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Abstract: In this study, it was aimed to obtain nanocomposite structure with poly (lactic acid) (PLA)
matrix and to improve the mechanical and morphological properties of the PLA matrix nano-reinforced
composites. Titanium dioxide (TiO,) and hydroxyapatite (HA) nanoparticles were used as reinforcing
elements. Solvent casting particle leaching method was used for the production of the composites.
Thermal characterization and compression test of the composite samples were carried out.
Microstructural properties and the phases formed on the surface of in vitro tested samples were examined.
As a result of the study, it was observed that nano-reinforced composites with PLA matrix are
biocompatible and apatite formation increases gradually every week. Also the highest compressive
strength was obtained in PLA/HA samples, while the lowest was obtained in PLA sample. It was
concluded that composites prepared within the scope of the study can be used as artificial tissue scaffolds
in biomedical and medical applications.
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1. Material
In this study, Poly (lactic acid) (PLA) was used as the matrix material. The PLA is an injection moulding grade
with a molecular weight of 2 x 10* gmol! and melting temperature of 165°C. The HA (with 60 nm grain size
and % 99.9 purity) and TiO (with 17 nm grain size and %99.995 purity) nanoparticles used were purchased
from Nanography, Turkey. TiO, that used for composite producing was anatase structure. Dichloromethane was
purchased from Balmumcu Chemistery, Turkey.

2. Method

Production of composites by using Solvent Casting Particle Leaching
In this study, sample production was carried out by solvent casting particle leaching technique. The method is
shown schematically in Figure S1.

Figure S1. Schematic representation of the solvent casting particle leaching technique

For solvent casting-particle leaching, PLA was dissolved in methylene chloride (Dichloromethane-DCM) at
room temperature. Then, adding different rates of HA and TiO, mixing was done in a magnetic stirrer at 150
rpm for 4 hours. The amounts of materials used in composite preparation are given in Table S1. If the
pore-forming agent (NaCl) is poured directly into the mixture, the NaCl grains accumulate and porogen does not
mix in the polymer solution. As a result, the desired porosity cannot be achieved. Therefore, an infiltration unit
was used in this study and homogeneous distribution of the pores on the sample was provided. The obtained
mixture was infiltrated into a mould containing 600-1054 um of porogen salt. Infiltration was performed at room
temperature, with 5 bar pressure value and 3 minutes pressure time. Argon, an inert gas, is used to prevent the
gas that will be released during the infiltration process from reacting with the composite structure in the mould.
After the infiltration process in Argon environment, the samples were dried in order to evaporate the DCM used
to dissolve the PLA material. Since DCM is a volatile material, boiling occurs when the drying temperature rises
above 30°C, resulting with closed air gaps. Since the cell cannot hold onto the scaffold in closed spaces, closed
pores are undesirable in tissue scaffolding studies. Therefore, drying was carried out at 30°C for 15 days. After
the solvent was completely evaporated, the remaining solid PLA composite-NaCl mixture was kept in water to
remove NaCl. At room temperature, the magnetic stirrer is kept at 200 rpm for 2 days and the salts inside the
structure are dissolved and a hollow structure is obtained. The samples were then re-dried for 2 days at 50 ° C.
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Thus, composites samples with approximately 500 ~ 600 um pore size were obtained. Then, bioactivity,
mechanical, thermal and morphological analyses were applied to the obtained porous samples.

Table S1. Mixing amounts of the prepared solution.

Bioactivity Tests

All equipment used in the preparation of simulated body fluid (SBF) solution are sterilized with pure water. SBF
solution was prepared according to Kukubo's formula. The pH of the fluid was adjusted close to the pH of the
human blood plasma (pH 7.4). The pH of the solution was adjusted using 1M HCI.

Newly prepared SBF was used in bioactivity tests. 3 samples from each of porous composite groups (PLA, PLA
I HA, PLA / HA / 0.5% TiOy, PLA / HA / 1% TiO,, PLA / HA / 1.5% TiO2) were kept in SBF between 1 ~ 4
weeks. Bioactivity tests were applied to a total of 60 samples. These samples were immersed in 33 cc glass
containers inside the SBF, which was kept constant at 36.5 <C. Due to the change of ion concentration in SBF,
SBF was replaced every two days with a freshly prepared simulated body fluid. Thus, the ion concentration of
the medium was returned to its original values. Weights of the test samples were determined before the SBF
experiment. When the waiting time of each parameter in SBF expires, it is taken from SBF and washed with pure
water and left to dry at 30 € and then dry weights determined again. Thus, weight increase has been determined
according to the holding time in SBF. The surface morphologies of the samples immersed in simulated body
fluid were examined before and after bioactivity test by using SEM, EDS (point and MAPPING) and the results
were supported by XRD analysis.

Image Analysis with SEM / EDS (Point and Mapping)

Image analysis of the samples was carried out by Carl Zeiss Ultra Plus Gemini Fesem brand emission scanning
electron microscope. In the images, apatite layer and pores formed on the surface of the samples as a result of the
bioactivity experiment were examined. Image analysis was performed on PLA, PLA / HA, PLA / HA / 0.5%
TiO2, PLA/HA /1% TiO2, PLA /HA / 1.5% TiO, composite samples that subjected to in vitro test.

X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis was performed with the X-ray diffractometer, the Ultima IV model of the
RIGAKU brand. Analysed at 20 (10 ° -90 °) angular range and 2°/min.

Thermal Analysis with DTA/Tg/DSC

Thermal analysis of the samples were made with the Hitachi STA 7300 Model device. In this context, TG, DTA
analysis and DSC calculation were made. Thermal degradation and mass losses of pure PLA and nanocomposite
samples were investigated in the nitrogen environment at a temperature range of 25-785 <C at a heating rate of
15 & / min. Thermal analyses were applied to PLA, PLA / HA, PLA / HA / 0.5% TiOz, PLA / HA / 1% TiO,,
PLA / HA / 1.5% TiO, samples that were not subjected to biocompatibility testing. DTA / TG / DSC analysis
was performed on a total of 5 samples.

As a result of thermal analysis, temperature difference between samples and reference, and weight change in
samples were measured simultaneously. Temperature differences occur as a result of endothermic or exothermic
reactions caused by the change of temperature in the sample. Melting, glass transition and decomposition
temperatures, enthalpy and crystallinity values of samples were determined with TGA-DTA device.

Compression Test

Compressive strength measurements of all composites prepared in this study were made with Zwick / Roell
Z600 brand compression test device at 50% deformation with 1.5 mm / min compression speed. Compression
test was carried out at room temperature according to TS EN ISO 844 test standard. For all composites whose
compression stress is determined, 3 samples are tested and the average compression value is determined.

The compression test was applied to PLA, PLA / HA, PLA/HA /0.5% TiO,, PLA/HA / 1% TiO,, PLA/HA/
1.5% TiO, samples that were not subjected to biocompatibility testing. Compression tests were applied to a total
of 15 samples.

3. Results and discussion

3.4. Compression Test Results.
The maximum stress used in the compression test was calculated using the values such as the height and surface
area of the sample, while the compression stress and elastic modulus were calculated using Equations 1, 2 and
3.2
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Here,

o, Compression Stress

Fn: Maxsimum Compression Force

A, : Initial surface area of the sample,

E : Elasticity module,

0. : Compression stress in Fe,

hy : Initial height of the sample,

X, : Displacement in Fe,

F. : Force corresponding to Xe (conventional proportional limit) expressed.

As a result of the compression test, the average compression stress of pure PLA samples was determined as 0.16
MPa and the modulus of elasticity as 1.35 MPa. With the addition of HA to pure PLA, the compression stress
increased by 275% to 0.44 MPa, while the modulus of elasticity decreased by 6.67% to 0.09 MPa (Table S2). In
the sample prepared by fixing the PLA ratio in the composite structure by reducing the HA ratio by the amount
of TiO; added, compression stress increases with parallel to the increase in the amount of TiO,. However, lower
compression stress was observed than PLA / HA samples. The compression stresses of 0.5% TiO,, 1% TiO, and
1.5% TiO, reinforced samples are 0.25, 0.29, 0.33 MPa and elastic modulus are 0.02, 0.08, 0.13 MPa,
respectively.

Figure S2. Compression stress results of samples

As seen in Table S2. and Figure S2, the highest compressive strength was obtained in PLA / HA samples. The
lowest compressive strength was obtained in PLA samples. When HA and TiO; are added to the PLA matrix as a
reinforcing phase, the strength of the composite structure increases and the elasticity decreases. Compared to
PLA samples, increase in an average of 175% compression stress was observed with HA reinforcement and
increase in an average of 90% compression stress with TiO, reinforcement. Compression stress of TiO,
reinforced structures is 34% less than PLA / HA structure. As a result of the researches, it has been supported by
the literature that HA and TiO; reinforced to the PLA polymer increase the strength, and the elasticity decreases
due to the reinforcement's deterioration of the crystal structure of the PLA polymer.3 456

Table S2. Thermal and mechanical properties of PLA and composite samples.

As can be seen in Table S2, the crystallinity percentage of pure PLA is 15%, 0.5% TiO,, 1% TiO; and 1.5%
TiO, reinforced samples crystallinity percentage are, respectively, 16%, 13%, 12%. From here; when a low
amount of TiO, supplement is added to the PLA matrix, it is seen that the crystallization rate increases and the
degree of crystallization decreases again with the increase of TiO, supplement amount. This situation is
supported by literature.” It is seen in Table S2 that the elasticity of the composite decreases with a low amount of
TiO, reinforcement in reverse proportion and the elasticity increases again as the amount of TiO; reinforcement
increases. This situation can be clearly seen from the elasticity and compression stress values obtained from the
compression test results. In Figure S2, stress strain curve of compression test is given.

The degree of crystallization and glass transition temperature in a polymer have a significant effect on
mechanical properties. This is because crystallization affects intermolecular bonds.® In polymer nanocomposites,
the interfaces formed by the nano additives with the matrix form new bonds between the matrix material and the
reinforcement phase by the introduction of polymer chains between the layers. These bonds disrupt the crystal
structure of the polymer, causing it to differentiate. While the nano-additives that are optimally reinforced with
the polymer matrix affect the properties of the materials, it is in the literature that it has a negative effect when
this limit is exceeded.?

Crystallinity generally adds rigidity and strength to the polymer structure. When the crystallinity is 5-10%, the
polymer remains flexible. 20-60% crystallinity brings the material to leather consistency. Makes 70-90%
crystalline material hard and durable.® The crystallinity rates obtained in the study are between 10-20%. The
degree of crystallinity decreased with the increase in the amount of TiO,. This is an indication that TiO, gives
flexibility to the structure.

In a study conducted by Rewzan et al. PLA stated that the composite material produced by reinforcing TiO2 in
increasing amounts to the matrix decreased the elasticity with the TiO, reinforcement to the PLA matrix.



However, he observed that as the amount of TiO, reinforcement increased, the elasticity increased again and
TiO; nanoparticles added flexibility to the structure.°

Bone is morphologically present in two forms, cortical (tight) 20% of the total skeleton and cancellous (spongy)
bone, 80%. Cancellous bone has 50-90% porosity and is commonly found in the middle of long bones.*

Density and porosity properties of cancellous and cortical bone are different from each other. This is because the
cancellous bone has a porous structure. Small changes in density cause large changes on the modulus of strength
and elasticity. In addition, the elasticity modulus of the cortical bone depends on the porosity, and the elasticity
modulus of the cancellous bone depends on the degree of mineralization.'? Table S3 shows the compression,
tensile stress and elastic modulus of cortical and cancellous bone.

Table S3. Mechanical properties of cortical and cancellous bone. 1314

The mechanical data (Table S2) obtained within the scope of the study is lower compared to the data available in
the literature (Table S3). As a result, it is thought that the pore sizes in the samples are larger than the ideal pore
size and as a result the strength is less than 1.9 MPa. Another reason is that the PLA polymer is affected by

environmental conditions. PLA absorbs moisture as the contact time with oxygen increases. Therefore, a
decrease in strength values occurs *°.

Tables

Table S1. Mixing amounts of the prepared solution.

DCM (g) PLA (9) HA (9) TiO2(g) NaCl (g)
PLA 100 21 0 0 120
PLA/HA 100 21 2,33 0 120
PLA/HA/0,5% TiO2 100 21 2,21 0,12 120
PLA/HA/1% TiO: 100 21 2,10 0,23 120
PLA/HA/1,5% TiO2 100 21 1,98 0,35 120

Table S2. Thermal and mechanical properties of PLA and composite samples.

Compression Stress  Elasticity Module (E) Xc
Sample Name 5y \1pq) (MPa) T9 () AH (mI/mg) o4 crysratlinity of PLA)
PLA 0.16 135 7167 1378 14.71
PLAHA 0.44 0.09 7720 1008 10.76
0,
PLA/HAD,5% 0.25 0.02 79.08 15.10 16.12
TiO2
PLAHA/L% TiO; 0.29 0.08 7513 1247 1331
0,
PLA/TF:'SQLE’/" 0.33 0.13 7588 1081 11.54

Table S3. Mechanical properties of cortical and cancellous bone 1314,

Material Elasticity Module Tensile Strength Compression Strength
(MPa) (MPa) (MPa)
Cortical 17,2 121 150

Cancellous 0,09 1,2 1,9




Schemes and Figures

Figure S1. Schematic representation of the solvent casting particle leaching technique
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