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Abstract: Hydroxyapatite/poly-L-lactide (HAp/PLL) composite biomaterial can be obtained by
different processing methods. Three-dimensional blocks of HAp/PLLA composite biomaterial
with mechanical characteristics close to the natural bone tissue can be obtained by hot
pressing procedure. Effects of synthesis and compacting on the structure and characteristics
of the HAp/PLLA composite biomaterial were studied in this work. Using wade angle X-ray
structural analyses (WAXS), differentially scanning calorimetry (DSC), thermogravimetric
analysis (TGA) and infrared (IR) spectroscopy, the changes occurring in the material during
synthesis and hot pressing were monitored. Surface microstructure was analyzed by
scanning electronic microscopy (SEM) coupled with electron-dispersion analysis (EDX). The
results obtained indicate a possible decrease in the degree of crystallinity with hot pressing
time increase. A block of HAp/PLLA composite biomaterial with 1.6 times lower crystallinity of
the polymer phase was obtained by hot pressing in a given time interval with a maximum of
60 minutes. Results of TG analysis show that PLLA stability decreases with increasing hot
pressing time, and vice versa. IR study proved that neither destructive changes in
constituents nor formation of new phases occurred during hot pressing.

Keywords: Composite Biomaterial; Hydroxyapatite/poly-L-lactide; Structure; Degree of
Crystallinity.

Pestome: KomrrozsiHOHHEIH ~OHOMATEPHAT THAPOKCHARATHT/ToaH-L-1aktay (HAp/PLLA)
MOXHO HOJYIATH ¢ MPDHMEHEHHEM pAa3THIHBIX MeTOqoB 00paGorkn. MerogoMm ropsiero
IIPECCOBAHMI TTOAYIaIOT TpEeXMEPHbIC OJIOKH KOMIO3ZHUHOHHOro Opomarepuana HAp/PLLA,
MEXaHHIECKHe CBOHCTBA KOTOPBIX OJIH3KH K YEJTOBEYECKOH KOCTHOH TKaHH. B ganHon pabote
HCIICJOBAHBI BJIHSAHHAS CHHTE3a H HPECCOBaHHA Ha CTPYKTYDY H CBOHCTBAa KOMIIO3HI[HOHHOIO
omomarepuaia HAp/PLLA. C n#paMeHeHHEM METOJA PEHTICHOCTPYKTYDHOIO —AHAIH3A,
JHDDEPeHIHATEHOR CKaHHPYIOIIEeH KaJlOpHMETPHH, TEePMOTPABHMETDHH H HHpPaKpacHOH
CIIEKTPOCKOIMHN HAaOTIIOAaIH OCHOBHBIC H3MCHEHHS. IMPOXOJAU[He B MaTEpHAaAc B XoOfcE
[poLecCOB CHHTE3Aa H TOPAIero InpeccoBarHsa. MHKpOCTpYKTYpPY HOBEPDXHOCTH HCCACTOBATH
opH  ITOMOIIH CKAHAPYIOIICH 3JICKTPOHHOH MHKPOCKOINHH ¢ TPHMECHEHHEM 3JIEKTDOH-
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JHCIIEPCHOHHOIrO  aHaawsa. ITlogyueHHbIC pE3YIBTaTBI  YKa3bIBAlOT HA  BO3SMOXHOCTB
VMEHBUICHHS CTEIICHH KPHCTAIHIHOCTH ¢ MPOJO/IKEHHEM BPEMEHH I'OpaIero npeccopanus. B
HHTCpBAajge BpeMeHH O MHHYT HaMH ITOJyYcH OJOK KOMIIO3HIHOHHOIO GHOMATEPHAA
HAp/PLLA, B HOJHMEPHOR (haze KOTOPOro KPHCTaJTHIHOCTE YMEHbIICHa Ha 1,6 pas. Ha
OCHOBAHHH TEPMOTPABHMETPHIECKOTO aHAIH3A YCTAHOBICHO, YTO C IIPONOIKEHHEM BPEMEHH
ropsvero mHpeccoBabHsg ycroiunBocts PLLA  ymensinacrcs H HaoGopor. HccaegoBadus
METONOM HHPPAKPACHOH CIIEKTPOCKOIIHH IIOKa3a/IH, ITO B PONECCE TOPAYCIO IIPCCCOBAHHS HEC
TIPOHCXOJAT PaspyLICHHE KOHCTHTY3HTOB, & TAKXKE ITOSBJICHHE HOBbIX (Da3bI HE MOABISIOTCA.
Knoyesbie cnoBa: KOMITO3HIHOHHBIH — MATEPHAT,  THEPOKCHANATHT/ITOIH-L-TaKTHI;
CTPYKTYPa; CTEIICHD KDHCTAITHIHOCTH.

Cagpxaj: KomnoautHn 6nomatepujan xugpokcuanartut/nonu-L-naktng (HAp/PLLA) moxe
ce [o6UTH TPUMEHOM PasnuyuTUX rocTynaka npoyecuparsa. [loctynkom ToMor
fpecosama Mory ce [O6uTH TPOAUMEH3UOHANHU GIOKOBM KOMMO3UTHOI Guomarepujana
HAP/PLLA ca MexaHu4kuMm CBOJCTBAMA OIUCKUM NPUPOZHOM KOLUTAHOM TKuBy. Y oBoM
pajly ucruTaH je ytuuaj CuHTese U KOMMaKTuparwa Ha CTPYKTypy W CBOJCTBAa KOMIO3MTHOr
6nomarepujana HAp/PLLA.  [lpumeHoM  peHAreHocTpykTypHe  anamse (WAXS),
augepenymjanto ckanupajyke kanopumetpuje (DSC), TepmorpasumeTpuje (TGA) #u
uHppaypserHe (IR) cnekTpockonuje npakeHe Cy OCHOBHE POMeHe Koje ce pgeLuasajfy y
maTtepujarly TOKOM CuHTe3e u Tomsior npecosawa. MuKpoCTpyKTypa rospLunHe
aHanuanpaHa je CcKeHupajyhoM esieKTPOHCKOM Mukpockormjom (SEM) y3 nipumeHy
enekTpoHaucnepaore avanuse (EDX). [obujeHn pesyntarm ykasyjy Ha MoryhHOCT
cMamera CTerneHa KpUCTanMHWYHOCTU ca nosehatbeM BpemeHa TOM/ior NpecoBama. v
aHasmM3upaHoM BPEMEHCKOM MHTepBasy TOMOr NpecoBamna, ca MakCMManHim BpemeHoMm
og 60 muHyTa, pobujeH je 610K KOMIMOSATHOT 6nomatepujania HAp/PLLA y 4mjoj ce
ronMMepHoj has KpUCTanMHNMHHOCT cmarbhnia 3a 1,6 nyra. Ha ocHoBn TG aHannse
yTBPheHo je fa ce ca nosekarbeM BpeMeHa Tonsor npecosama crabunHoct PLLA cMamyje
u obpHyTO. IR MCTpaxunBara yTBpAMNa Cy Aa TOKOM TOnnor npecosarwa He f[onasn [o
[IECTPYKTUBHNX POMEHa KOHCTUTYTUBHUX KOMMOHeHaTa n nojaBe Hosux ¢hasa.

KmbyyHe peyn: KomnosuTHu matepujan; xugpokcuanatut/nonn-L-naktng; CTPyKTYpa;
KpHUCTanuHU4HOCT.

1. Introduction

Substitution and repair of hard bone tissue can be made by biomaterials which
properties such as biocompatibility, non-toxicity, and numerous biomechanical ones have to
satisfy the requirements of a defect to be repaired. Good adhesion of the surrounding cells
with the biomaterial surface to establish a hard connection in the implant-tissue interlayer isa
prerequisite for the successful repair.

Bone tissue repairs have been performed by now using a number of different
biomaterials [1]. Ceramic/polymer composite biomaterials have mechanical characteristics
very close to those of the natural bone tissue [2]. Reinforcement of the ceramic phase by
bioresorptive polymers results in formation of bioresorptive composites, whose ceramic phase
after application remain unchanged while the polymer resorbs with time leaving space to new
body tissue formed [3].
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Chemically synthesized calcium hydroxyapatite (HAp) is similar to the ceramic
component of human bone tissue [4]. Bioresorptive polylactides (PLA) and their co-polymers
belong to the group of nontoxic polymers, because the final products of their degradation
(CO, and H,0) enter without difficulty three-carboxylic acids cycle, not disturbing the
metabolism of the surrounding tissue in the process [5]. Compared with pure hydroxyapatite,
composite biomaterials of HAp/PLA type (or its co-polymers) induce, on their surface,
formation of a larger number of ostheoblasts necessary for repair of bone defects.
Concentration of alkaline phosphatase, needed for osteoblast differentiation, is higher near the
HAp/PLA composite biomaterial (or its co-polymers) than near pure PLLA [6]. Chemically
synthesized HAp and poly-L-lactide (PLLA) enable on their surfaces good adhesion,
differentiation and gene expression of osteoblasts, as well as absorption of proteins
responsible for the adhesion [7].

Response of the organism to the composite biomaterial implanted depends on
numerous factors; the most important among them are biocompatibility, porosity (size and
distribution of pores), surface microstructure, etc. In addition, the behavior of HAp/PLLA
composite biomaterial depends on the characteristics of HAp and PLLA, too. Bioresorption
time of PLLA depends on the ratio and distribution of amorphous/crystalline phase in the
polymer, their molecular weight. polymer porosity, etc. Generally, decrease in polymer
crystallinity decreases the bioresorption time [8]. HAp/PLLA composite biomaterial was
obtained by synthesis and subsequent polymerization or forging of a HAp and PLLA mixture
[3, 91. By hot pressing of HAp/PLLA at the PLLA melting temperature, we obtained blocks
of required densities and mechanical characteristics [10-12]. The obtained blocks exhibit
extremely high mechanical characteristics (compressive strength of 140 MPa, elasticity
modulus of 10 GPa) [13]. During hot pressing of highly porous HAp/PLLA composite
biomaterial and its transformation into nonporous material, physicochemical changes occur in
the PLLA phase, while the HAp phase remains stable. PLLA molecular weight decreases
during heat and mechanical treatment [14].

In this work, blocks of HAp/PLLA composite biomaterial were synthesized by hot
pressing. The influence of hot pressing on the structure and characteristics of HAp/PLLA
composite biomaterial was studied by several methods: X-ray structural analyses (WAXS),
differentially scanning calorimetry (DSC), thermogravimetric analysis (TGA), infrared
spectroscopy (IR) and scanning electronic microscopy (SEM) with electron-dispersion
analysis (EDX). With the applied methods we examined the influence of hot pressing on the
designing of degree of crystallinity and stability of the material, very important properties for
in vitro and in vivo as well as for clinical use of this biomaterial.

2. Materials and methods

Calcium-hydroxyapatite was obtained by precipitation of calcium nitrate and
ammonium phosphate in an alkaline medium according to the reaction:

5Ca(NO;),+3(NHy);POs+NH;,OH=Cas(PO4);(OH)+10NH/NO;

The gel was dried at room temperature and calcined at 1100°C for 6 hours. HAp
powder of a 100 nm average particle size obtained by grinding the HAp granules, was used as
a constituent in processing of the composite biomaterial. Commercial poly-I-lactide (Fluka,
Germany) with a molecular weight of 100,000 g/mol was used as a polymer component.
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After complete dissolution of PLLA in chloroform, HAp powder was added and thus
obtained mixture was vacuum evaporated at 10 MPa pressure, according to the previously
described procedure {10].

The HAp/PLLA mass ratio in all samples was 80/20. Highly porous HAp/PLLA
composite was then compacted by hot pressing using cylindrical dies 10 mm in diameter on a
CARVER, Inc. Auto “C” Model 3889 press, at 176 + 1°C temperature and 98.1 MPa pressure,
for 30 and 60 minutes. Pressing was performed at the PLLA melting temperature. The amount
of 2 g of HAp/PLLA composite biomaterial was poured into the die heated to a given
temperature. Then, the given pressure was reached in 30 seconds; and the pressing performed
for 30 and 60 minutes. After pressing, the pressure was lowered to the atmospheric for
20 seconds and the samples were extracted out of the dies during 1 minute.

Porosity, i.e., relative density, of the HAp/PLLA composite biomaterial blocks was
determined geometrically from the mass to volume sample ratio, while the mechanical
characteristics were tested using an INSTRON M 1185 instrument. Microstructure
characterization was made by a JSM 5300 scanning electronic microscope coupled with a
QX2000 Analyzer System (Oxford Instruments, UK) for the electron-dispersion analysis
(EDX). For SEM analyses, the fracture surfaces of samples were covered by a thin layer of
gold, under vacuum evaporation. Wide-angle X-ray structural (WAXS) analyses of HAp,
PLLA and HAp/PLLA composite biomaterial blocks were made by a Philips PW 1710
diffractometer. The beam of x-rays was filtered with CuK,-Ni at 0.1542 nm wavelength, the
recording speed was 0.2°/min, in the range of angles of 20 = (4.00-90.00)°. Calorimetric
(DSC) tests were done by a Perkin Elmer DSC-2 differential scanning calorimeter in the
47-247°C temperature interval, with a heating rate of 20°C/min, in nitrogen atmosphere.

Enthalpy of melting obtained by DSC was proportional to the area below the peak
that defines the melting of the PLLA polymer:
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where v, is the heating rate.

Degree of crystallinity of the PLLA polymer was determined by the ratio of tested
PLLA melting enthalpy to 100 % crystalline PLLA melting enthalpy:

_AH

xX= AHT'
where ¥ is the degree of crystallinity of PLLA, AH is the tested PLLA melting enthalpy, AHf
is the 100 % crystalline PLLA melting enthalpy (93.7 J/g) [9].

Thermogravimetric (TGA) analyses were made in a nitrogen atmosphere by a Perkin
Elmer TGA-2 device, in the 20-500°C temperature range, with a heating rate of 20°C/min, in
nitrogen atmosphere. Infrared (IR) spectra were obtained by the KBr pastille method in the
4000-400 cm™ wave number range using a Specord 75 IR device.

3. Results and discussion
3.1. WAXS analysis of the hot pressing effects on the HAp/PLLA composite biomaterial

Structure

Effects of hot pressing on the structural changes occurring in the material, mostly
changes in crystallinity of PLLA, were studied by WAXS.
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HAp powder, whose roentgenograms and microstructure were examined in our
previous papers [10-11], was synthesized by precipitation. Diffraction spectra of PLLA
(Fig. 1a) have characteristic shape where, besides a wide peak corresponding to the
amorphous phase, diffraction line at 16.89° dominates as well as three less intense lines at
15.41°, 19.11° and 22.43°. The results are in agreement with those reported by van der Witte
[15]. WAXS confirmed the existence of a pure HAp phase (Fig. 1b) [14].

, HAp/PLLA
’;:\ A
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@
o

Ny PLLA

0 20 40 60 80 100

20 ()
Fig. 1 Diffractograms of a) PLLA, b) HAp and ¢) HApR/TLLA composite biomaterial.

After complete dissolution of PLLA in chloroform and addition of HAp particles, a
suspension was obtained subsequently vacuum evaporated and cold pressed. Diffraction
spectra of as-obtained HAp/PLLA are shown in Fig. lc. It is obvious that three very weak
peaks arising from PLLA and its amorphous phase cannot be distinguished from the basic
line, while the most intense peak lies in the very narrow angle range together with a doublet
of diffraction lines of HAp. Therefore, changes in this intense PLLA peak as well as in two
HAp peaks were analyzed and compared with the composite biomaterial spectrum. No
changes in angles, intensities and profiles of the diffraction peaks were observed by
comparing HAp diffraction spectra recorded before and after hot pressing. It shows that
applied pressure and the presence of PLLA do not affect the HAp crystal structure (single cell
symmetry and crystallite size). Therefore, only changes in PLLA peak, which is now easy to
follow, indicating changes in PLLA during composite biomaterial compacting were analyzed.

Hot pressing of highly porous HAp/PLLA composite biomaterial at the PLLA
melting temperature for 60 minutes, yielded a composite biomaterial of very high
compressive strength of 140 MPa and elasticity modulus around 10 GPa [13]. No changes in
HAp peaks were observed by comparing HAp/PLLA composite biomaterial diffraction
spectra before and after 60 minutes of hot pressing (Figs. 1-2). Namely, all diffraction peaks
of HAp in the composite biomaterial appear at the same angles and intensity to profile ratio
values before and after 60 minutes of hot pressing. Differences observed in these spectra
originate exclusively from the peaks characteristic of PLLA. This is in accordance with our
previous findings when differential thermal analyses (DTA) were used to study the changes in
PLLA phase and stability of HAp during hot pressing [14]. Therefore, it is enough to observe
the changes in triplets of diffraction lines characteristic of composite biomaterial (Fig. 2) to
determine the changes occurring in PLLA during the melting and pressing processes.
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HAp/PLLA after 60 min of hot pressing
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Fig. 2 Characteristic triplets in HAp/PLLA composite biomaterial diffraction spectra before and atter

hot pressing.

For the purpose, a software was developed to fit experimentally obtained X-ray
spectra with the sum of three asymmetric pseudo-Voight profiles accompanying each
diffraction peak of the triplet observed, in the given angle range (2©). Namely,
experimentally obtained diffraction spectrum was simulated by the sum of three functions as

3
i =21N{UN expl-1n2F2, )+ (1 ‘U% oF J

N=l
— 2( GM - ®N )
FN»M—;[ Wy +Ay(8, -0y )/0, |
where 1 is the total intensity of three peaks (denoted by N index) in the whole angle range of
diffraction spectrum (denoted by M index). Each of these three peaks is presented by the sum
of asymmetric pseudo-Voight functions, which include percentages of asymmetric Gauss’ to

follows:

Cachy’s profile ratio.

The fitting procedure started with subtraction of the diffraction spectrum of the
reference sample (without carrier) from the diffraction spectrum of the material itself, then the
Fast Furrie transform method was applied, followed by normalization to the 100 % value of
the most intense peak. After that, fitting of the sum of three pseudo-Voight asymmetric
functions to experimentally recorded spectrum was made. Where, intensity (Iy), angle (Oy)
and width on half-height (Wy). as well as asymmetry coefficient (Ax) and percentage of
asymmetric Gauss’ and Cachy’s function in the overall profile (Uy) of each peak were used as
variables. Note that during the fitting, changes in Ay and Uy for both HAp peaks were the
same and that the quotient of their intensities (I/I;) was kept constant. Other parameters
changed freely within realistically specified intervals. The quality of fitting was checked by
remainder function defined by the relation:

20
R= /Z(Al, )2 AIL(8,)=15"(8, )-1]"(8, ).
I
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Fig. 3 Fitted X-ray spectrum of the HAp/PLLA composite biomaterial: a) before hot pressing, b) after

60 minutes of hot pressing.

In accordance with our previous PLLA X-ray study, the peak | at an angle of 16.7°
corresponds to PLLA, while the peaks 2 and 3 originate from HAp. Tab. I presents the
parameters of peaks 1, 2 and 3 originating from the HAp/PLLA composite biomaterial before
and after 60 minutes of hot pressing.

Tab. I Parameters of the peaks for the HAp/PLLA composite biomaterial before and after 60 minutes

of hot pressing.

Samples Number of peak Center Area (%)
HAp/PLLA 1 16.66 64.80
before hot 2 16.87 14.33
pressing 3 16.91 20.85
HAp/PLLA | 16.66 37.73
after 60 min 2 16.87 28.11
of hot pressing 3 16.91 34.15
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Decreased intensity and changed shape of the peak 1, arising from PLLA, are evident
by comparing Figs. 3a and b. According to the data given in Tab. I, the peak 1 occupy
64.8 % of the total triplet area. After 60 minutes of hot pressing, its area decreases 1.7 times,
which amounts to 37.7 %. Also, its shape is changed so that its width at the half height before
the hot pressing is 0.400 nm and after 60 minutes of hot pressing it is 0.325 nm. The resuits
given indicate decrease in PLLA crystallinity during the hot pressing.

3.2. DSC analysis of the hot pressing effects on the HAp/PLLA composite biomaterial

Structure

To get a more complete picture of the quantitative changes registered by WAXS,
DSC measurements were performed with pure PLLA as well as with HAp/PLLA
biocomposite before and after 30 and 60 minutes of hot pressing. The results are illustrated in
Fig. 4.
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Fig. 4 DSC curves of the HAp/PLLA composite biomaterial before and after 30 and 60 minutes of hot

pressing.

Fig. 4 shows characteristic peaks arising from the vitrified and molten PLLA within
the composite. All the changes recorded in the biocomposite originate from PLLA, because
the HAp phase in the temperature range studied is stable [14]. DSC curves obtained are
similar to the ones obtained for pure PLLA by other authors [16-17]. Generally, DSC curves
(Fig. 4) beside certain similarities, have significantly different shapes, positions and peak
areas of molten HAp/PLLA composite biomaterial.

Tab. II summarizes melting temperatures T, melting enthalpies AHpv and
crystallinity degrees % of pure PLLA, as well as of PLLA in the composite biomaterial before
and after 30 and 60 minutes of hot pressing. Crystallinity degree ()) of the polymer was
calculated as a quotient of the enthalpy of PLLA melting and the enthalpy of 100 %
crystalline PLLA melting, which amounts to 93.7 J/g [9]. The enthalpy of melting AHrpm
presented as the area below the peak, was calculated by integrating this area.
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Tab. II T,,, AHpy and x of pure PLLA and PLLA in HAp/PLLA composite biomaterial before and

after 30 and 60 minutes of hot pressing.

Samples Ta (°C) AH (J/g) % (%)

PLLA 178.7 50.2 53.5

HAp/PLLA before hot pressing 177.9 44.1 46.9
HAp/PLLA after 30 min of hot pressing 174.8 45.3 48.3
HAp/PLLA after 60 min of hot pressing 172.2 32.4 34.5

In the case of pure PLLA, at a given heating rate of 20 K/min, the values obtained for
the melting temperature (T,, = 178.7°C), melting enthalpy (AHyy = 50.2 J/g) and crystallinity
degree (x = 53.5 %) are in agreement with the literature data [8. 15].

Highly porous HAp/PLLA composite biomaterial, further on compacted by hot
pressing, was obtained by mixing completely dissolved PLLA with HAp particles.
Precipitation and crystallization of PLLA on HAp particles occurred during vacuum
evaporation of the as-obtained mixture. Readsorption and crystallization of PLLA on the HAp
particle surfaces changes PLLA melting temperature, its enthalpy and crystallinity. PLLA in
the composite is around HAp particles and, compared with pure PLLA, its melting point
lowers (from 178.7 to 177.9°C), melting enthalpy (from 50.2 to 44.1 J/g) and crystallinity
degree (from 53.5 t0 46.9 %), as well. HAp particles play a significant role in these changes.
Precipitation and crystallization of PLLA occurring during vacuum evaporation are limited
and last relatively short to provide higher crystallinity degree.

Hot pressing effects on the properties of PLLA in HAp/PLLA composite biomaterial
are also evident in Fig. 4 and Tab. IL. After 30 minutes of hot pressing, more compact
HAp/PLLA composite biomaterial (with PLLA whose T,, = 174.8°C, AHpy = 45.3 J/g and
¥ = 48.3 %) was obtained. Decrease in porosity and improvement of mechanical properties of
the biomaterial are the result of hot pressing due to decreased density and easier flow of
PLLA around HAp particles and high pressure applied [11-12]. Due to thermo-mechanical
factors, breaking of chains and, therefore, decrease in PLLA molecular weight occurred
during hot pressing [14]. After 30 minutes of hot pressing, PLLA of lower molecular weight
was obtained whose crystallization proceeds according to mechanism different from that for
untreated PLLA. Different mechanisms of crystallization of PLLA in HAp/PLLA (from the
melt and solution) will lead to different appearance, patterns and size of crystals. This will
reflect on the crystallinity degree (which is somewhat higher in the case of crystallization of
HAp/PLLA obtained by 30 minutes of hot pressing) and given composite melting
temperature.

The most significant effects caused by 60 minutes of hot pressing are the changes in
the properties of PLLA in the HAp/PLLA composite biomaterial. After 60 minutes of hot
pressing, HAp/PLLA biocomposite was obtained with PLLA having T, = 172.2°C,
AHpy = 32.4 J/g and ¢ = 34.5%. The obtained melting enthalpy and crystallinity degree is
considerably lower than that of untreated and 30 minutes hot pressed HAp/PLLA composite
biomaterial. These results are in accordance with the given WAXS results. After 30 minutes
of hot pressing, blocks with porosity of 1.4 £ 0.2 % were obtained. After 60 minutes of hot
pressing, the blocks produced have a density close to the theoretical density and porosity of
04 + 0.2 %. Besides previously specified factors, the porosity as supposed affects the
crystallization mechanism, melting enthalpy and crystallinity degree as well. Under the
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pressure applied, it comes to the strain in PLLA globular molecules, their unfolding and the
generation of linear forms [18].

A decrease in crystallinity of the PLLA phase surrounding HAp particles under high
pressure was reported earlier by Shikinami and Okuno [9]. Lower crystallinity of PLLA in the
HAp/PLLA composite compared with pure PLLA and formation of larger amorphous regions
were found to occur due to separation and decrease in PLLA crystal regions caused by HAp
particles under high pressure.

3.3. SEM analysis of HAp/PLLA composite biomaterial fracture surfaces before and after hot

pressing

HAp/PLLA composite biomaterial before and after hot pressing was studied by
WAXS, DSC and SEM, too. In order to test the influence of hot pressing time on the
microstructure and distribution of HAp and PLLA phases, the fracture surfaces of HAp/PLLA
composite biomaterial blocks were analyzed by SEM.

Microstructure of highly porous HAp/PLLA composite biomaterial surface (before
hot pressing) is shown in Fig. 5Sa. HAp/PLLA composite biomaterial surface has spherical and
ellipsoidal-cylindrical pores, approximately the same in diameter (2 to 4 um), formed by
removal of the solvent during vacuum evaporation. Microstructure of the fracture surface
shown in Fig. 5b was obtained after 60 minutes of hot pressing of highly porous HAp/PLLA
composite biomaterial. After 60 minutes of hot pressing, nonporous HAp/PLLA composite
biomaterial blocks with HAp and PLLA in very close contact were obtained. Very fine
distribution of HAp particles in the 3D PLLA base can be seen in Fig. 5b. After hot pressing,
PLLA is in intimate contact with HAp. SEM images proves penetration of PLLA into the
porous surface of HAp granules [11].

a) b)
Fig. 5 SEM images of HAp/PLLA composite biomaterial: a) before hot pressing; b) after 60 minutes of

hot pressing.

EDX spectra of HAp and PLLA are presented in Fig. 6. A spectrum shown in Fig. 6a
has peaks originating from HAp. PLLA phase is defined by a spectrum with corresponding
peaks shown in Fig. 6b. The spectra presented in Fig. 6 define HAp and PLLA distribution in
the fracture surfaces illustrated by SEM images in Fig. 5.
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Fig. 6 EDX spectra: a) HAp; b) PLLA.
3.4. Thermogravimetric (TG) analysis of the hot pressing effects on the thermal stability

Effects of hot pressing time on the HAp/PLLA composite biomaterial thermal
stability were determined by thermogravimetric (TG) analyses. Compacting of the
HAp/PLLA composite biomaterial at the PLLA melting temperature affects the PLLA
thermal stability only, because the HAp phase remains stable [14].

Fig. 7 shows TGA curves of PLLA from HAp/PLLA composite biomaterial before
and after 30 and 60 minutes of hot pressing. TGA curves for HAp/PLLA composite
biomaterial were compared with TGA curves for pure PLLA because, in the given
temperature interval, the HAp phase is constant and only mass loss of PLLA was registered
[14]. PLLA from the HAp/PLLA composite biomaterial, compared with pure PLLA, shows
greater stability at temperatures up to 200°C. The reason for such a behavior are most
probably HAp particles, which in the composite act as barriers preventing heat transfer, as
well as the cavities which determine the system porosity, due to differences in heat transfer
coefficients [19]. Because of non-stationary heat conductivity in the observed temperature
range, HAp particles and porosity cause seemingly higher thermal stability of the PLLA.
Above 200°C and at the heating rate of 20°C/min, stationary heat transfer through the sample
and thermal degradation to complete mass loss of PLLA occur. Thermal stability of the PLLA
from the composite is different and it decreases with increasing hot pressing time. PLLA in
the composite biomaterial obtained after 60 minutes of hot pressing shows the lowest
stability. Mass loss of pure PLLA was registered at the temperature of 360°C. The highest
stability exhibits pure PLLA whose 100 % mass loss was registered at 435°C, as can be seen
in Fig. 7.

7 HAp/PLLA before hot pressing -
1 .
" A
HAp/PLLA after 30 min of hot press. -'—,.—’\.‘ Y
Y

HAp/PLLA after 60 min of hot press. —= 1

Normalised weight (%)
Iy
)
1

0 100 200 300 400 500
T(C)

Fig. 7 TGA curves of PLLA and HAp/PLLA composite biomaterial before and after 30 and 60 minutes

of hot pressing.
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PLLA is a thermally very sensitive polymer. During thermal degradation of polymers,
it comes to the breaking of bonds in the basic chain, which results in formation of oligomeric
fragments that further on degrade [20]. As a consequence, molecular weights of polymers
decrease while in the subsequent degradation stages, monomers and gas-products are formed.
Our pervious study confirmed decrease in PLLA molecular weight after 60 minutes of hot
pressing, while total degradation was not registered [14]. Owing to the planar conformation of
PLLA and its basic structure defined as (-O-CH(CH;)-CO-), one can predicts where the
breaking of bonds in the basic chain will occur [21]. Thermal degradation of PLLA is a one-
step process with the first order reaction kinetics [22]. According to the model given by
McNeil and Lepier [23], cyclic oligomers, lactide, acetaldehyde, and carbon monoxide are
final products of PLLA thermal degradation. Thermal degradation is dictated by the final OH
groups that “attack” the basic chain, which bends under the influence of thermal energy. Such
a reaction can start at temperatures higher than 230°C [24]. In each of these reactions, the OH
group regenerates and the process continues. Depending on the basic chain spot “attacked” by
the OH group, different products are obtained. Consolidation by hot pressing is characterized
not only by high temperature but high system pressure as a function of time, as well [11]. Due
to mentioned reasons, the time of hot pressing has important influence on the PLLA
molecular weight and. therefore. stability of the blocks obtained. Decrease in PLLA
molecular weight is induced by hot pressing [14]. With molecular weight decrease, the PLLA
chains become more fiexible and movable and, therefore, thermally less stable. Longer chains
are less mobile but more thermally stable [25]. According to TGA curves given in Fig. 7,
HAp/PLLA composite biomaterial blocks get energy during hot pressing from outside
(pressure, heat) which causes decrease in size of PLLA chains and, therefore, their stability.
The obtained blocks become less stable if the time of energy induction is longer (longer hot
pressing time). PLLA mass loss of 10 % was registered at 233°C in the case of the composite
block obtained after 60 minutes of hot pressing. While the pure PLLA mass loss of 10 % was
registered at higher temperature of 314°C. PLLA from the composite biomaterial obtained
after 30 minutes of hot pressing, loses 10 % of its mass at 254°C, at temperature in between
the two earlier mentioned.

3.5 IR spectroscopic analysis of the stability during hot pressing

Decrease in PLLA molecular weight occurs during hot pressing up to 60 minutes
[14]. Dependence of the stability of HAp/PLLA composite biomaterial blocks on the hot
pressing time (30 and 60 minutes) was studied by IR spectroscopy. IR spectra of HAp/PLLA
composite biomaterial before and after 30 and 60 minutes of hot pressing are presented in
Fig. 8.

A spectrum of HAp/PLLA composite biomaterial before hot pressing consists of
spectral lines originating from its constituents HAp and PLLA as explained earlier {10, 26-
27]. PLLA is characterized by an absorption band at 1760 cm’' arising from the stretching
vibrations of (C=0) group. bending vibrations of (CH;) group at 1386 and 1453 cm’ and
stretching vibrations of (C-H) group at 2986 and 2933 em™. HAp is characterized by a triplet
of absorption bands at 626, 600 and 566 cm’' arising from (OH) groups, a doublet at 1093 and
1040 ¢m™ from (POy) groups and an absorption band at 3573 cm’" arising from (OH) group.
The spectra of HAp/PLLA composite biomaterial obtained after 30 and 60 minutes of hot
pressing are slightly different from those of the same biomaterial but before hot pressing.



91

Positions and intensities of absorption bends are also slightly different for all three composite
biomaterials. According to IR spectra, after 60 minutes of hot pressing, formation of new
phases and disappearance of PLLA were not recorded. The changes occurring in PLLA
during 30 and 60 minutes are those already noted, i.e., decrease in molecular weight [14] and
changes in temperature, melting enthalpy and crystallinity degree. Non-appearance of new
absorption bands in the range of wave numbers from 400 to 4000 cm’ in the spectra of
HAp/PLLA composite biomaterial samples after 30 and 60 minutes of hot pressing,
confirmed insignificant influence of hot pressing on the qualitative stability of the material.

after 60 min of hot pressing

after 30 min of hot pressing

1 before hot pressing

Relative intensity (%)

v T T T v T T T v T T T T Y
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 8 IR spectra of HAp/PLLA composite biomaterial before and after 30 and 60 minutes of hot
pressing.

HAp/PLLA composite biomaterial blocks with a compressive strength of about 140
MPa, the value close to that for natural bone were obtained by 60 minutes of hot pressing
[13]. Prior in vivo studies [26-27] were made with the blocks here denoted as untreated
HAp/PLLA. This composite has higher degree of crystallinity than hot pressed blocks, and
therefore their bioresorption is potentially longer. Because of that, it would be necessary to
examine, in in vivo conditions, the properties the HAp/PLLA composite biomaterial blocks
obtained after 30 and 60 minutes of hot pressing, which will be the subject of our further
work.

4. Conclusion

By hot pressing of highly porous HAp/PLLA composite biomaterial at the PLLA
melting temperature, blocks were obtained with relatively uniform distribution of phases.
Designing of HAp/PLLA composite biomaterial block properties was provided by combining
high pressure, temperature and time.

Prolonged hot pressing time causes decrease in crystallinity of PLLA in the
HAp/PLLA composite biomaterial as proved by WAXS analysis. DSC analyses confirmed
not only changes in crystallinity degree but also in the melting temperature and melting
enthalpy of the PLLA polymer. Varying the hot pressing time the intensity of these changes
can be controlled. For the given hot pressing time, with the maximum of 60 minutes,
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HAp/PLLA composite biomaterial block was obtained with 1.6 times lower crystallinity of its

polymer phase. TG analyses identified the influence of hot pressing time on the thermal

stability of the material. Longer hot pressing time causes lower PLLA stability and vice versa.

In the given time interval of hot pressing from 0 to 60 minutes, insignificant qualitative

changes in the HAp and PLLA phases were recorded by IR spectroscopy. During hot pressing

of 60 minutes, complete degradation of PLLA that would have been followed by the

appearance of new phases did not take place.
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