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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.

Keywords: poly(lactic acid), hydroxiapatite, titanium dioxide, biocompatibility, nano composite, tissue scaffold.

Introduction

Structural solutions for the tissues in the human body to per-
form vital activities or to assist in the realization of these activ-
ities are increasing day by day. The most utilized material
group in these solutions are biological origin materials. Bio-
materials should have the ability to interface with biological
systems. These materials replace tissues and organs, to help
heal, grow and repair body functions. This situation is based on
the compatibility of the human body structure with the material
used. Such materials can be natural or can be obtained arti-
ficially. As with all other materials; biocompatibility, anti-
bacteriality, anti cancerogenity, suitable mechanical strength,
long fatigue life, low weight/density ratio, low cost and reus-
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ability are among the properties sought in these types of mate-
rials. Biodegradable materials consist of natural polymers such
as starch, cellulose, and protein. They are preferred because
they are degradable in nature, reduce environmental pollution
and provide solutions to waste problems. Materials such as
biodegradable starch and its derivatives, polybutylene succi-
nate (PBS), polyhydroxy butyrate (PHB), polycaprolactone
(PCL) and poly(lactic acid) (PLA) are widely used in polymer
applications, packaging, agricultural products and in the med-
ical field.'

PLA is a semi-crystalline or amorphous, rigid thermoplastic
polymer. Other features of PLA produced by using plants rich
in starch, such as corn, sugar cane and wheat, are biocom-
patibility and biodegradability.? PLA compositions are used in
surgical sutures used to hold the wound together and provide
the necessary support. Also, its use in controlled drug release
systems has also become widespread.’ Today, many studies are
carried out on composite structures with PLA matrix in order
to increase the biocompatibility and mechanical strength of
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PLA material. In order to increase mechanical properties in
PLA matrix composites, it has been seen that various sec-
ondary phase materials such as carbon nano tube (CNT),
graphene, silver (Ag), calcium carbonate (CaCO;), silicate,
titanium dioxide (TiO,) and hydroxyapatite (HA) (Ca;o(P0,)s-
(OH),) are used.*” When these materials are evaluated for bio-
compatibility, it is understood that hydroxyapatite (HA),
known as bone powder, and titanium dioxide (TiO,) preferred
due to its antibacterial properties are at the forefront.*’

Since the polymers used in medical fields are generally not
osteoconductive, composite structures are formed by support-
ing with a secondary reinforcement element.® By adding HA to
the polymer matrix, osteoconductivity and bone binding poten-
tial can be improved.’ In addition, HA improves the mechan-
ical properties of PLA by taking the role of reinforcing
material.® On the other hand, the formation of acidic products
as a result of the degradation of PLA can locally lower the pH
and trigger foreign body reactions iz vivo. This can be resolved
by including inorganic filling materials such as HA in PLA.
PLA improves the weak degradability of HA." It has been
determined that PLA/HA based composites have mechanical
properties suitable for bone applications."! HA, known for its
good biocompatibility, is the most popular bioceramic material
that can chemically bond with living bone due to its bioactive
properties and can be used in orthopedics and dental appli-
cations.'? Wei et al. observed that the mechanical properties of
the PLA/HA based composites increased dramatically when
the nano-sized hydroxyapatite added into the composite
instead of micron-size hydroxyapatite. In addition, it was also
determined that the increase in the amount of nano-HA in
PLA/HA films increased apatite formation on the film.” In a
study by Tanodekaew ef al., bioactivity (ability to bind to live
bone tissue, form apatite on the surface) tests were performed
on PLA/HA composite samples with a hollow structure. As a
result of the study, it was seen that the addition of HA pos-
itively affects the osteoconductivity and bone attachment.'
Mao et al., on the other hand, prepared PLA/EC/HA (Poly
(lactic acid)/ethyl cellulose/hydroxyapatite) composite scaffold
samples using the solvent cast particle leaching method. They
characterized the functional, structural and mechanical prop-
erties of the obtained porous scaffolds. They emphasized that
when the PLA reinforced with the EC/HA, the mechanical
properties of reinforced composites are better than those of the
pure PLA in compression test."

TiO, is an important compound having high strength among
the known oxides of titanium and oxygen. Recently TiO,
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nanoparticles have been proposed as an effective filler to create
a biodegradable polymer matrix as it improves cell adhesion
on composite surfaces. It has been emphasized in various stud-
ies that TiO, nanoparticles can be a bioactive material that can
provide interfacial binding to tissue.'®

The solvent casting particle leaching technique is based on
the production of porous structures by dispersing the solid par-
ticles called pore-forming porogen in the matrix material and
then removing them from the structure with a suitable solvent.
This method is a simple and traditional method used as it
allows the creation of pores of the desired size and quantity,
and complex equipment is not used. Water-soluble salt or sugar
particles are generally preferred as porogen.'” Selection of sol-
vent material is important in preparing the solution. There are
disadvantages such as the inability to completely remove the
toxic solvent from the polymer and the degradation of other
molecules that joined the polymer. When choosing a solvent
material, attention should be paid to the properties such as the
boiling and melting point of the solvent, its density, dissolution
in water erc.'

The aim of this study is to produce PLA matrix nano-rein-
forced PLA/HA/TiO, composite samples that are more com-
patible with the body by using solvent casting particle leaching
technique and to examine the produced samples in terms of
mechanical and morphological properties.

Experimental

Materials and Methods. Information is available regarding
the experimental procedure for the preparation of PLA/HA/
TiO, composites by using solvent particle leaching method and
also regarding the details of bioactivity test, thermal and mor-
phological analyzes (see Supporting Information).

Results and Discussion

Bioactivity Test. The surfaces of PLA, PLA/HA, PLA/HA/
0.5% TiO,, PLA/HA/1% TiO,, PLA/HA/1.5% TiO, samples
were examined through scanning electron microscopy (SEM)
in order to see the effect of immersing time in simulated body
fluid (SBF) in apatite morphology. Accordingly, SEM images
of PLA and PLA/HA samples, obtained before immersing in
SBF and after immersed on SBF for 4 weeks, are given in Fig-
ure 1.

When the SEM images given in Figure 1 are examined, it is
seen that HA reinforcement to the PLA matrix material
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Figure 1. Apatite formation surface SEM images of PLA and PLA/
HA samples: (a) PLA not immersed in SBF; (b) PLA immersed for
4 weeks in SBF (c) PLA/HA not immersed in SBF; (d) PLA/HA
immersed for 4 weeks in SBF.

increases the formation of apatite on the sample surface. This
situation can be understood from the fact that the surface mor-
phologies of PLA/HA samples in Figure 1(c) have smaller
porous and rougher than do have PLA samples. After the in
vitro test, a thicker and wider apatite layer forms on the surface
of the PLA/HA samples compared to pure PLA samples. As a
result of keeping the PLA samples in SBF for 4 week, it is
observed that although apatites occur in a small amount in cer-
tain regions, on PLA/HA samples surfaces it is seen that more
particulate, rougher surfaces are formed, apatite agglomeration
occurs similar to grape grains and apatite formation increases
after the same period. EDS analysis after the 4-week in vitro
test in Figure 6 supports this situation. This situation has also
been emphasized in the literature."

According to this result, fast apatite formation occurs in
PLA/HA. Depending on the increase in calcium content of the
surface (at pH=7.4), ions that provide apatite formation are
attached to the surface.”? Since the amount of Ca found in
PLA/HA nanocomposite samples is higher than that in pure
PLA samples, it can be said that fast and large apatite for-
mation occurs in PLA/HA samples. This situation was empha-
sized in our previous study.

The amorphous calcium phosphate phase is formed as a
result of apatite calcium phosphate precipitation during the
waiting period of the samples in SBF. This amorphous phase
first forms a lumpy structure similar to grape bunches and then
turns into random big bunches. These clusters are carbonated
apatite structures and are also called calcium deficient apa-

100 im
Figure 2. Apatite formation SEM images of TiO,-reinforced
samples: (a) PLA/HA/0.5% TiO, samples not immersed in SBF; (b)
PLA/HA/0.5% TiO, samples immersed in SBF (c) PLA/HA/1%
TiO, samples not immersed in SBF; (d) PLA/HA/1% TiO, samples
immersed in SBF; (¢) PLA/HA/1.5% TiO, samples not immersed in
SBF; (f) PLA/HA/1.5% TiO, samples immersed in SBF.

titis."? In Figure 2, SEM images of the sample surfaces of the
PLA/HA/TiO, nano composites are given before the in vitro
and after the 4 weeks in vitro test.

When the SEM analysis images from the surfaces of PLA/
HA/0.5% TiO,, PLA/HA/1% TiO,, PLA/HA/1.5% TiO, sam-
ples were examined before and after 4 weeks of in vitro test,
it is clearly seen from Figure 2 that as the immersing time
increases in SBF the formation of apatite increases. This sit-
uation indicates that the prepared composite materials do not
show a negative reaction in body fluid and that the material is
a biocompatible composite structure. EDS (Mapping) analysis,
given in Figure 3, supports apatite formation as a result of in
vitro test.

Figure 3(a) and Figure 3(b) shows that the HA layer shows
a homogeneous distribution on the entire surface of the PLA
and PLA/HA samples, when the TiO, is reinforced to com-
posite, the HA layer begins to turn into a grape bunch form,
and as the TiO, ratio in the composite increases, the clumps of
grapes gradually start to grow (Figure 3(c), 3(d), 3(e)). The
apatite layer formed on the surface causes an increase in mass
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Figure 3. EDS (Mapping) analysis after 4 weeks of in vitro test: (a)
PLA; (b) PLA/HA; (c) PLA/HA/0.5% TiO,; (d) PLA/HA/1% TiO,;
(e) PLA/HA/1.5% TiO,.

in composite samples. This is clearly seen in the weight change
graph given in Figure 4.

Comparing the dry weights of composite samples before the
in vitro test and after 4 weeks of in vifro test, it is seen that
there is a general increase in the weight of the samples after the
bioactivity experiment. This increase indicates the HA for-
mation on the surface of the samples. As a result of the 4
weeks in vitro tests, the minimum mass increase was achieved
in PLA samples with 94 x 10 g, while the maximum mass
increase was obtained in PLA/HA samples with 158 x 10* g.
When 0.5% TiO, was reinforced to PLA/HA composite struc-
ture, 137 x 10* g mass increase occurred, while 1.5% TiO,
was reinforced, mass increase amount reached 156 x 10
grams. This shows that the primary and secondary reinforce-
ment phases added to the PLA material positively affect the
formation of apatite on the surface of the sample, the bio-
activity and biocompatibility of composites. In addition, the
apatite layer increased on the surface of the sample filled the
pores in the samples and thus reduced the size of the pores.

The size of the apatite layer formed on the sample surfaces
and the change in the size of the pores as a result of the in vitro
test can be seen in Figure 5. Averages were taken for each
parameter by measuring 10 apatite and 5 pore widths from
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Figure 4. Weight change determined by 4 week Bioactivity test.

each SEM image.

When Figure 5 is examined, it can be seen that the PLA
matrix HA and TiO, reinforced composite samples’ apatite
sizes increase with increasing of waiting time in SBF. When
the results of the in vitro test in the first and fourth weeks were
compared, apatite size increase were calculated as 20% in PLA
samples, 53% in PLA/HA samples, and 47% in titanium rein-
forced samples. When evaluated in general, it is seen that as
the waiting time in SBF increases, apatite formation increases.
While the highest apatite formation was seen in PLA/HA sam-
ples, when 0.5% TiO, was added to the composite, it was
observed that apatite formation decreased and HA formation
increased again as the TiO, ratio of the composite increased
(Figure 5).

As seen in apatite size measurements (Figure 5(a)) and
weight changes (Figure 4), the least apatite increase was in
PLA samples. When TiO, reinforced samples and PLA/HA
composites samples compared, it is seen that the apatite for-
mation of PLA/HA samples is higher. Also, according to the
mass change graph in Figure 4, the highest mass increase was
seen in PLA/HA samples. The mass increase is directly pro-
portional to the apatite formation and inversely proportional to
the pore size. In other words, as apatite formation increases in
the structure, it is expected that the mass increases and the pore
size decreases accordingly. However, since the prepared bio-
compatible composite structures are also biodegradable, bio-
degradation and hence rupture occurred in the samples during
in vitro tests. Therefore, as a result of the 4-week in vitro tests
performed, while the greatest reduction in pore size occurred in
PLA/HA/0.5%TiO, samples, the greatest increase in apatite
size and mass was observed in PLA/HA samples (Figure 4 and
Figure 5). In addition, as the TiO, ratio increases in the com-
posite structure, it is observed that the pore size decreases and
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Figure 5. The results of (a) hydroxyapatite; (b) pore size measurement from SEM images.

the mass and apatite size increase. So, it can be said that the
increase in the amount of TiO, had a positive effect on the for-
mation of apatite. This situation supports the EDS analysis
results in Figure 3.

In their study, Aleksandra et al. investigated the effect of
TiO, addition on HA formation. As a result of the study, they
emphasized that as the TiO, ratio increases, apatite formation
on the surface increases as well.' Apatites formed around the
pores cause the pore size to shrink.”” The pore size mea-
surements given in Figure 5 shows that as the waiting time
increases in SBF, apatite forms around the pores and these apa-
tites decrease the pore size. Mao et al. prepared a composite
tissue scaffold containing PLA and HA and examined the bio-
activity properties of these structures. In the results of the
study, they stated that as the waiting time increases in SBF,
apatites formed on the surface cause shrinkage in the pore
size.” This situation supports the results of this study.

When the pore size shrinkage is calculated as a percentage;
the average pore size in non-tested samples decreased by 13%
for PLA samples, 22% for PLA/HA samples and 19% for TiO,
reinforced samples. The greatest pore shrinkage in PLA/HA
samples with the highest apatite formation shows that pore
sizes are inversely proportional with apatite formation. Also,
the pore sizes given in Figure 5 support the results in the
weight change plot given in Figure 4. In Figure 6, after 4
weeks bioactivity test, EDS point analysis results are given.

In the SEM images given in Figure 6, it is clearly seen that
as the immersing time increases in SBF, more apatite for-
mation occurs. Although there is no hydroxyapatite in the
untested PLA samples, as seen in the EDS, 4.72% by weight
apatite is formed after immersing in SBF.

In the solvent casting particle leaching method used in the
production of test samples, salt (NaCl) particles were used to
have a hollow structure of the samples. While the salt and melt

are mixed in the casting process, the salt grains are removed
after the drying process. Thus, a hollow structure is obtained
by dissolving salt in water. Due to the NaCl residues left on the
sample during dissolution, chlorine (Cl) and sodium (Na)

peaks are also seen in the EDS results.

While it was determined that the PLA/HA sample kept in
SBF for 1 week contains 6.74% Ca by weight, the sample kept
for 4 weeks was found to contain 25.09% by weight. From the
EDS analysis, it is seen that composite samples with PLA/HA/
0.5% TiO, composition contain 0.24% Ca by weight after
immersing for 1 week in SBF, while samples with the same
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Figure 6. EDS point analysis results after 4 weeks bioactivity test:
(a) PLA; (b) PLA/HA; (c) PLA/HA/0.5% TiO,; (d) PLA/HA/1%
TiO,; (e) PLA/HA/1.5TiO,; (f) EDS analysis results for all points.
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Figure 7. X-ray diffraction (XRD) results of PLA and PLA matrix nano composite samples: (a) PLA; (b) PLA/HA; (c) PLA/HA/0.5% TiO,;

(d) PLA/HA/1% TiO,; (¢) PLA/HA/1.5% TiO,.

composition contain 17.9% by weight after 4 weeks in SBF.
Also, while PLA/HA/1%TiO, and PLA/HA/1.5%TiO, sam-
ples kept in SBF for 1 week contains 0.14% and 4.42% Ca by
weight respectively, the same samples kept for 4 weeks were
found to contain 34.23% and 81.43% Ca, respectively (Figure
6). This situation supports the increase of apatite formation as
the increase of retention time in SBF and increase of TiO, ratio
of the samples.

X-Ray Diffraction (XRD) Analysis. In Figure 7, the XRD
results of PLA matrix composite scaffold samples are given.
The number 1 charts in the figure are not kept in SBF, the
number 2 charts are kept for 1 week, and the number 3 charts
are kept for 4 weeks in SBF.

Figure 7(a) shows the XRD results of the PLA scaffold sam-
ples that not immersed in SBF, 1 week immersed and 4 weeks
immersed in SBF. When the XRD analysis results are exam-
ined, it is seen that apatite formation in the PLA samples that
not immersed in SBF is not observed, while it is seen that apa-
tite formation occurs in the samples immersed in SBF for 1
week and 4 weeks. The reason for this is that apatite calcium
phosphate precipitation occurs during the waiting period of the
samples in SBF followed by the formation of amorphous cal-
cium phosphate phase."

In addition, from the XRD (given in Figure 7) and EDS
results (given in Figure 6), it is understood that the increase in
the ratio of the TiO, reinforcement phase positively affects and
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accelerates the apatite formation in the samples, and as the
holding time in SBF and the TiO, reinforcement phase ratio
increase, the apatite formation also increases. In Figure 7(b-¢),
the XRD results obtained before and after in vitro testing of
PLA/HA, PLA/HA/0.5% TiO,, PLA/HA/1% TiO,, PLA/HA/
1.5% TiO, samples are given. It is observed from these results
that there is little amount of HA phase on the surface of the
samples before the in vitro test, but there is an increase in the
amount of this phase after the in vitro test.

Apart from the matrix and reinforcement elements, the XRD
results also have NaCl phase. Since the salt used to create
pores in the composite sample is not completely dissolved
during the dissolution process, thus the NaCl phase was found
in XRD analysis. This situation supports the EDS analysis
given in Figure 6.

In general, when the peak concentrations of the HA phase
obtained are evaluated, it is seen that the HA density increases
as the in vitro test duration increases.

DTA/TG/DSC Thermal Analysis. Within the scope of the
study, after the tissue scaffold with HA and TiO, secondary
phases with PLA matrix was created, DTA/TG and DSC ana-
lyzes were carried out to determine the effect of the secondary
phases in these structures on the thermal properties. In Figure
8, TGA analysis results of tissue scaffold samples made of
PLA, PLA/HA, PLA/HA/0.5% TiO,, PLA/HA/1% TiO,,
PLA/HA/1.5% TiO, are given.
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Figure 8. (a) T,; (b) DTA results of composite samples.

The decomposition temperatures obtained from DTA/TG
plots of PLA and nanocomposite tissue scaffold samples are
given in Table 1.

Thermal stability is the resistance of the material to deg-
radation at high temperatures. The increase of decomposition
temperatures indicates the increase of thermal stability of the
material. When the results of 7, analysis given in Table 1 and
Figure 8(a) are examined, it is seen that PLA is degraded
between 158-332°C, when HA and TiO, are reinforced to
PLA matrix material and composite is formed, the decom-
position temperature of the materials increases and reaches up
to 159-348 °C range therefore, it is seen that its thermal sta-
bility range also increases. The decomposition temperatures of
PLA and PLA/HA nanocomposites are lower compared to
those of PLA/HA/TiO, samples. When the decomposition
temperatures of PLA/HA/TiO, nanocomposites are compared
within themselves, it is seen that the decomposition tem-
perature increases with the increase in the amount of TiO,.
Similarly, in a study by Li ef al., it is emphasized that the ther-
mal stability of nanocomposites increases with increasing TiO,
amount.”

When the DTA results given in Figure 8(b) are examined,
nanocomposite samples showed two different peak points with
increasing temperature. The first peak is the material's melting
temperature (7,,) and the second is the decomposition tem-
perature (7). It is seen from the DTA/TG/DSC curves that the
melting temperatures of PLA, PLA/HA, PLA/HA/0.5%TiO,,
PLA/HA/1%TiO,, PLA/HA/1.5%TiO, samples are 158.35,
159.09, 159.52, 159.59, and 161.71 °C, recpectively. The
decomposition temperatures of the matrix material and nano
composite samples were measured in the program called Ori-
gin Pro, taking the DTA and 7, curves together. The second
peak (Ty) in the DTA curve represents the secondary decom-
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Table 1. Degradation Temperatures of PLA Matrix Nano-
composites
(unit: °C)

First Second

Sample name .. L.
P decomposition decomposition

PLA 158.35 332
PLA/HA 159.09 340
PLA/HA/0.5% TiO, 159.52 351
PLA/HA/1% TiO, 159.59 361
PLA/HA/1.5% TiO, 161.71 348

position point. The decomposition temperature (7y) is 332,
340, 351, 361, and 348 °C respectively.

In general, it has been determined that reinforcement mate-
rials added to composites have a positive effect on thermal sta-
bility. While the mass change of composites is recorded as a
function of time or temperature in the 7, diagram, in the DTA
diagram the rate of mass loss change as a function of time or
temperature is recorded. The maximum peak in the DTA dia-
gram shows when the mass change rate and the temperature
are greatest.

DSC curves of PLA matrix HA and TiO, reinforced com-
posite scaffold samples are given in Figure 9(a-e). T, T,, AH,
X, values calculated as the result of the analysis are given in
Figure 9(f).

Melting temperatures (7,), glass transition temperatures (7})
and melting enthalpies (AH,,) of the samples were calculated
during the analysis. Using the melting enthalpy value, the
degree of crystallinity (% crystallinity) of the polymer in the
sample was calculated according to eq. (1)."

AH
Crystallinity (%) (X)) = 555 * 100 (1)

Polym. Korea, Vol. 45, No. 4, 2021
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Figure 9. DSC and 7, curves of the samples: (a) PLA; (b) PLA/HA; (c) PLA/HA/0.5% TiO,; (d) PLA/HA/1% TiO,; (¢) PLA/HA/1.5% TiO,;

(f) Thermal properties of composite samples.

Here AH,, indicates the melt enthalpy (J/g), which is the
value calculated at the 7, in the DSC curve. The value of 93.7
(J/g) is the theoretical enthalpy value of PLA, which is com-
pletely crystalline.'®

Amorphous structure and crystal structure are solid state lay-
outs of polymers. Molecular chains in the amorphous structure
are randomly located relative to each other. In the crystal struc-
ture, all of the polymer chains are in a certain order. The amor-
phous structures are hard and brittle below the 7,. As the 7, is
exceeded, the structure becomes rubbery. Many commercial
polymers such as polyphenylene oxide (PPE), polyvinyl chlo-
ride (PVC) are amorphous.”

While the polymers are solid, they generally have an amor-
phous and crystalline mixture rather than a hundred percent
crystalline structure. PLA is amorphous and crystalline, i.e.
semi-crystalline. The properties of these plastics depend on the
amount of crystalline phase present in the structure.”® As the
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crystallinity increases, the material tends to be more brittle.?*
So it is expressed by a factor called X, (degree of crystallinity).
In addition, the melt enthalpy values depend on the crys-
tallinity of the material *®

When Figure 9 is examined, it is seen that the 7;, of PLA
samples, is 158.35°C, while the 7,, of PLA/HA nanocom-
posite reaches 159.09 °C. When different amounts of TiO,
reinforcements are added to the PLA/HA nanocomposites, it is
seen that the 7,, increases as the rate of reinforcement
increases. T,,s of 0.5%, 1% and 1.5% TiO, reinforced nano-
composites were obtained as 159.52, 159.59 and 161.71 °C,
respectively. This result shows that as the amount of rein-
forcement in the nano composite structure increases, the melt-
ing temperatures of the composite materials also increase. This
increase is due to the disintegration (separation) of the chain
structures in the polymer by the incorporation of TiO, nanopar-
ticles into the structure.'® This situation is supported by the lit-
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erature. Salerno et al. studied the PLA/HA composite tissue
scaffold and as the result of their study they observed an
increase in the 7,, values with an increase in the HA ratio.®

Also, it is seen in Figure 9(f) that the 7, of 0.5, 1, and 1.5
TiO, reinforced nano composites are 79.08, 75.13, and
75.88 °C, respectively. It is seen that the 7, and the T, are inde-
pendent of the TiO, reinforcement amount, whereas with
increasing TiO, amount, the crystallinity of PLA/HA/TiO,
nano composites decreases. Thus, the energy expended for the
melting of the nano composite also decreases.

In his thesis study, Rezwan ef al. created a biodegradable
polymer nano composite structure with PLA matrix using
increasing amounts of TiO, reinforcement and examined the
thermal properties of these structures. As the result of his
study, it was stated that 7, and 7,, are independent of the
amount of TiO, added and the crystallinity of composite struc-
tures decreases with the increase of TiO, reinforcement.'® These
results obtained by Rezwan ef al. supports this present study.

Compression Test. Information is available regarding the
compression test results of the composite samples (see Sup-
porting Information).

Conclusions

When the obtained results are examined, the greatest mass
increase and apatite formation were obtained in the PLA/HA
samples, while the lowest mass increase and apatite formation
were obtained in the PLA sample. When TiO, reinforced sam-
ples were evaluated among themselves, it was determined that
the amount of apatite formed when the amount of TiO, rein-
forcement phase was increased. It was also found that the mass
difference increased before and after the bioactivity experi-
ment. Since the apatites formed on the surface cause shrinkage
in the pore sizes, the pore size was observed to be inversely
proportional to the formation of apatite.

Compression test was carried out to determine the mechan-
ical properties of samples. As a result of the compression test,
the highest compression strength was obtained in the PLA/HA
samples, while the lowest compression strength was obtained
in the PLA samples. It was also observed that as TiO, amount
increased, the strength of samples increased.

When the compression stress and elasticity results obtained
were compared with the literature, the compression stress and
elasticities obtained as the result of the experimental study
were found to be lower than the values in the literature. The
difference between these results is due to the pore sizes in the

samples being larger than the ideal pore size. As a result, the
strength causes the cancellous bone structure to be lower than
the compression stress (1.9 MPa). The ideal pore diameter for
the formation of bone tissue in the literature is 200-350 um. In
the study, the pore size averages in the measurement results
were found to be between 490-560 um. The most important
factor affecting the pore size is the size of the salt particles
used during production. Another reason that affects the
mechanical properties may be the degradation of the PLA
polymer by absorbing moisture in contact with oxygen, as a
result of which the strength is decreased.

Since the PLA polymer has a semi-crystalline structure, the
degree of crystallinity has an effect on mechanical properties.
Reinforcements to the polymer matrix disrupt the crystal struc-
ture. Therefore, the crystallinity of composite structures cre-
ated by adding HA and TiO, to the PLA matrix is lower than
the crystallinity of PLA samples. The degree of crystallinity
also affects the hardness and elasticity of the material. While
crystallinity and hardness are directly proportional, elasticity is
inversely proportional. While HA adds rigidity to the com-
posite structure, TiO, adds flexibility. This result was obtained
by comparing the modulus of elasticity.

As a result of DTA/TG, DSC thermal analysis, the effect of
secondary phase materials reinforced to the matrix on the ther-
mal properties of PLA was analyzed. As the result, it was
observed that the secondary phases had a positive effect on the
thermal stability of the PLA. With the addition of the sec-
ondary phase, decomposition temperatures and melting tem-
peratures increased, and their degree of crystallinity decreased.

As a result of the study carried out, it has been understood
that PLA matrix nano composite structures with different rein-
forcement amounts are suitable for use in health and medical
fields in terms of mechanical and thermal properties. Also cell
culture studies will be carried out to determine whether the
matrix material is biocompatible or not in the next stage of this
study.

In addition, it has been concluded that new composite struc-
tures can be created by improving the size of salt particles and
reinforcement phase percentages used in sample production
with the cast particle leaching technique, and thus, superior
biological materials can be obtain to use in health and medical
fields.
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