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ABSTRACT

Pon-D,L—Lactide/e-caprolactone (PDLLA-g-CL) and B-tri-calcium phosphate (B-TCP) composites were prepared as an
alternative for injectable filling material in bone tissue repair. B-TCP was synthesized by a wet precipitation method and
characterised using Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffractometer (XRD), Zeta-SIZER and Brunauer—
Emmett-Teller (BET) analyser. PDLLA-e-CL copolymer was synthesized under nitrogen (N2) atmosphere using ring-opening
polymerization in the presence of stannous octoate as a catalyst. The chemical structures of copolymers were determined
by FTIR and Proton Nuclear Magnetic Resonance (1H-NMR) analysis. The average molecular weights of copolymers were
identified by Gel Permeation Chromatography (GPC). (PDLLA-e-CL)-B-TCP composites were then prepared by loading
differing amounts of B-TCP to the copolymer phase. The resulting composites were easily shaped by hand. The degradation
profiles of the composites were determined by monitoring the changes in the molecular weight of the co-polymers over
a period of 42 days. Degradation rate of the composites decreased as the percentage of B-TCP in the structure increased.
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Poly—D,L—Laktat/s—kaprolakton (PDLLA-g-CL) ve B-tri-kalsiyum fosfat (B-TCP) kompozitleri, alternatif bir biyobozunur
enjekte edilebilir dolgu malzemesi olarak gelistirilmistir. Bu amacla B-TCP, ¢oktlirme yontemi ile sentezlenmistir ve
karekterizasyonu Fourier Donusim Kizilotesi Spektroskopi (FTIR), X-Isini Defraktometresi (XRD), Zeta-SIZER ve Brunauer-
Emmett-Teller (BET) kullanilarak yapilmistir. PDLLA-€e-CL kopolimeri, katalizor olarak kalay oktoat kullanilarak halka agihm
polimerizasyonu ile azot (N2) atmosferi altinda sentezlenmistir. Kopolimerlerin karakterizasyonu FTIR ve Proton Nikleer
Manyetik Rezonans (H-NMR) analizi ile yapiimistr. Ortalama molekuler agirligi, Jel Gegirgenlik Kromatografisi (GPC) ile
hesaplanmistir. (PDLLA-g-CL)-B-TCP kompozitleri, kopolimere farkli miktarlarda B-TCP yuklenerek hazirlanmistir. Elde
edilen kompozitler kolayca elle sekillendirilebilmektedir. Kompozitlerin bozunma profilleri, 42 giin boyunca kopolimerlerin
molekiler agirligindaki degisimlerin izlenmesi ile belirlenmistir. B-TCP orani arttikca kompozitlerin bozunma oraninin
azaldigi gozlenmistir.
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INTRODUCTION

joceramics have been widely used in hard
Btissue repair [1-5]. They can be classified into
three main groups: (i)
as alumina, zirconia etc.; (ii) bioactive bioceramics
such as bioactive glasses, bioactive glass-ceramics
etc.; and (iii) degradable ceramics such as calcium
phosphate, tricalcium phosphate (TCP), aluminium-
calcium phosphate,

bioinert bioceramics such

zinc-calcium-phosphorus oxide
etc. Among these, TCP and hydroxyapatite (HA) are
the most attractive bioceramics due to having similar
composition to the inorganic fraction of human bones
[1,3,4,6-9]. Bioceramics are inherently stiff materials
and it is hard to place an artificial graft made of only
bioceramics into a bone defect without any void. Thus,
the soft tissue cells can easily penetrate and grow into
these voids and not allow proper bone tissue formation.
In order to avoid the soft tissue cell migration and
growth, biodegradable and injectable filling materials,
such as polymeric composites containing TCP and HA,
have been widely used [10-16]. In addition to allowing
minimally invasive procedure, the injectable fillers
can fill even the irregular defects by taking the shape
of the cavity in which they are placed [13,16]. The
rationale behind polymer/bioceramic composites is to
combine the bioactive properties of the bioceramics
with the elastic properties of the polymers. The degree
of bioactivity, biodegradation rate, and mechanical
properties of the composite can be adjusted by the
volume ratio of the bioceramic to the polymer [17].

Synthetic biodegradable polymers, such as PLLA,
PLGA, PCL and their copolymers are the most commonly
used polymers for preparing composite matrices for bone
repair [2,11,18-21]. For instance, Hong et al. reported the
preparation of a poly(L-lactic acid) and sol—gel-derived
bioactive glass—ceramic (BGC) composite for orthopedic
application [23]. An injectable calcium phosphate/
poly(DL-lactide-co-glycolide) composite, in which each CP
nanoparticle was coated with the copolymer, have been
successfully prepared by Ignjatovic et.al. [12]. A composite
of poly-e-caprolactone (PCL) loaded with gatifloxacine
and B-TCP have been proposed as a matrix to prevent
osteomyelitis and promote new bone formation [24]. Yang
et al. have coated electrospun PCL scaffold with calcium
phosphate (CaP) [25] while Guarino et al. fabricated PCL
scaffolds using the combination of a filament winding
technique and a phase inversion/salt leaching process
where PLA fibers and CaP were used as reinforcement
material [26].

The use of (PDLLA/e-CL)-B-TCP composites in various
forms were also reported in the literature. A (PLLA/e-
CL)/B-TCP phosphate membrane and gelatin sponge
incorporated with basic fibroblastic growth factor (bFGF)
have been found to be promising for bone regeneration
in mandibular ridges [28]. Kikuchi prepared
biodegradable and thermoplastic membranes from the
composites of B-TCP and (PLLA/e-CL) by a heat-kneading
method [29]. Lépez et al. fabricated injectable, in situ
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setting, degradable composites for intervertebral disk
replacement by mixing B-TCP and calcium carbonate
into acrylic-terminated oligo (DLLA/e-CL) which were
crosslinked at room temperature [15]. In a previous
study conducted in our group, we reported the synthesis
(PLLA/e-CL)/hydroxyapatite
composites as novel bone-filling materials. However, there
isnoreporton (PDLLA/e-CL)-B-TCP composites in the form
of a degradable injectable filler material.

and characterisation of

The aim of the study was to prepare a degradable
injectable filler material from a B-TCP and biodegradable
PDLLA/e-CL co-polymer, which are flexible and can be
easily shaped by hand, to use in bone tissue defects. For
this purpose, B-CP was synthesized by precipitation
method using calcium hydroxide and phosphoric acid.
Dried and sintered TCP was characterised using FTIR,
XRD, Zeta-SIZER and BET analyser. PDLLA/e-CL copolymer
was synthesized by ring opening polymerization and
subsequently characterised using FTIR and *'H-NMR
analysis. The average molecular weights of copolymers
were identified with GPC. (PDLLA/e-CL)- B-TCP composites
were prepared using varying amounts of B-TCP and their
degradation profile were determined by monitoring the
changes in the molecular weight of the co-polymers for 42
days.

MATERIALS and METHODS

Preparation and characterisation of TCP powders

B-TCP was prepared using calcium hydroxide (Ca(OH),,
Sigma, US) and phosphoric acid (H,PO,, BDH, UK). To
reach a Ca/P atomic ratio of 1.5.; 2.3 g of Ca(OH), (Sigma,
USA) was suspended in 200 mL of ultrapure water. The
suspension was pre-heated to 40°C in a hot plate (IKA
C MAG HS 7) with continuous stirring. 250 ml of 0.08 M
phosphoric acid (H,PO,, BDH, UK) was applied dropwise
into this suspension with the aid of a dropping funnel. The
pH was monitored throughout the reaction, and 1:1 ratio
ammonia (Aklar Chemistry, Turkey) - water mixture was
used to maintain the pH constant. It is known that the pH



value of the reaction effects B-TCP formation. Thus, the
reaction was conducted at pH 8.00 according to literature
reports [1,9,30-33]. After the phosphoric acid solution was
completely depleted, the temperature was increased to
70 °C. The mixture was kept under continuous stirring for 2
hours at 70°C. After 2 hours, the heater was turned off and
the mixture was keptin continuous stirring for an additional
18 hours. In order to easily remove the remaining solute,
the resulting white precipitate was allowed to stand
for 24 hours to settle down to the bottom of the beaker.
The precipitate was centrifuged for 15 min at 2000 rpm
(Herhaus Biofuge Stratus, Germany). Centrifugation was
repeated 4 times and the resulting white gel was collected
to a petri dish and dried in an oven at 70°C for 24 hours.
Resulting dried powders were made into pellets of 1 cm
in diameter and 3 mm in thickness under 1700 kg/cm?
pressure. Finally, the pellets were sintered at 1000°C.

The chemical structure of B-TCP was investigated using
Fourier Transform Infrared Spectroscopy (FTIR, Shimadzu,
DR 8101, Japan) at a resolution of 4 cm?® between 400-
4000 cm™. 40 scans were performed for each sample.

XRD measurements were conducted at 50 kV x 150
mA. Measurements were performed for 60 minutes
between 5-100° TTH. Each measurement was repeated 6
times. Results were compared to the B-TCP (Whitlockite,
PDF N0:9-0169) and hydroxyapatite (HA, PDF No:09-0432)
WRD patterns in the ICDD literature.

Zeta-SIZER (Malvern-3000) was used to measure
the particle size of the B-TCP gel. Samples were diluted
with distilled water prior to the measurement. The
measurements were repeated three times.

The specific surface areas of B-TCP powders were
determined using a BET analyzer (Quantachrome NOVA
2000) using nitrogen gas at 99.99% purity. Gas removal
from the sample was carried out in a vacuum environment
for 5 hours.

Table 1. Polymerisation conditions.
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Preparation and Characterization of PDLLA/e-CL co-
polymer

A PDLLA/e-CL co-polymer synthetized previously by our
group was used in this study [19]. Briefly; D,L-lactic acid
(Purac, pharmaceutical grade, The Netherlands) was
recrystallized twice under reduced pressure at 45°C
before use while e-caprolactone (Acros, Belgium) was
driedonmolecularsieveforabout 24h. Stannous octoate
(Sigma, USA) were use as catalyst. Polymerization
system consisted of a glass polymerization reactor and
a nitrogen flow-through inlet with a vacuum connection.
Temperature was adjusted by placing the reacor in a via
silicone oil bath. Polymerization was carried out under
nitrogen atmosphere for 24h. The lactide/caprolactone
ratio, the dimer/catalyst ratio, and the polymerization
temperature were the same in both polymerization,
and were 50/50 (w/w), 0.003/1 (w/w) and 145°C.

The polymerisation method is described elsewhere
in detail [19]. The polymerisation conditions are given in
Table 1.

The average molecular weights and heterogeneity
indexes (HI) of the co-polymer were determined using
gel permeation chromatography (GPC). The GPC system
consisted of an HPLC pump (Spectra-Physics, P1500, USA),
a column for polymers up to 400,000 molecular weight
(Shodex, K-804, Japan), a refractive index detector with
Tungsten lamp (Shodex, RI-71, Japan) and data processing
system (Shodex, Showa Denko, Japan). Chloroform (Riedel
de Haen, Germany) was used through the column at a
rate of 1 ml/min as the solvent and the carrier phase.
Commercially available polystyrene (PS) standards (Shodex,
Japan) with narrow molecular weight ranging from 17500
to 105000 was used for calibration.

The chemical structure of PDLLA/e-CL co-polymers
was investigated using FTIR at a resolution of 4 cm?
between 400-4000 cm™. For each sample 40 scans were
performed [19].

L R Amount of
Polymerisation Polymerisation Monomer Amount of
) ) Amount of e-CL Stannous Atmosphere
duration Temperature Ratio DLLA
oktoat
20 hours 145°C 1:1 30g 30g 0.62¢g N
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The structure of the co-polymer was determined
using Proton Nuclear Magnetic Resonance (H-NMR)
analysis (Varian XL-300, USA). The working frequency
was 399.96 MHz. Sample concentration was 4 mg/ml
copolymer/chloroform. Measurements were made at a
constant temperature of 18°C [19].

Preparation of PDLLA/e-CL /TCP composites
(PDLLA/e-CL)- B-TCP composites containing 20%, 40%
and 60% of B-TCP were prepared. Firstly, the copolymer
was dissolved in chloroform at the concentration of 50%
(w/v). This viscous copolymer solution was stirred at
room temperature in a magnetic stirrer and the certain
amounts of B-TCP were added to the solution to obtain
the different ratios of B-TCP content. The mixture was
stirred using an ultrasonic bath until the composite
reached dough-like consistency. The solvent was then
evaporated from the composite under vacuum at
50°C for 5 days.

In vitro degradation profiles of the composites were
determined in phosphate buffered saline (PBS) solution
(pH=7.4) at 37°C. The solution was refreshed every 3 days
in order to keep the pH constant and to prevent microbial
contamination. Samples were formed into cylinders with a
diameter of 0.5 cm and a length of 1 cm and were placed
in sachets of silk filter with a pore diameter of 88 um. The
sachets were soaked into the plastic tubes containing PBS
and the tubes were placed in an oven at 37°C. The samples
were removed at predefined time intervals and then dried
under vacuum at 35°C for 5 days. The average molecular

weights and heterogeneity indexes (HI) of the samples
were determined GPC as described above.

RESULTS and DISCUSSION

TCP Powders

The FTIR spectrum of B-TCP powder is presented
in Figure 1. The characteristic peaks of B-TCP are in
accordance with the literature [38]. -PO, bending
vibrations were observed at 562, 601, 1094 cm™ [34, 35].
Characteristic peaks for -PO, stretching vibrations were
observed at 961, 1031 cm? [34, 35]. P-OH stretching
vibrations were observed at 873 cm™. Bending mode
and -OH symmetrical stretching mode vibrations of -OH
groups were observed at 631 cm™? [34-36]. The peak at
3426 cm™ was attributed to free water molecules [34,
371.

XRD spectra of B-TCP powders dried at 75°C and
sintered at 1000°C are given in Figure 2. From Figure
2a, it can be seen that crystallization was completed for
the samples dried at 75°C. The peaks with the highest
intensity at 26°C and 32°C TTH indicate the formation of
calcium phosphate. Those peaks are more pronounced
and separated from each other in the spectra of sintered
powder, which suggests that the crystallization was
increased. It is previously reported in the literature that
the crystallization of TCP is completed at 1000°C [39].
The XRD spectra of sintered B-TCP was compared to the
spectra of B-TCP and HA in the ICDD literature for further
confirmation of B-TCP formation (Figure 3) [38,39]. While
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Figure 1. FTIR spectra of B-TCP powder.
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Figure 3. Comparison of sintered B-TCP powder with the ICDD literature.
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the dominant phase is B-TCP (shown in green peaks), the
peaksataround 32° TTH (red peaks) indicates the presence
of HA [38]. The Ca/P ratio was found to be 1.55.

The particle size of the B-TCP in the gel form was
measured as 300 nm, where the specific surface area and
the crystal size of the dried powder were 82 nm and 0.90
m?/g respectively.

Preparation and Characterization of PDLLA/g-CL co-
Polymer

The average molecular weights in terms of number
(Mn) and weight (Mw) and the heterogeneity indices
(H.1.) showing the molecular weight distribution of the
copolymer were determined as 53430 Da, 73541 Da and

1.38 respectively. These values were in good agreement
with the literature [19,40].

FTIR spectrumofthe PDLLA/e-CLis presented in Figure
4. The characteristic bands assigned to the copolymer
were as follows; the peak at 2943 cm™ is attributed to -CH,
stretch, peak at 2866 cm™ is attributed to -C-H stretch,
peak at 1736 cm™ is attributed to the -C=0 stretch [19].
The peaks between 1454-1380 cm™® were attributed to
-CH, bending, while the peaks between 1188-1047 cm™
were attributed to the -C-O stretching vibrations [19].

!H-NMR spectrum of the co-polymer is given in
Figure 5. The most specific signal belonging the DLLA
group can be observed in the region between 5.0-5.3
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Figure 4. FTIR spectra of the PDLLA/e-CL co-polymer.
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Figure 5. H-NMR spectrum of the PDLLA/e-CL co-polymer.



ppm and represents the only proton in -CH [19]. The
signal representing the e-caprolactone (e-CL) group in the
copolymer can be observed in the region between 4.0-4.2
ppm and corresponds to the 2 protons of -OCH,- [19]. The
ratio of DLLA/e-CL was calculated as 60/40 from the areas
under these peak groups even though the initial ratio for
DLLA/e-CL was 50/50. This result was expected because
the reactivity of PDLLA is higher than the reactivity of e-CL
[40-43]. Therefore, the results were consistent with the
results of FT-IR and confirmed the successful synthesis of
PDLLA/e-CL copolymer.

Biodegradation of (PDLLA/e-CL)-B-TCP Composite

Biodegradable polymeric matrices consisting of a
bioactive and biodegradable ceramic was obtained
by loading B-TCP into the PDLLA/e-CL copolymer. The

H.T. Sirin et al. / Hacettepe J. Biol. & Chem., 2019, 47 (1), 133-141

small particle size allowed easy and well dispersion
of B-TCP particles into the polymeric phase. The
resulting matrices were easy to handle and shaped by
hand at room temperature. The degradation profile of
the PDLLA/e-CL copolymer and (PDLLA/e-CL)- B-TCP
composites are presented in Figure 6. The change in the
molecular weight of the copolymer increased after day
21 [40,42,43] while it was after day 35 for composites

as a result of B-TCP incorporation to the structure.

The degradation rate of the composites decreased as

the percentage of B-TCP in the structure increased.

The alteration of the degradation behaviour of the
polymer is explained by the rapid exchange of protons
in water for alkali in the ceramic [17]. This mechanism
provides a pH buffering effect at the polymer surface
that modifies the acidic polymer degradation [17]. The

Table 2. Changes in the molecular weight of PDLLA/e-CL co-polymer and (PDLLA/e-CL)-B-TCP composites.

Time

(PDLLA/e-CL)-B-TCP

Molecuar weight (Da)

(Days) PDLLA/E-CL containing 20% B-TCP  PDLLA/&-CL)-B-TCP (PDLLA/&-CL)-B-TCP
containing 40% B-TCP containing 60% B-TCP
3 67531 70713 71256 72546
7 64167 69289 70815 71573
14 61284 67468 69348 70546
21 57649 63397 65972 67413
28 49761 59716 60583 63413
35 39118 54074 57346 59871
42 27811 44842 46273 48245
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Figure 6. Degradation profile of the PDLLA/e-CL copolymer and the (PDLLA/e-CL)-B-TCP composites.
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molecular weight of the copolymer decreased to 27811
Da at the end of day 42, while the molecular weights
of the composites decreased to 44842, 46273, 48245
Da for composites containing 20, 40 and 60% of B-TCP
respectively. It is also possible that the presence of HA
in the structure slowed down the degradation rate as
reported for the degradation of HA containing B-TCP
[19]. It is usually undesirable for the B-TCP and the
polymer to completely decompose before the bone
healing process begins. Considering that HA slows
down the degradation, its presence might provide the
time required for the bioceramic part of composites to
show their osteogenic properties.

CONCLUSION

The synthesis and biodegradion profiles of (PDLLA/
€-CL)- B-TCP composites in the form of a degradable
injectable filler material are reported for the first time.
B-TCP was synthesized using chemical
method. FTIR and XRD spectra showed characteristic
bands belonging to calcium phosphates. XRD analysis
revealed that although B-TCP is the dominant phase, the
powders also contained HA.

precipitation

D,l-Lactate and e-caprolactone were copolymerized
into a PDLLA/e-CL copolymer with a Mw of 53430
Da, Mw of 73541 Da and H.l. of 1.38 via ring-opening
polymerization using stannous octoate as a catalyst. FTIR
spectrum of the copolymer revealed the characteristic
peaks of PDLLA/e-CL co-polymers. DLLA/e-CL ratio
was 60/40 as calculated from *H-NMR. Then, both
components were used to prepare (PDLLA/e-CL)-B-TCP
composites with different ceramic ratios. The composites
were soft, flexible, easy to handle and hand shaped at
room temperature. Degradation rate of the composites
inversely proportional B-TCP amount of the composites.
-TCP was successfully provide an osteoconductive property
for bone ingrowth, and may produce interconnected
structure vascularization and full thickness bone tissue
ingrowth after the copolymer degradation throughout
the material. The synthesized composite structure could
be suitable as bone substitute for bone tissue engineering
applications. Along with the osteogenic effect of B-TCP,
these findings make the (PDLLA/e-CL)- B-TCP composites
a good option for use as a bone filling material.
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