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Streszczenie

Gabki przeznaczone dla inzynierii tkankowej wy-
tworzone zostaly z nowego terpolimeru glikolidu, L-
laktydu i e-kaprolaktonu, zsyntezownanego przy uzy-
ciu relatywnie niskotoksycznego acetyloacetonianu
cyrkonu. Scharakteryzowano mikrostrukture, poro-
watosc i wlasciwosci powierzchniowe otrzymanych
gabek. Gabki miafy pory o rozmiarze okolo 700 «m,
nasigkliwosc 550% (+40%) i porowatosdé 87%
(£1.2%). Degradacfe gabek in vitro (w buforze fos-
foranowym) oceniano za pomoca SEM, FTIR i ba-
dan wiskozymetrycznych. Wykazano, ?e chociaz
gabki zaczynajg ulegac degradacji natychmiast po
kontakcie z buforem, zachowujg one swoje wymiary
i porowatg mikrostrukture przez 5 tygodni in vitro.

Wprowadzenie

Poli(L-laktyd), polimer resorbowalny nalezacy do grupy
poli(a-hydroksyestrow), jest materiatern biozgodnym wyko-
rzystywanym m.in. na elementy do osteosyntezy [1]. Nie-
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Abstract

Foams intended for tissue engineering were pro-
duced from a new terpolymer of glycolide, L-lactide
and s-caprolactone, synthesized with the use of rela-
tively low-toxic zirconium acetate. The microstruc-
ture, porosity and surface properties of the foams
were characterized. The foams had the pore size of
700 «m, water uptake of 550% (+40%) and porosity
of 87% (+1.2%). The degradation of foams in vitro
(in PBS) was studied by SEM, FTIR and viscosity
measurements. It was shown that the foams start to
degrade immediately after contact with PBS, but they
maintain they dimensions and porous microstructure
for 5 weeks in vitro.

Introduction

Poly(L-lactide), a resorbable polymer belonging to a
group of poly(«z-hydroxy ester)s, has been regarded as
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mniej jednak, polimer ten ulega degradacji w czasie okoto
2 |at, co jest czesto za diugim okresem czasu dla zastoso-
wan w inzynierii tkankowej. Dlatego tez syntezuje sie kopo-
limery L-laktydu z e-kaprolaktonem [2] i glikolidem [3] aby
przyspieszyc jego proces bioabsorpcji. W niniejsze] pracy
opisujemy wiasciwosci porowatych gabek otrzymanych z
nowego terpolimeru glikolidu, L-laktydu i e-kaprolaktonu,
zsyntezowanego ostatnio z wykorzystaniem relatywnie ni-
skotoksycznego zwigzku cyrkonu [4]. Celem ponizszych
badan bylo opracowanie sposcbu otrzymywania porowa-
tych gabek z badanego terpolymeru, analiza ich mikrostruk-
tury | procesow degradacii in vitro. Gabki otrzymano meto-
da odlewania z roztworu / wyptukiwania czasteczek soli.

Materiaty

Synteza terpolimeru

Glikolid i L-laktyd (Purac, Holandia) byty oczyszczone
poprzez rekrystalizacje z suchego octanu etylu i suszone w
suszarce prozniowe] w temperaturze pokojowej: e-kapro-
lakton byt suszony i destylowany w atmosferze argonu przed
uzyciem; Zr(acac), uzyto w postaci handlowej.
Terolimeryzacje prowadzono w masie w 100°C z inicjato-
rem Zr(acac), w stosunku molowym 1.2 x 10® wykorzystu-
jac konwencjonalna linie prozniowg do odgazowania i zata-
piania amput zgodnie z metoda opisang poprzednio [4].
Otrzymany terpolimer byt mielony i ptukany w alkoholu
metylowym w celu usuniecia nieprzereagowanych mono-
merow i suszony pod préznig w 50°C.

Otrzymywanie gabek

Gabki otrzymano metoda odlewania z roztworu / wyptu-
kiwania czasteczek soli. Cytrynianu sodu (POCh, Gliwice,
Polska) mieszano z 10% roztworem terpolimeru w chlorku
metylenu w takiej proporgji, aby uzyskaé udziat objetoscio-
wy soli rowny 85%. Mieszanina byta odlewana do szalek
Petriego, suszona przez noc w atmosferze powietrza a na-
stepnie, przez 24 h w suszarce prozniowej. Nastepnie sol
byta wyptukiwana w wodzie destylowane, co zwykle zajmo-
wato 5 dni, do momentu, gdy przewodnictwo wody po ptu-
kaniu byto porownywalne z przewodnictwem wody destylo-
wanej. Potem probki byly suszone w suszarce prozniowej
przez 24h.

Metody

Charakterystyka terpolimeru i gahek

Sktad terpolimeru okreslono za pomocg 'H i "C NMR
(spektrometr Varian Unity Inowa). Ciezar czasteczkowy i
wspotczynnik polidyspersji okreslono chromatografig zelo-
wa za pomoca chromatografu Physics SP B800. Tempera-
ture przemiany (zeszklenia) (T,) zbadano za pomoca DSC
from DuPont 1090B przy predkosci grzania 20°C/min.
Lepkos¢ roztwordw terpolimeru | ggbek okreslono wiskozy-
metrem Ubbelhode'a w chloroformie w 25°C. Poczatkowe
stezenie roztworu wynosito 0.2 g/dL.
Mikrostrukture ggbek badano za pomoca mikroskopu ska-
ningowego JSM 5400 JEOL przy powiekszeniach 50 1 5000
razy. Przed analiza probki napylono cienka warstwa wegla-
w celu nadania im witasciwosci przewodzgcych. Probki ba-
dano tez metoda FTIR-ATR za pomoca spektrometru Digi-
tal FTS 60v (BioRad) w zakresie 600-4000 cm, z czulo-
scig 4 cm™ i przy liczbie skandw 64 dla kazdego widma.
Porowatosc i nasigkliwosé gabek wyliczano z masy suchych
gabek i gabek nasaczonych woda. Prébki zanurzono w
wodzie destylowanej na 10 min. Nastepnie wyjeto je, wy-
tarto mokra tkanina w celu usuniecia wody z obu powierzchni
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biocompatible material and used in production of elements
for osteosynthesis [1]. Nevertheless, the polymer has a
degradation time in the order of 2 years, which often is too
long for tissue engineering applications. Therefore copoly-
mers of L - lactide with e-caprolactone [2] and glycolide [3]
have been synthesized to accelerate the rate of
bioabsorption. In this study we describe the properties of
porous foams produced from a new terpolymer of glycolide,
L-lactide and e-caprolactone recently synthesized with the
use of relatively low-toxic zirconium compound [4]. The aim
of this study was to work out the processability of porous
foams from this terpolymer and analyse their microstruc-
ture and degradation processes in vitro. The foams were
produced by solvent casting / salt particulate leaching tech-
nique.

Materials

Synthesis of terpolymer

Glycolide and L-lactide (Purac, Holland) were purified
by re-crystallization from dry ethyl acetate and dried in a
vacuum oven at room temperature; e-caprolactone was dried
and distilled under argon before use; Zr(acac), was used
as received.
Terpolymerization was performed in bulk with a Zr{acac)4/
molar ratio of 1.2 x 10 at 100°C by a conventional method
using a vacuum line for degassing and sealing of the am-
poules according to the method described previously [4].
The obtained terpolymer was ground and shaken with me-
thyl alcohol in order to remove unreacted monomers and
then dried in a vacuum at 50°C.

Preparation of foams

The foams were produced by solvent casting / salt
particulate leaching technique. Sodium citrate (POCH,
Gliwice, Poland) was mixed with 10% (w/v) polymer solu-
tion in methylene chloride in such proportion to receive the
salt volume fraction of 85%. The mixture was cast on glass
Petri dishes, dried overnight in air, followed by vacuum treat-
ment at a decreased pressure for 24 h. Next the salt was
leached in distilled water; it took about 5 days up to the
point when the conductivity of water was similar to that of
distilled water. After the samples were dried in the oven
under decreased pressure for 24h.

Methods

Characterization of terpolymer and foams

The terpolymer composition was determined by 'H and
3C NMR measurements (Varian Unity Inowa spectrometer).
The molecular weight and polydispersity index were deter-
mined by gel permeation chromatography with the Physics
SP 8800 chromatograph. Glass-transition temperature (T,)
was investigated by DSC from DuPont 1080B apparatus at
a heating rate of 20°C/min.
The viscosity of terpolymer and foams were measured by
Ubbelohde viscometer in chloroform at 25°C. The initial
concentration of solution was 0.2 g/dL.
The microstructure of foams was studied by JSM 5400 scan-
ning microscope from JEOL at magnifications of 50 and
500 times. Before analysis the samples were coated by a
thin carbon layer in order to make them conductive. Digital
FTS 60v spectrometer from BioRad was used to study the
samples in the range of 600-4000 cm™ with a 4 cm resolu-
tion and averaging of 64 scans for each spectrum. The spec-
tra were obtained in the attenuated total reflection mode
(FTIR-ATR).
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i zwazono (m,,.). Nastepnie prébki wysuszono w suszar-
ce prozniowej przez 24h i ponownie zwazono (m,,). Na-
sigkliwo$e wyliczono z nastepujacego wzoru : nasigkliwosé
(%’) =100 (mwnr" mcry} / My

Charakterystyka porogenu

Rozmiar krysztatkow cyirynianu sodu wynosit 600 um
(100 ;tm), co wyznaczono za pomoca mikroskopu optycz-
nego.

Badania degradacji

Degradacije gabek prowadzono w buforze fosforanowym
(PBS) [24mM Na,HPO, i 16 mM KH,PO,, pH = 7] w tem-
peraturze 37°C. Probki ggbek o masie 0.25g inkubowano
w 100 ml PBS. Bufor wymieniano co tydzien. Wtedy tez
pobierano jedna probke gabki, doktadnie ptukano w wo-
dzie destylowanej, suszono przez 24h w suszarce proz-
niowej i poddawano dalszym badaniom.

Wyniki i dyskusja

Badania NMR wykazaty, ze stosunek molowy glikolidu
do L-laktydu i do e-kaprolaktonu w terpolimerze poli(gli-
kolid-laktyd-e-kaprolakton) (PGLCap) wynosit 10:70:20.
Chromatografia zelowa wykazata, ze liczbowo srednia
masa czgsteczkowa (Mn) terpolimeru wynosita 48000D, a
wspotczynnik polidyspersiji, d = 1.3. Terpolimer miat tem-
perature przemiany (T,) w 29°C. Ta charakterystyczna tem-
peratura byta nizsza niz czystego poli-L-laktydu (T, =85°C)
i poliglikolidu (T,= 35-40°C). ale wyZsza niz poli-e-kapro-
laktonu (T,= - 60°C) [1].

Analiza SEM gabek PLCap otrzymanych poprzez wy-
ptukiwanie czasteczek cytrynianu sodu wykazuje obecnosé
nieregularnych polgczonych ze sobg poréw o rozmiarze
okoto 700 um. RYSUNEK 1 przedstawia reprezentacyjna
mikrostrukture gabek. Rozmiar porow jest zblizony do roz-
miaru czgsteczek soli (600 um £ 100 um) uzytych do wy-
tworzenia gabek.

Gabki PGLCap miaty porowatosc 87% (+1.2%) i nasig-
kliwosc 550% (+40%). Relatywnie waskie przedziaty uf-
nosci porowatosci i nasigkliwosci, wyliczone dla 14 nieza-
leznych prébek potwierdzajg, ze zastosowana metoda wy-
twarzania umozliwia otrzymanie gabek o bardzo powta-

RYS. 1. Obraz SEM gabek otrzymanych z PGLCap
(powiekszenie 50x).
FIG. 1. SEM micrograph of PGLCap foam
(magnification 50x).

The porosity and water uptake of foams were calculated
from the weight of dry samples and samples soaked with
water. The samples were immersed in distilled water for
10 minutes. After both surfaces of the foams were wiped
with a wet tissue to remove water from the surfaces and
foams were weighed (m,;). Finally, the samples were dried
in vacuum oven for 24h and weighed once again (m,,).
Water uptake was calculated using the formula: water up-
take (%) = 100 (M, - My,) / My,

Characterization of porogen
The size of sodium citrate crystals was 600 gm
(£100 um) as studied by optical microscope.

Degradation studies

Degradation of foams was performed in phosphate-buff-
ered saline (PBS) [24mM Na,HPO, and 16 mM KH,PO,,
pH = 7] at 37°C. The foams weighing 0.25 g were incu-
bated in 100mi of buffer in plastic vials. The buffered was
changed every week. After every week one piece of foam
was taken, washed thoroughly in distilled water, dried in
vacuum oven for 24h and submitted to further investiga-
tions.

Results and discussion

NMR investigations demonstrate that the molar ratio of
glycolide to L-lactide to e-caprolactone in terpolymer
poly(glycolide-co-L-lactide-co-caprolactone) (PGLCap)
was 10:70:20. GPC measurements show that number-
average molecular weight (Mn) of terpolymer was 48000D
and a polydispersity index, d = 1.3. The terpolymer had a
glass transition temperature (T,) at 29°C. This character-
istic temperature is lower than of poly-L-lactide (T = 65°C)
and polyglycolide (T,= 35-40°C) and higher than that of e-
caprolactone (T,= - 60°C)[1].

The SEM analysis of PGLCap foams produced by so-
dium citrate leaching shows irregular interconnected pores
of sizes about 700 um. FIGURE 1 demonstrates a repre-
sentative microstructure of foams. The size of pores is close
to the size of salt particles (600 gm + 100 u#m) used in
production of foams.

The porosity of the PGCap foams was 87% (+1.2%)

and its water uptake was 550% (+40%). Relatively small
confidence intervals of porosity and water uptake, calcu-
lated for 14 independent samples, confirm that the prepa-
ration method enables to obtain the foams with a very re-
producible microstructure, The porosity is similar to that
assumed in the stage of foam designing (V,= 85%). This
may also suggest that all salt was leached out. The high
water uptake going along with the high porosity of foams
is necessary in tissue engineering applications to assure
cells' adhesion and diffusion of nutrients [1,5].
The degradation of foams was studied in PBS for 7 weeks.
It can be seen from SEM pictures that the surface after 5-
week degradation (FIG.2) is rougher than that of initial sam-
ple (FIG.1). It suggests that the terpolymer undergoes sur-
face degradation.

Evolution of inherent viscosity as a function of incuba-
tion in PBS is presented in Figure 3. The inherent viscos-
ity of the foams, 7,,,=1.3, is about 30% lower than of poly-
mer after synthesis, ,,,=1.8. It demonstrates that the proc-
ess of foams' preparation influences the structure of
terpolymer and causes a significant decrease in molecu-
lar weight. Incubation of foams in PBS for 5 weeks causes
a drop in inherent viscosity up to 0.15. Up to that time the
foams do not collapse and retain their porous microstruc-



rzalnej mikrostrukiurze. Porowatos¢ jest podobna do po-
rowatoéci zalozonej na etapie projektowania i wykonywa-
nia gabek, (V= 85%). Wartosci porowatosci potwierdzaja
réwniez, Ze cala sol zostala wyptukana. Wysoka nasiakli-
WOSC | wysoka porowatose gabek jest konieczna w inzynie-
rii tkankowej, aby zapewni¢ adhezje komaérek | dyfuzje srod-
kow odzywczych [1, 5].

Degradacje gabek badano w PBS w ciagu 7 tygodni. Z
badan SEM wynika, ze po 5 tygodniach degradacji po-
wierzchnia (RYS. 2) staje sie bardziej chropowata niz pro-
bek wyjsciowych (RYS. 1). Moze to wskazywac, ze terpoli-
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RYS. 3. Zmiany lepkosci istotnej ggbek PGLCap
w funkcji czasu degradacji w PBS.

FIG. 3. Evolution of inherent viscosity of PGLCap
foams as a function of incubation in PBS.

mer ulega procesowi degradacji powierzchniowej.

Zmiany lepkosci istotnej gabek w funkgji czasu inkuba-
cji w PBS sa przedstawione na Rysunku 3. Lepkosc istot-
na gabek, #,,=1.3, jest okoto 30% nizsza niz bezposred-
nio po syntezie, #,,=1.8. Dowodzi to, Ze proces wytwa-
rzania gabek wplywa na strukture fancucha terpolimeru i
powoduje znaczny spadek masy czasteczkowej. Inkuba-
cja gabek w PBS w ciggu 5 tygodni powoduje spadek lep-
kosci istotnej do 0.15. Do tego czasu, gabki nie zapadaja
sie | zachowuja swojg porowatg mikrostrukture. Dalszy kon-
takt z PBS nie wplywa na zmiany lepkosci istotnej, ale po
6 tygodniach probki traca spoistosc i zaczynaja sie kru-
szyct. Tak wiec, gabki PGLCap zachowujg swoje wymiary
przez 5 tygodni badan in vitro, jednak zaczynajg one ule-
gac degradacji natychmiast po umieszczeniu ich w PBS.

RYSUNEK 4 przedstawia widma FTIR-ATR gabek
przed i po 5 tygodniach degradacji w PBS. Analiza widm
wykazuje przesuniecie pasma z 1762 do 1745 ecm’' po-
chodzgcego od drgan rozciagajacych C=0 i istotne zmia-
ny w ksztatcie pasm w zakresie 1040-1250 cm™ przypisy-
wanych drganiom rozciagajacym C-O i C-O-C. Zmiany te
wynikaja z rozrywania wigzan poliestrowych w wyniku re-
akcji hydrolizy. Otrzymane wyniki sg zgodne z naszymi
poprzednimi badaniami nad degradacja kopolimerow gli-
kolidu z L-laktydem [6].

Whnioski

Metoda odlewania z roztworu / wyptukiwania czaste:
czek soli umozliwia wytwarzanie gabek o powtarzalnych
wiasciwosciach z nowego terpolimeru glikolidu, L-laktydu
i s-kaprolaktonu, zsyntezowanego przy uzyciu relatywnie
niskotoksycznego acetyloacetonianu cyrkonu. Gabki majg
pory o wymiarach okoto 700 mm, cechuje je nasiagkliwosc
rowna 550% (+40%) i porowatosé 87% (+1.2). Badania
wiskozymetryczne wykazuja, ze gabki zaczynajg ulegac
degradacji natychmiast po zanurzeniu w PBS. Badania
SEM wskazuja, ze po 5 tygodniach in vitro na powierzch-

RYS. 2. Obraz SEM gabek otrzymanych z PGLCap
po degradacji w PBS przez 5 tygodni
(powigkszenie 50x).

FIG. 2. SEM micrograph of PGLCap scaffold after
degradation in PBS for 5 weeks (magnification
50x).

RYS. 4. Widma FTIR-ATR ggbek PGLCap przed
(a) i po 5 tygoedniach degradacji w PBS (b).

FIG. 4. FTIR-ATR spectra of PGLCap foams before
(a) and after 5 weeks degradation in PBS (b).

ture. A further contact with PBS does not change consid-
erably the inherent viscosity, but after 6 weeks the sam-
ples start to disintegrate and crumble. Thus, the foams
produced from PGLCap, maintain their dimensional sta-
bility for 6 weeks in vitro, however they start to degrade
immediately after contact with PBS.

FIGURE 4 presents the FTIR spectra of the foams be-
fore and after 5-week degradation in PBS. The analysis of
the spectra reveal a shift of the band attributed to C=0
stretching vibrations from 1762 to 1745 cm™ and consid-
erable changes in the shape of the bands in the range of
1040-1250 cm™' attributed to C-O and C-O-C stretching vi-
brations. These changes are due to chain-scission of poly-
ester bonds in hydrolysis reaction. Such results are con-
sistent with our previous studies on degradation of
poly(glicolide-L-lactide) copolymers [6].

Conclusion

Solvent casting / sodium citrate leaching is a technique
which makes possible to manufacture reproducible foams
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nia gabek wystepujg zmiany sugerujace zjawisko degra-
dacji powierzchniowej. Pomimo to, gabki zachowujg swo-
je wymiary i porowatg mikrostrukture przez 5 tygodni in vi-
tro, co ma kluczowe znaczenie w inzynierii tkankowej.
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Streszczenie

Leczenie protetyczne pacjentow wymaga uzycia
odpowiednich materialow rekonstrukcyjnych. Cze-
ste uszkodzenfa uzupetnien protetycznych skiania-
Jja do badan nad ulepszeniem stosowanych mate-
riatow. Jednym ze sposobow uzyskania lepszych
wlasciwosci mechanicznych jest zbrojenie widknem
szklanym.

Stowa kluczowe: wzmocnienia protez, widkno
szklane

W stomatologii a zwlaszcza w protetyce wiekszosé kon-
strukgji protetycznych odtwarzajgcych brakujace uzebienie
oparta jest o metal oraz polimery badz kompozyty. Materia-

from a new terpolymer of glycolide, L-lactide and
e-caprolactone, synthesized with the use of relatively low-
toxic zirconium acetate. The foams have the pore size of
700 mm, water uptake of 550% (+40%) and porosity of 87%
(£1.2). The viscosity measurements show that the foams
start to degrade immediately after contact with PBS. After
S-week incubation in PBS the foams undergo surface deg-
radation, as showed by SEM. Nonetheless they maintain
dimensions and porous microstructure for 5 weeks in vitro,
what is a key importance in tissue engineering.
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THE USE OF GLASS
FIBRES IN POLYMER
REINFORCEMENT IN
PROSTHETICS

B.A. Fraczak
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UnIVERSITY IN SzczeciN

Abstract

Prosthetic treatment of patients requires the use
of appropriate reconstruc-tion materials. Often fail-
ures of prosthetic appliances have encouraged au-
thors to carry out further research on improving the
accessible materials. One of the methods of achiev-
ing better mechanical properties is reinforcement with
glass fibres.

Key words: denture reinforcement, glass fibres.

In dentistry, particulary in prosthetics, most constructions,
which restore lacking teeth, are based on metal, polymers
or composites. Polymers have been widely used-in the con-
struction of complete dentures, partial dentures and also
for veneering of fixed prosthetic restorations. Unfortunately
polymers used in dentistry are not ideal materials and dur-
ing service can crack as a result of material fatigue. In den-
tistry the most popular material used for polymer reinforce-
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