher release
of calcium from the surface. Altogether, this induces a rapid formation of a thin HA layer owing
to the large surface area over which it is distributed. The HA growth is quenched whenever the
content of PO4> in the solution approaches zero [21]. Ramezani et al. reported that the rapid
exchange of Ca*" and Mg?* ions with H* or HzO" from SBF could increase the hydroxyl
concentration of the solution. This change led to the superficial modification of the foam, which
caused the nucleation of HA. Then, the migration of POs*, Ca* and OH- ions from the
surrounding fluid to the surface of the foam accelerate the nucleation and precipitation of an
HA layer [13].
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Figure 9. SEM micrographs (1000x) and EDX spectrum of porous PLA foams with 20 % wt filler (a) before
immersion in SBF (Fz); (b) after immersion in SBF (F2o-14).

4. Conclusions

PLA porous PLA scaffolds with 10, 15, and 20 % wt of TCP filler were obtained by
dissolution-leaching technic. Samples were soaked in SBF in order to confirm the ability of
HA formation on the surface of foams, which is a measure of the bioactivity of the material.
According to chemical and morphological characterization, by FTIR-ATR, new absorption
bands corresponding to HA were detected; and by XRD, typical new patterns associated with
an HA-rich phase were found. Porosity values of PLA/TCP foams were ~ 1.3 times higher
when compared to PLA foam. Regarding mechanical properties, all samples exhibit the
compression regions commonly observed for "cellular structures™ or porous structures in the
stress-strain curves. In addition, upon release of the applied load, the decompression path gives
rise to a hysteresis loop. An increasing tendency on elastic Young's modulus values is observed
at higher TCP concentration compared to samples unfilled at dry and wet conditions. Besides,
the thermal analysis showed that porous foams exhibited lower loss weight values after SBF
immersion compared to samples before immersion. These results suggest the transformation of
TCP into HA by a dissolution—precipitation mechanism. Finally, by SEM-EDX analysis, it was
possible to detect the presence of HA on the foams' surface by obtaining Ca/P values near the
stoichiometric HA values found in natural hard tissues.
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