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ROLA WISKOSUPLEMENTACJI
W PROFILAKTYCE | LECZENIU
CHOROBY ZWYRODNIENIOWEJ
STAWU KOLANOWEGO

- PRZEGLAD DANYCH
DOTYCZACYCH HYLANU G-F 20

tukasz SzeLERsKI, MAcIEJ AMBROZIAK, PAWEL SKOWRONEK,
Pawer. MALDYK

KATEDRA | KLINIKA ORTOPEDII | TRAUMATOLOGI NARZADU RucHu,

WaRrszawskl UNIWERSYTET MEDYCZNY,
UL. LINDLEYA 4, 02-005 WARSZAWA

Streszczenie

Wiskosuplementacja jest jedng z metod nieopera-
cyjnego leczenia choroby zwyrodnieniowej stawu ko-
lanowego. Polega na uzupetnianiu iloSci endogennego
kwasu hialuronowego w stawie za pomocag jednej lub
kilku iniekcji. Zmniejsza dolegliwosci bolowe pacjenta
i poprawia zakres ruchomoS$ci stawu.

Autorzy przeanalizowali literature dotyczgcg badan
nad wynikami stosowania wiskosuplementacji u pa-
cjentéw z gonartrozg i podjeli probe uporzgdkowania
wiedzy dotyczgcych jego stosowania. Ocenie poddano
prace porownawcze dziatania kwasu hialuronowego
vs placebo, analizy dotyczgce wptywu budowy czg-
steczki preparatu na efekt leczniczy, a takze porow-
nania z iniekcjami kortykosteroidowymi.

Iniekcje dostawowe kwasu hialuronowego sg efek-
tywng i bezpieczng metodg w profilaktyce i leczeniu
choroby zwyrodnieniowej stawu kolanowego. Zmniej-
szajg dolegliwosci bélowe oraz poprawiajg funkcje
ruchowg u pacjentow. Notuje sie niewielki odsetek
dziatan niepozgdanych po podaniu. Dziatanie kwasu
hialuronowego nie ogranicza jedynie subiektywnych
odczu¢ chorego. Istniejg opracowania, ktore wska-
zujg na zmniejszenie degradacji chrzgstki stawowej
w badaniu MR, u pacjentow stosujgcych wiskosuple-
mentacje. Wykazano przewage kwasu hialuronowego
nad iniekcjami kortykosteroidowymi, ktére chociaz
dajg szybszy efekt przeciwbolowy, dziatajg krocej
i stanowig czynnik uszkadzajgcy chrzgstke stawowa.
Pozwalajg odroczy¢ alloplastyke stawu kolanowego
u pacjentéw z zaawansowang gonartrozg (Kellgren-
Lawrence 1V), a w grupie chorych poddanych artro-
skopii stawu kolanowego, skracajg okres rekonwa-
lescencji.

Wiskouplementacja jest efektywng i bezpieczng
metodg leczenia objawowej gonartrozy i stanowi
uzupetnienie lub alternatywe dla stosowania innych
technik terapii zachowawczey.

Stowa kluczowe: wiskosuplementacja, hylan G-F 20,
gonartroza, kwas hialuronowy

[Inzynieria Biomateriatow 127 (2014) 2-6]

THE ROLE OF
VISCOSUPPLEMENTATION IN
PREVENTION AND TREATMENT
OF KNEE OSTEOARTHRITIS -
REVIEW OF DATA CONCERNING
HYLAN G-F 20

tukasz SzeLERsKI, MAcIlEJ AMBROZIAK, PAWEL SKOWRONEK,
Pawer MAtbyk

CATHEDRAL AND CLINIC OF ORTHOPAEDICS
AND TRAUMATOLOGY OF THE MOTOR SYSTEM,
MEebicaL UNIVERSITY OF WARSAW

LINDLEYA 4 ST., 02-005 WARSAW, POLAND

Abstract

Viscosupplementation is one of the nonsurgical
methods of treating the knee osteoarthritis. In this
procedure the amount of endogenous hyaluronic acid
is supplemented by means of one or several joint inje-
ctions. Such a treatment relieves pain and improves

the range of the joint motion.

The authors analyzed the research literature con-
cerning viscosupplemetation in patients with gonart-
hrosis and attempted to organize the knowledge con-
cerning the hyaluronic acid application. The following
papers were taken into consideration: comparative
studies of hyaluronic acid versus placebo efficacy,
analyses of the structure of the HA and its overall
effectiveness, and comparison studies of hyaluronic

acid vs. corticosteroid injections.

Hyaluronic acid joint injections are an effective
and safe method in protection and treatment of knee
osteoarthritis. They relieve pain and improve the range
of joint motion. There have been only few side effects
noted. The application of hyaluronic acid provides
subjective positive feelings in patients, yet there are
also studies proving that viscosupplementation leads
to the decrease of cartilage degradation, as shown in
MRI tests. There is a clear advantage of hyaluronic
acid over corticosteroid injections — even though the
latter relieve pain faster, they act for a shorter period
of time and they damage the cartilage in due course.
Hyaluronic acid injections postpone the necessity of
knee alloplastic reconstruction in patients with advan-
ced gonarthrosis, and in patients who underwent knee

arthroscopy the recovery time is shortened.

Viscosupplementation is an effective and safe
treatment for gonarthrosis. It may be either a com-
plementation or an alternative to other noninvasive

techniques.

Keywords: viscosupplementation, hylan G-F 20,

gonarthrosis, hyaluronic acid

[Engineering of Biomaterials 127 (2014) 2-6]
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Wprowadzenie

Wiskosuplementacja, czyli podawanie kwasu hialuro-
nowego w iniekcjach dostawowych, jest ogdlnie uznang
metodg w nieoperacyjnym leczeniu zmian chrzestnych
stawu kolanowego [1-4]. Polega na uzupetnianiu jego
ilosci poprzez stosowanie iniekcji dostawowych w réznych
schematach podawania - od jednego do pieciu wstrzyknie¢
[1,2,5-7].

W warunkach fizjologicznych kwas hialuronowy jest
syntetyzowany i wydzielany do ptynu stawowego przez
komorki btony maziowej. Poprawia dzieki temu wtasciwosci
lepko-sprezyste ptynu stawowego i odgrywa istotng role
w prawidtowym ruchu stawu [7,8]. W przebiegu choroby
zwyrodnieniowej stawu kolanowego zmniejsza sie stezenie
i gestos¢ endogennego kwasu hialuronowego, co powoduje
dolegliwosci bolowe i pogorszenie zakresu ruchomosci
stawu [5,6]. Niewatpliwg zaletg kwasu hialuronowego jest
minimalna ilo$¢ dziatan niepozgdanych [1,2,5,6,9].

Materiat i metody

Celem pracy jest przeglad piSmiennictwa dotyczgcego
wiskosuplementacji w profilaktyce i w leczeniu choroby
zwyrodnieniowej stawu kolanowego. Autorzy pracy podjeli
probe usystematyzowania wiedzy na temat wskazan do
stosowania kwasu hialuronowego (HA), schematu jego
podawania, skutecznosci dziatania, bezpieczenstwa poda-
wania i ryzyka ewentualnych powiktan.

Wyniki i dyskusja

Istnieje wiele publikacji potwierdzajgcych przeciwzapalne
i przeciwbolowe dziatanie kwasow hialuronowych [10-12],
ale tylko niektére preparaty wykazaty dziatanie ostaniajg-
ce na chrzgstke stawowg [13]. Kwasy hialuronowe moga
zatem stanowi¢ alternatywe dla stosowania doustnych
niesterydowych preparatéw przeciwzapalnych oraz iniekcji
glikokortykosteroidow [10,14]. Co najistotniejsze, podawa-
nie hialuronianu w iniekcji umozliwia stabilizacje struktury
chemicznej ptynu stawowego. Dzieki temu poprawia sie
,Smarowanie” stawu, co bezposrednio zmniejsza bdl i zwiek-
sza ruchomos$¢ stawu [5-7]. Pojawiajg sie publikacje, ktore
wskazujg na zwigzek samej budowy czgsteczki pochodnych
kwasu hialuronowego z jego dziataniem. Preparat o wiekszej
masie czgsteczkowej jest bowiem bardziej odporny na enzy-
matyczng degradacje, a przez to wykazuje dtuzsze dziatanie
terapeutyczne [5,15,16]. Czesto juz po pierwszym zastrzy-
ku chorzy odczuwajg istotng poprawe kliniczng [17,18].
Pamieta¢ jednak nalezy, ze kwas hialuronowy nie jest le-
kiem przeciwbolowym, a jego dziatanie to przede wszystkim
poprawa parametrow fizyko-chemicznych ptynu stawowego
i chrzgstki stawowej. Tymczasem efekt ten wystepuje do-
piero po kilku tygodniach od podania pierwszej dawki leku
[6,7,10].

Powszechnie akceptowanym wskazaniem do stoso-
wania wiskosuplementacji sg zmiany chrzestne spetnia-
jace kryteria radiologiczne OA w skali Kellgren-Lawrence
[I-11l stopnia. Interesujgcym doniesieniem w tym zakresie
byta analiza wptywu wiskosuplementacji hylanem G-F 20
na grubos¢ i powstawanie ubytkéw chrzgstki stawowe;j
w obrazie MRI [13]. Dotychczas powszechny byt poglad,
ze stosowanie preparatéw HA jest efektywne i bezpieczne
w leczeniu objawow gonartrozy. Brakowato natomiast pub-
likacji oceniajgcych w sposaéb ilosciowy parametry chrzgstki
stawowej w badaniach obrazowych.

Introduction

Viscosupplementation, which is injecting hyaluronic acid
into a joint, is a widely-recognized method in nonsurgical
treatment of cartilage deterioration in knee [1-4]. The treat-
ment consists of a regimen of joint injections — up to five
doses [1,2,5-7].

In physiological conditions hyaluronic acid is synthesized
and secreted in the synovial membrane. It improves lubricant
properties of the joint fluid and plays an important role in
the proper joint motion [7,8]. In the course of osteoarthritis
the concentration and density of endogenous hyaluronic
acid diminish, which cause pain and limit the range of joint
motion [5,6]. The unquestionable advantage of hyaluronic
acid are minimal side effects [1,2,5,6,9].

Material and methods

The aim of this work is to review the literature concern-
ing viscosupplementation in protection and treatment
of knee osteoarthritis. The authors attempted to summarise
the knowledge of: recommendations for hyaluronic acid
treatment (HA), dosage and administration schedule,
efficacy of regimen, safety of treatment, and risk of com-
plications.

Results and discussion

There are several scientific papers confirming anti-
inflammatory and painkilling effect of hyaluronic acids
[10-12], still only some of HA medicines seem to protect
the joint cartilage [13]. Therefore, hyaluronic acids may be
an alternative to oral administration of nonsteroidal anti-
inflammatory drugs or glucocorticosteroid injections [10,14].
What is most important, injecting hyaluronic acid stabilizes
the chemical structure of the synovial fluid. Thus ‘the lubrica-
tion” of the joint improves, which directly leads to pain relief
and improves the joint motion range [5-7]. There have been
works implicating the connection between the structure of
the HA and its performance. Namely, the hyaluronic acid
preparation with higher molecular weight is more resistant
to enzyme degradation, thus displaying longer therapeutic
activity [5,15,16]. Already after the first injection patients
often feel essential clinical improvement [17,18]. Still it is
worth reminding that hyaluronic acid is not a painkiller and
its application leads mostly to improving physical-chemical
properties of the synovial fluid and joint cartilage. This ef-
fect does not appear until a few weeks after the first dose
of medicine is applied [6,7,10].

The widely accepted recommendation for viscosupple-
mentation is the cartilage damage of grade 2-3 in Kellgren-
Lawrence scale of the radiographic criteria for OA classifica-
tion. An interesting report was the analysis of effects of hylan
G-F 20 viscosupplementation on cartilage thickness and its
preservation, detected by MRI [13]. So far there has been a
common notion that HA application is a safe treatment for
gonarthrosis. Yet there have not been papers concentrat-
ing the quantitative assessment of cartilage parameters
performed by means of MRI.
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RYS. 1. Amputko-strzykawka
z kwasem hialuronowym do
pojedynczego wstrzyknigcia.
Zrédto:
https://lwww.synvisc-one.com.
au/home.aspx

FIG. 1. Single-dose injection of
hyaluronic acid.

Source:
https://lwww.synvisc-one.com.
au/home.aspx

Utworzono dwie grupy pacjentéw - jedna otrzymywata
cztery dawki HA (hylan G-F 20) (RYS. 1) w odstepach
szesciomiesiecznych, a druga pozostawata bez interwenciji.
Okres obserwacji wynosit 24 miesigce. Dokonywana byta
trzykrotna ocena MRI stawow kolanowych (wyjsciowo, po
dwunastu i po dwudziestu czterech miesigcach), podczas
ktorej badano objetos¢ chrzgstki oraz tendencje do tworze-
nia ubytkéw. W dwunastym miesigcu od rozpoczecia w/w
badania nie zaobserwowano statystycznie istotnych réznic.
Wyrazna réznica stata sie widoczna dopiero po dwéch latach
obserwac;ji (4 dawki hylanu G-F 20) i wyrazata sie wiekszg
objetoscig chrzgstki na plateau piszczeli w grupie stosujacej
wiskosuplementacije.

Whnioski z publikacji sg jednoznaczne: stosowanie
wiskosuplementacji hylanem G-F 20 przyczynia sie do
zredukowania stopnia zuzycia chrzgstki stawowej, co po-
twierdza ocena jej objetosci i stopien zaawansowania ognisk
chonodromalacji w badaniu MRI. Istotny statystycznie efekt
pojawia sie zatem dopiero w 24-tym miesigcu obserwaciji.

W naszej codziennej praktyce lekarskiej spotykamy sie
czesto z dylematem, czy rekomendowac¢ wiskosuplementa-
cje pacjentom z IV stopniem zmian chrzestnych wg Kellgren
i Lawrence. Pacjenci ci majg juz wskazania do protezopla-
styki (TKA), ale z réznych powoddéw chcg odwlec w czasie
decyzje o leczeniu operacyjnym. Na uwage zastuguje pra-
ca [19], w ktdrej retrospektywnej analizie poddano wptyw
wiskosuplementacji hylanem G-F 20 na decyzje pacjenta
z zaawansowang chorobg zwyrodnieniowg (IV stopien wg
Kellgren-Lawrence) o odroczeniu przeprowadzenia allo-
plastyki stawu kolanowego. We wnioskach autorzy pracy
podajg, ze u 75% pacjentdw po wiskosuplementacji hylanem
G-F 20 udato sie odroczy¢ zabieg protezoplastyki o srednio
638 dni (1,8 roku).

Artykut wskazuje réwniez na to, ze wiskosuplementacja
moze opozni¢ koniecznos¢ przeprowadzenia TKA u chorych
z zaawansowang gonartrozg. Jest to szczegodlnie korzyst-
ne u pacjentéw, ktérzy bojg sie operacji albo ich choroby
towarzyszgce zwiekszajg ryzyko powiktan.

Czesto w przypadkach zaawansowanych zmian chrzest-
nych zalecamy iniekcje kortykosteroidowe, ktére sg duzo
tansze i dajg czesto szybki efekt przeciwbolowy. Interesu-
jacag wydaje sie by¢ praca [10] poréwnujgca efektywnosé
kuracji preparatem HA (hylan G-F 20) w stosunku do iniekc;ji
kortykosteroidowej. Autorzy ocenili redukcje dolegliwosci bo-
lowych (skala VAS) oraz poprawe funkcji stawu kolanowego
(skala WOMAC) podczas szesciomiesiecznej obserwaciji.
W badaniu wziety udziat dwie grupy pacjentéw poddanych
randomizacji. Pierwsza grupa otrzymata 3 wstrzykniecia HA
(hylan G-F 20) w odstepach tygodniowych. Druga natomiast
- pojedynczg dawke steroidu dostawowo (triamcynolone).

Two groups of patients were formed — one of them re-
ceived four courses of HA (hylan G-F 20) (FIG. 1) every six
months, the other group was left untreated. The observation
of patients lasted for 24 months. MRI testing was performed
on knee cartilage three times (initially, after a year and after
24 months) to assess the cartilage volume and its tendency
to deteriorate. No statistically significant differences were
noted in the 12" month of tests. However, the distinct dif-
ference was observed after two years (after 4 courses of
hylan G-F 20) — there was larger cartilage volume on the
tibial plateau in the group undergoing viscosupplementation.

The conclusions of this work are explicit: viscosupple-
mentation with hylan G-F 20 reduces the cartilage deterio-
ration, which has been proved by MRI assessment of the
cartilage volume and the advancement of chondromalacia.
The statistically significant effect appears in the 24" month
of observation.

In our everyday medical practice there is a common
dilemma whether to recommend viscosupplementation to
patients with grade 4 cartilage damage in Kellgren-Lawrence
system. They are already indicated for TKA (total knee
reconstruction) but — for many reasons — such patients
want to postpone the decision about surgery. One scientific
paper is especially worth noting in that matter [19]. It is
a retrospective study how viscosupplementation with hylan
G-F 20 delayed the decision about total knee replacement
in patients suffering from advanced osteoarthritis (grade 4
in Kellgren-Lawrence system). The authors conclude that
75% of patients treated with hylan G-F 20 viscosupplemen-
tation delay the alloplastic reconstruction for approximately
638 days (1.8 year).

The paper also claims that viscosupplementation may
also postpone the necessity of total knee arthroplasty for
patients with advanced gonarthrosis. It is especially ben-
eficial for patients who are afraid of surgery or whose other
illnesses increase the risk of complications.

Corticosteroid injections are often recommended for ad-
vanced cartilage deterioration, since they are much cheaper
and relieve pain faster than HA supplementation. The study
comparing the effectiveness of hylan G-F 20 with corticos-
teroid injections [10] is an interesting point in the discussion.
The authors assessed the management of pain (using
VAS scale for pain) and improvement in knee functioning
(in WOMAC scale) during 6-month observation. In the
experiment there were two randomized groups of patients.
The first group received three injections of HA (hylan G-F
20) in weekly increments. The other group received a single
joint injection of corticosteroid (i.e. triamcinolone).
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W pierwszych dwoch tygodniach w grupie sterydowej
zaobserwowano przewage w redukcji bolu w poréwnaniu
do grupy leczonej HA. Parametry bolowe byty zblizone
w czwartym tygodniu obserwacji. Trend odwracat sie jednak
po pierwszym miesigcu stosowania na korzys¢ chorych
otrzymujgcych wiskosuplementacje hylanem G-F 20, co
zaobserwowano w dwunastym i dwudziestym szdstym
tygodniu. Podobna sytuacja miata miejsce przy ocenie
funkcji stawu wg skali WOMAC. Udowodniono zatem, ze
stosowanie wiskosuplementacji u pacjentéw z chorobg
zwyrodnieniowg stawu kolanowego pozwala na utrzymanie
dtugotrwatych efektow terapeutycznych, polegajgcych na
zmniejszeniu dolegliwosci bélowych oraz poprawie funkcji
konczyny dolnej. Iniekcje kortykosteroidowe, mimo ze
charakteryzujg sie szybszym dziataniem przeciwbélowym,
stanowig czynnik uszkadzajgcy chrzgstke stawowg i powin-
ny by¢ stosowane okazjonalnie.

Wiskosuplementacja stanowi rowniez alternatywe do sto-
sowania niesteroidowych lekéw przeciwzapalnych (NLPZ)
[14]. Skutecznos¢ zostata potwierdzona w wieloosrodko-
wym badaniu, przeprowadzonym w Japonii [20]. Ponadto
wskazuje sie na mniejszg ilos¢ dziatan niepozgdanych
w stosunku do NLPZ.

Aktualnie istnieje tendencja do stosowania HAw pojedyn-
czych wstrzyknieciach ze wzgledu na mozliwos¢ zmniejsze-
nia ryzyka zwigzanego z samym wstrzyknieciem (takiego jak
zakazenia stawu [16,17]. W badaniach tych, w ramach prak-
tyki klinicznej obserwowano istotne zmniejszenie bolu zwig-
zanego z chorobg zwyrodnieniowg stawu kolanowego juz
tydzien po pojedynczym wstrzyknieciu HA (hylan G-F 20),
a poprawa utrzymywata sie przez caty okres obserwacji
wynoszacy 12 miesiecy.

U czesci chorych, u ktérych w przebiegu gonartrozy wy-
stepujg uszkodzenia struktury tgkotek oraz przerost btony
maziowej, stosuje sie techniki chirurgiczne, tj. artroskopowe
opracowanie uszkodzen (debridement). W tej grupie pacjen-
téw wiskosuplementacja stosowana pooperacyjnie réwniez
poprawia jako$¢ zycia i przyczynia sie do zmniejszenia
dolegliwosci w trakcie rekonwalescencji [21,22].

Na zakonczenie warto jeszcze podkresli¢, iz terapia
kwasem hialuronowym nie wigze sie ze zwiekszonymi
kosztami dla pacjenta, w poréwaniu z innymi metodami
leczenia zachowawczego gonartrozy, jak niesteroidowe leki
przeciwzapalne czy kortykosteroidy [23,24].

WhiosKki

Wiskosuplementacja jest uznang metodg leczenia zmian
chrzestnych stawu kolanowego. Poprzez zmniejszenie
dolegliwosci bolowych, poprawe funkcji ruchowej kolana,
zwieksza komfort zycia pacjenta u chorych z gonartroza,
a w najciezszych przypadkach choroby pozwala odroczyé
leczenie operacyjne. Cechuje sie mniejszg iloscig dziatan
niepozgdanych niz stosowanie niesteroidowych lekéw
przeciwzapalnych oraz kortykosteroidéw. Cho¢ niewiele
jest badan opartych na duzej grupie pacjentéw to jednak
ta metoda na state zagoscita w naszej codziennej praktyce
lekarskiej. Warto stosowac preparaty, ktérych skutecznosé
i dobrg tolerancje potwierdzono badaniami naukowymi.

The first two weeks brought the better pain management
in the corticosteroid-treated patients, as compared to the
HA-treated group. In the fourth week of observation the
pain parameters were similar. However, after the first month
the HA-treated patients showed the advantage over the
corticosteroid-treated group, which was observed in the 121
and 26" week. Meanwhile, the same phenomenon was also
noted during the assessment of joint functioning in WOMAC
scale. Thus it has been proven that viscosupplementation in
patients with osteoarthritis provides long-lasting therapeutic
effects, such as pain relief and improved functioning of the
limb. Although corticosteroid injections are faster painkillers,
they damage the cartilage tissue and should be applied
occasionally.

Viscosupplementation is also an alternative to nonsteroi-
dal anti-inflammatory drugs (NSAIDs) [14]. It has also fewer
side effects in comparison with NSAIDs. The HA injections’
effectiveness was clearly shown in a multi-center trial con-
ducted in Japan [20].

Nowadays, there is a tendency to apply HA in single
injections in order to minimize the risk connected with the
procedure alone, e.g. joint infection [16,17]. In these stud-
ies, in clinical practice, significant pain relief was observed
in patients with osteoarthritis already a week after the HA
injection (hylan G-F 20), and the improvement lasted for the
whole 12 months of observation.

In some patients with gonarthrosis, who also suffer from
meniscal defects and overgrowth of the synovial membrane,
surgical techniques are applied, such as arthroscopic de-
bridement. Viscosupplementation applied after the surgery
improves the patients’ quality of life and diminishes disad-
vantages of recovery time [21,22].

In conclusion, it is worth emphasizing that hyaluronic
acid therapy is not more expensive for patients than other
methods of treating gonarthrosis, such as nonsteroidal anti-
inflammatory drugs or corticosteroids [23,24].

Conclusions

Viscosupplementation is a well-recognized method of
treating knee osteoarthritis. Due to the pain relief and widening
the knee motion range, it improves the life comfort of patients
with gonarthrosis, and in the most severe cases it delays the
need for surgical treatment. It is also characterized by fewer
side effects as compared to nonsteroidal anti-inflammatory
drugs or corticosteroids. Although there have not been many
trials performed in large groups of patients, this method
is a common practice in nowadays medicine. It is worth
applying the product whose efficacy and good tolerance is
approved of by scientific research.
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Streszczenie

Publikacja zawiera wyniki badan odpornosci na
Scieranie stopéw Co-Cr-Mo i Co-Cr-Mo-W przeprowa-
dzonych na aparacie Millera. W celu oceny podatnosci
na zuzycie Scierne w naturalnych warunkach pracy
w/w stopow, badania prowadzono w specjalnie zasy-
mulowanym $rodowisku, sktadajgcym sie z ceramicz-
nego proszku Dentyna oraz roztworu sztucznej $liny
o pH réwnym 6,7. W ramach badan przeprowadzono
obserwacje mikrostruktury przy wykorzystaniu mikro-
skopu Swietlnego stosujgc kontrast interferencyjno-
-rézniczkowy (kontrast Nomarskiego), wykonano
pomiary twardoSci, za$ powierzchnie po procesie
Scierania poddano obserwacji przy wykorzystaniu
elektronowej mikroskopii skaningowej. Na postawie
przeprowadzonych badan stwierdzono, ze stopy
Co-Cr-Mo i Co-Cr-Mo-W charakteryzujg sie wysokag
twardoscig okoto 400-450 HV10 i minimalnym ubyt-
kiem masy w procesie Scierania. Cechy te Swiadczg
0 wysokiej odpornosci na Scieranie badanych stopow
w $rodowisku proszek ceramiczny-sztuczna $lina.
Dodatkowo stwierdzono rowniez, ze trzy z badanych
stopéw Remanium 2001, Colado CC oraz Heraenium
P w odréznieniu od stopu Wironit LA, posiadajg przy-
stanki na krzywych ubytku masy w czasie zwigzane
z réznicami twardo$ci materiatu osnowy 3-Co, wydzie-
len weglikowych oraz ramion dendrytéw. W przypadku
stopu Wironit LA obserwowano rownomierne zuzycie
materiatu na catej powierzchni. Stwierdzono rowniez,
ze pomimo réznic w mechanizmach $cierania pomie-
dzy stopem Wironit LA | Remanium 2001 wielko$¢
ubytku masy jest dla nich na podobnym poziomie,
Jjednak jest ona znacznie nizsza niz dla pozostatych
dwoch badanych stopéw Colado CC ora Heraenium P.

Stowa kluczowe: stopy Co-Cr, testy zuzycia Scierne-
go w zawiesinie, protetyka stomatologiczna

[Inzynieria Biomateriatow 127 (2014) 7-15]

Wprowadzenie

Uzebienie cztowieka jest bardzo charakterystycznym
,Systemem”, ktéry w duzym stopniu jest narazony na roz-
ne procesy mogace powodowac jego niszczenie. Z tego
wzgledu od materiatow stosowanych w protetyce stoma-
tologicznej oczekuje sie dobrej biozgodnosci, wysokich
wiasciwosci mechanicznych oraz odpowiedniej odpornosci
na $cieranie [1-3].
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Abstract

The publication contains the results of the abrasion
resistance tests carried out on Co-Cr-Mo and Co-Cr-
-Mo-W alloys using Miller apparatus. To assess the
susceptibility to abrasive wear of the above mentioned
alloys under natural operating conditions, tests were
carried out in a specially simulated environment, con-
sisting of a ceramic Dentine powder and artificial saliva
solution with pH of 6.7. The scope of studies included
the examinations of microstructure performed by light
microscopy using differential interference contrast
(Nomarski contrast), measurements of hardness,
and SEM examinations of surfaces after the abrasion
process. The results of these studies enabled formu-
lating the conclusion that alloys from the Co-Cr-Mo
and Co-Cr-Mo-W systems are characterised by high
hardness of about 400-450 HV10 and minimum weight
loss in the process of abrasion. These features prove
high abrasive wear resistance of the examined alloys
in the environment of ceramic powder and artificial
saliva. Additionally, it was also found that three of
the tested alloys, i.e. Remanium 2001, Colado CC
and Heraenium P, unlike the Wironit LA alloy, show
time-related arrests on the weight loss curves caused
by different hardness values of the 3-Co matrix, car-
bide precipitates and dendrite arms. The Wironit LA
alloy was observed to wear evenly across the whole
surface. It was also found that, despite differences in
abrasion mechanism operating in the Wironit LA and
Remanium 2001 alloys, the magnitude of weight loss
has been similar and, at the same time, much lower
than for the other two alloys tested, i.e. Colado CC
and Heraenium P.

Keywords: Co-Cr alloys, abrasive wear tests in sus-
pension, prosthodontics

[Engineering of Biomaterials 127 (2014) 7-15]

Introduction

Human teeth form a very specific “system” largely af-
fected by various processes that may cause its destruction.
For this reason, the materials used in dental prosthetics must
have good biocompatibility, high mechanical properties and
abrasion resistance [1-3].
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Wiasnosci mechaniczne oraz odpornos$é korozyjna tych

® e @ o o o o siopdw stanowigce ich podstawowe zalety wynikajg gtéwnie

ze sktadu chemicznego oraz struktury, ktéra z kolei jest uza-
lezniona od rodzaju technologii i warunkow wytwarzania [4].

Ze wzgledu na zastosowanie, odlewnicze stopy z rodziny
Co-Cr mozna podzieli¢ na dwie podstawowe grupy. Pierw-
sza, to materiaty, ktére wykorzystuje sie w chirurgii narzadéw
ruchu oraz druga grupa, to stopy z przeznaczeniem gtéwnie
w pracowniach protetyczno-stomatologicznych do wytwa-
rzania implantéw protetycznych, protez szkieletowych czy
odbudéw metalowych pod ceramiczne korony [4,5].

Stopy Co-Cr-Mo stanowig odlewnicze stopy typu Vita-
lium o zawartosci wegla do 0,35% [6]. Zawartosci chromu
i molibdenu w stopach Vitalium sg tak dobrane, aby osnowe
stopow stanowit B-Co. Obecnos$¢ weglikotwoérczych pier-
wiastkéw stopowych przy obecnosci wegla spowodowato
tworzenie sie w tych stopach podczas obrébki cieplnej
weglikéw typu M,,Cg [6-8]. Wedtug Taylora i Waterhausa [9]
w strukturze tych stopéw powstajg takze pierwotne wegli-
ki M;C; natomiast wedtug innych naukowcow Clemowa
i Daniella [10] réwniez wegliki M¢C. Stopy Co-Cr-Mo sg bar-
dzo podatne na umocnienie, dlatego do odlewania stosuje
sie precyzyjng metode — technike traconego wosku [2,6].

Drugg grupg stopow na osnowie kobaltu o zastosowaniu
stomatologicznym stanowig stopy Co-Cr-Mo-W [6]. Sktad
chemiczny tych stopéw obejmuje dodatkowo wolfram.
Stopy te cechujg sie nizszg gruboscig warstwy utlenionej
powstajgcej w procesie wytwarzania, co sprzyja tworzeniu
trwatych potgczen z ceramikg. Z tego wzgledu, stopy te
wykorzystuje sie do napalania ceramiki bezposrednio na
metalu lub do pokrywania akrylem. Stopy Co-Cr-Mo-W sg
przeznaczone do wykonywania konstrukcji szkieletowych,
koron i mostéw [6,8].

Podstawowym problemem podczas ich stosowania
jest konieczno$¢ ich bezposredniego przetworzenia przez
koncowego uzytkownika. Wynika z tego, ze nawet najlepiej
przygotowane komercyjne stopy, w ktérych producent za-
dbat o odpowiednig strukture i wiasciwosci uzytkowe i tak
muszg zosta¢ przetworzone — przetopione, co powoduje
catkowitg zmiane ich struktury, a co za tym idzie i wtasci-
wosci. Prowadzi to w efekcie do licznych probleméw natury
eksploatacyjnej. Mozliwa jest bowiem sytuacja, w ktorej stop
komercyjny, ze wzgledu na sposéb przetopienia i odlania,
posiada wtasciwosci uzytkowe znacznie gorsze od dekla-
rowanych przez producenta [11,12].

Odrebnym zagadnieniem, jest réwniez metodyka badaw-
cza stopow Co-Cr, w ktorej niejednokrotnie nie uwzglednia
sie dodatkowych czynnikéw moggcych istotnie wptywaé
na wiasciwosci badanego materiatu, np. srodowiska pracy,
tworzyw wspétpracujgcych etc. Stad tez, w pracy podjeto
prébe okreslenia wybranych wtasciwosci tribologicznych
oraz mechanicznych komercyjnych stopéw Co-Cr po od-
lewaniu w wykorzystaniem techniki traconego wosku oraz
zaprojektowanego cyklu technologicznego w warunkach
pracy w symulowanym srodowisku.

Podstawowym celem niniejszej pracy byto poréwnanie
zuzycia sciernego, jego mechanizméw oraz wybranych
wiasciwosci mechanicznych, czterech wybranych stopow
na bazie kobaltu z grupy Co-Cr po procesie odlewnia tech-
nikg traconego wosku. Badania prowadzono pod katem ich
zastosowania w protetyce stomatologicznej, wykorzystujgc
symulowane srodowisko w postaci zawiesiny Dentyna-
-sztuczna $lina.

The mechanical properties and corrosion resistance of
these alloys, which are their main advantages, are inherently
related with the chemical composition and structure, the lat-
ter one being in turn dependent on the type of technology
and manufacturing conditions [4].

In terms of their application, foundry alloys from the Co-Cr
family can be divided into two main groups. The first group
includes the materials that are used in orthopedics, while
the second group consists of alloys used in prosthetic-dental
laboratories for the production of prosthetic implants, frame
prostheses or metal restorations in ceramic crowns [4,5].

Alloys from the Co-Cr-Mo system are casting Vitalium-
type alloys with carbon content of up to 0.35% [6]. The con-
tent of chromium and molybdenum in Vitalium alloys is se-
lected in such a way as to make the 3-Co phase play the role
of alloy matrix. The addition of carbide-forming alloying ele-
ments to these alloys in the presence of carbon results in the
formation of M,,C type carbides during heat treatment [6-8].
According to Taylor and Waterhaus [9], the structure of these
alloys may also contain the primary M,C; carbides, while
according to other researchers, e.g. Daniell and Clemow
[10], McC carbides are additionally formed. Co-Cr-Mo alloys
are very susceptible to hardening, and therefore for casting,
high-precision processes, such as e.g. the lost wax process,
are usually the technology of choice [2,6].

The second group of cobalt-based alloys for dental ap-
plications includes Co-Cr-Mo-W alloys [6]. The chemical
composition of these alloys is additionally enriched with
tungsten. They have lower thickness of the oxidised layer
generated in the manufacturing process, which helps to
create a stable bond with the ceramic material and makes
these alloys suitable for direct application of ceramic or
acrylic coatings. Co-Cr-Mo-W alloys are used to make
frameworks, crowns and bridges [6,8].

The main problem in their practical application is the
fact that they must undergo final processing performed by
the end user. Hence it follows that even the best-prepared
commercial alloys, in the case of which the manufacturer
did his best to provide the required structure and proper-
ties, must be further processed, i.e. remelted, which will
cause a complete change in their structure and thus also
in their properties. Eventually this leads to a number of op-
erational problems, since the situation is possible in which
a commercial alloy, due to the adopted method of remelting
and casting, will have the properties much inferior to those
declared by the producer [11,12].

A separate issue is the research methodology applied to
Co-Cr alloys, which often does not take into account some
additional factors that can significantly affect the properties
of the examined material, to mention as an example the
working environment, mate materials, etc. Therefore, in this
study an attempt has been made to determine the selected
mechanical and tribological properties of commercial Co-
Cr alloys cast by the lost wax process in a pre-established
production cycle and operating under the conditions of
simulated environment.

The primary objective of the study was to compare the
abrasive wear and its mechanism, as well as the selected
mechanical properties of four cobalt-based alloys from the
Co-Cr alloy family, cast by the lost wax process. Another aim
of the study was to confirm the applicability of these alloys
in dental prosthetics, using simulated “natural” environment
in the form of a Dentin-artificial saliva suspension.
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Materialy i metody

Materiat do badan stanowity cztery wybrane stopy na
osnowie kobaltu stosowane do wykonywania protez szkie-
letowych, prac kombinowanych, implantéw oraz podbudowy
metalowej pod ceramike. Sktad chemiczny badanych stopéw
Co-Cr-Mo oraz Co-Cr-Mo-W przedstawiono w TABELI 1.

Materials and Methods

Tests were carried out on four selected cobalt-based
alloys used to make prostheses, combined work, implants
and metal framework for porcelain. The chemical composi-
tion of the tested Co-Cr-Mo and Co-Cr-Mo-W alloys is given
in TABLE 1.

TABELA 1. Sktad chemiczny wybranych stopéw Co-Cr, % wag. Zawartos¢ wegla byta nizsza niz 0.35%.
TABLE 1. Chemical composition of selected Co-Cr alloys, wt%. Carbon content was lower than 0.35%.

Pierwiastki Nazwa handlowa / Trade name
Elements
(% wag./wt.%) Wironit LA Remanium 2001 Colado CC Heraenium P

Co 63.5 63.0 59.0 59.0
Cr 29.0 23.0 25.5 25.0
Mo 5.0 7.3 5.5 4.0
Si 1.2 1.6 - 1.0
W - 4.3 5.0 10.0
Ga - - 3.2 -
Mn - - - 0.8

Probki do badan zostaty odlane technikg traconego
wosku. Pierwszym etapem procesu odlewania byto przy-
gotowanie dla kazdego stopu modeli woskowych o okre-
Slonych wymiarach: 25,4x12x(9-11) mm (wymiary prébek
wymaganych do przeprowadzenia proby procesu Scierania
przy wykorzystaniu aparatu Millera). Kolejnym etapem byto
umieszczenie modeli woskowych w pierscieniu, ktéry zalano
masg ogniotrwatg na bazie fosforandw. Po zalaniu pierscie-
nie wtozono do komory cisnieniowej i poddano cisnieniu
0,4 MPa przez czas 20 minut celem prawidtowego zwigzania
sie masy ogniotrwatej. Gdy masa ulegta zwigzaniu wtozono
powstaty tygiel do pieca i rozpoczeto proces nagrzewania
z predkoscig 7°C/min. Wykonano dwa przystanki izoter-
miczne podczas nagrzewania. Pierwszy, przy temperaturze
250°C przez czas 20 minut - nastepuje odparowanie wody
z pierscienia odlewniczego i wyparowanie wosku. Drugi
postodj zastosowano przy temperaturze 600°C i takim samym
czasie tj. 20 minut kiedy to zachodzi przemiana krzemionki.
Zakonczenie procesu nastgpito przy temperaturze 950°C.
Kolejnym etapem pracy byto przeprowadzenie procesu
odlewania, w celu tym wykorzystano piec Vulcan 3-550.
Po odlaniu, probki wyciggnieto z pieca i chtodzono na
wolnym powietrzu. Kolejnym etapem pracy byto usuniecie
masy ogniotrwatej i piaskowanie mechaniczne na maszynie
Ecoblast Kombi piaskiem o ziarnistosci 200 um, przy cisnie-
niu 0,6 MPa. Ostatnim etapem przygotowania probek byto
mechaniczne usuniecie kanatéw wlewowych.

Badania twardosci prowadzono metodg Vickersa.
Twardos$¢ zostata zbadana przy pomocy twardosciomierza
ZWICK/ZHU 187.5, przy obcigzeniu 100 N (HV10). Testy
prowadzono w losowo wybranych miejscach odlewu,
a liczba pomiaréw na prébce wynosita kazdorazowo 10.

Obserwacje mikrostruktury prowadzono przy wykorzy-
staniu mikroskopu $wietinego Olympus GX51 z kontrastem
Nomarskiego i LEICA DM 4000. Powierzchnie prébek po ko-
lejnych procesach zuzycia $ciernego poddano obserwacjom
przy wykorzystaniu skaningowej mikroskopii elektronowej
z uzyciem mikroskopu HITACHI S-3500N.

Celem przygotowania materiatéw do obserwacji mikro-
struktury badanych stopéw Co-Cr-Mo i Co-Cr-Mo-W prébki
o wymiarach 10x15x5 mm poddano obrébce mechanicz-
nej, ktéra sktadata sie z nastepujgcych bezposrednio po
sobie procesow: szlifowania mechanicznego na papierach
sciernych o gradacji: 400-4000 oraz polerowania mecha-
nicznego.

Test specimens were cast by the lost wax technique.
The first step in the casting process was to prepare for each
alloy the wax patterns of predetermined 25.4%12x(9-11) mm
dimensions (the dimensions of samples required in the Miller
abrasion test). The next step consisted in placing the wax
patterns in rings and pouring them with a refractory mixture
based on phosphates. After pouring, the rings were placed
in a pressure chamber and subjected to the effect of a pres-
sure of 0.4 MPa operating for a period of 20 min to obtain
proper binding of the refractory material. When the mixture
was bonded, thus formed crucibles were inserted into the
furnace and the process of heating at a rate of 7°C/min
was started. Two isothermal stops were made during heat-
ing - first, at a temperature of 250°C for 20 min, mainly
to let water and wax evaporate from the casting ring.
The second stop was made at a temperature of 600°C and
for the same time of 20 min, when the transformation of silica
took place. The process was completed at a temperature of
950°C. The next step in the tests was the execution of the
casting process. For this purpose, a Vulcan 3-550 furnace
was used. After casting, specimens were taken out from
the furnace and cooled in the open air. The next step was
the removal of a refractory mixture and mechanical blast-
ing of the specimens with sand of 200 ym grain size. The
operation of sand blasting was performed in an Ecoblast
Kombi machine at a pressure of 0.6 MPa. The last step in
the preparation of specimens was mechanical de-gating.

Hardness was measured by the Vickers method, using
a ZWICK/ZHU 187.5 hardness tester under a load of 100 N
(HV10). Hardness measurements were taken at places
randomly selected on the casting. Each time, ten measure-
ments were taken on each of the specimens.

Microstructure was examined using an Olympus GX51
light microscope with Nomarski contrast and a LEICA DM
4000. The specimen surfaces after the subsequent pro-
cesses of abrasion were examined by SEM under a HITACHI
S-3500N microscope.

To prepare samples of the Co-Cr-Mo and Co-Cr-Mo-W
alloys for microstructure examinations, the specimens with
10x15x5 mm dimensions were subjected to mechanical
treatment, which consisted in the repeated process of
mechanical grinding with a 400-4000 grit abrasive paper
and polishing.
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W celu ujawnienia mikrostruktury badanych materia-

® e @ o o @ o 5w, zgtady metalograficzne zostaty poddane trawieniu

chemicznemu, przy zastosowaniu odczynnika trawigcego:
1 cz. HNO; + 3 cz. HCI.

Badania zuzycia Sciernego przeprowadzono na aparacie
Millera [13] zgodnie z procedurg zawartg w normach ASTM.
Stosowany jednostkowy nacisk na prébke wynosit okoto
0,07 MPa, a obcigzenie catkowite probki wynosito 22,24 N.
Predkos$¢ ruchu probki byta stata i wynosita 0,254 m/s na-
tomiast czestotliwo$é ruchu byta rowna 48 min-'.

W zwigzku z tym, ze badane stopy majg zastosowanie
stomatologiczne, w pracy podjeto probe zasymulowania
warunkow naturalnych pracy stopu. Z tego wzgledu badania
Scierania prowadzono w mieszaninie proszku ceramicznego
DB1 (Dentyna) firmy CCS (Compact Ceramic System) [14]
i sztucznej $liny. Skfad roztworu sztucznej sliny byt nastepu-
jacy [15]: NaCl 0,7 g/dm?, KCI 1,7 g/dm3, KH,PO, 0,2 g/dm?3,
NaHCo, 1,5 g/dm?, NaHCO;, 1,5 g/dm?, Na,HPO, 0,26 g/dm?,
KSCN 0,33 g/dm3, a jej pH wynosito 6,7. Zawartosci po-
szczegolnych sktadnikow sztucznej sliny podano w przeli-
czeniu na 1 dm® wody. W przypadku badan prowadzonych
na stopach Co-Cr-Mo i Co-Cr-Mo-W proces Scierania obej-
mowat cykle: 2, 4, 6, 8, 12i 16 h. Po kazdym cyklu prébki
ptukano w ptuczce ultradzwiekowej w cyklach 3 x po 3 min
w etanolu. Nastepnie poddawano je procesowi suszenia
w strumieniu powietrza w temperaturze 50°C przez 10 min
oraz wazono na wadze analitycznej RADWAG AS 220/C/2.

Wyniki i dyskusja

Badane stopy podlegaty procesowi przetopienia, w zwigz-
ku z tym przed ich dalszym badaniem nalezato okresli¢ jak
wyglada ich mikrostruktura po odlaniu. Stad tez w pierw-
szej kolejnosci wykonano obserwacje mikrostruktury przy
wykorzystaniu mikroskopu swietlnego. Otrzymane wyniki
w postaci typowych obrazéw mikrostruktury wybranych
stopéw Co-Cr, zaprezentowano na RYS. 1.

Dla wszystkich obserwowanych materiatow stwierdzono
wystepowanie charakterystycznej, typowej dla odlewanych
stopow struktury dendrytycznej, przy czym pomiedzy bada-
nymi stopami wystepowaty jedynie niewielkie réznice struk-
turalne dotyczgce wielkosci i rozktadu dendrytéw. Mikro-
struktura skfada sie z austenitycznej osnowy, ktorg stanowi
roztwor staty kobaltu oraz chromu w rdzeniowej strukturze
dendrytycznej. Na podstawie danych literaturowych [6,16-18]
przyjeto, ze gtéwnymi wydzieleniami weglikowymi, ktére
wystepujg w tego rodzaju stopach sg fazy weglikow typu
M,;Cs ktore rozmieszczone sg na granicach ziaren oraz
w przestrzeniach miedzydendrytycznych, bedgce gtéwnym
powodem umochienia materiatu.

Majac na wzgledzie wyniki obserwacji mikrostruktury, jak
i informacje literaturowe dotyczgce mozliwych niejednorod-
nosci chemicznych stopu, wykonano w losowo wybranych
miejscach na wszystkich ptaszczyznach odlewu badania
twardosci HV10. Celem badan byto okreslenie stopnia
twardosci wybranych stopéw po odlaniu w odniesieniu do
stopow komercyjnych. Na podstawie otrzymanych wynikéw
pomiarow obliczono warto$¢ srednig twardosci stopéw po
odlaniu oraz odchylenie standardowe. Podsumowanie wy-
nikow badan zaprezentowano w TABELI 2.

Najwyzszg twardos¢ odnotowano dla stopu Wironit LA,
najnizszg zas dla stopu Colado CC. Sktad chemiczny stopow
Co-Cr warunkuje wielofazowg budowe stopow [17]. Struk-
ture roztworu statego chromu, molibdenu bgdz wolframu
w kobalcie, umacniajg dyspersyjne wydzielenia twardych
weglikéw (M,;Cy), a ich ksztatt, dyspersja i rozmieszczenie
decydujg w duzej mierze o twardo$ci stopu [4].

To reveal the microstructure of the tested materials, the
metallographic sections were subjected to chemical etch-
ing using the etching reagent composed of 1 part HNO, +
3 parts HCI.

Studies of the abrasive wear were carried out on Miller
apparatus [13] in accordance with the procedure set out by
ASTM standard. The unit pressure applied on the sample was
0.07 MPa, and the total load on sample was 22.24 N. The speed
of the sample movement was constant and set at 0254 m/s,
while the frequency of sample movement was 48 min-'.

In view of the fact that the tested alloys are to be used
in dental applications, an attempt has been made in the
studies to create the test conditions resembling the natural
conditions of alloy operation. For this reason, the abrasion
tests were carried out in a mixture of DB1 (Dentin) ceramic
powder made by CCS (Compact Ceramic System) [14] and
artificial saliva. The composition of artificial saliva solution
was as follows [15]: NaCl 0.7 g/dm?, KCI 1.7 g/dm?, KH,PO,
0.2 g/dm?®, NaHCo, 1.5 g/dm?, NaHCO, 1.5 g/dm?, Na,HPO,
0.26 g/dm®, KSCN 0.33 g/dm?; the value of pH was 6.7.
The content of individual components of the artificial saliva
was calculated in terms of 1 dm? of water. In tests conducted
on the Co-Cr-Mo and Co-Cr-Mo-W alloys, the abrasion
process included the cycles of 2, 4, 6, 8, 12 and 16 h.
After each cycle, samples were washed in an ultrasonic
cleaner in ethanol in cycles of 3 x 3 min. Then the samples
were subjected to a drying process in the stream of air at
a temperature of 50°C for 10 min and were weighed on a
RADWAG AS 220/C/2 analytical balance.

Results and discussion

The alloys tested had to be remelted, and therefore,
before continuation of the studies, it was necessary to de-
termine their as-cast microstructure. Hence, the first step
included microstructure examinations by light microscopy.
The results obtained in the form of typical microstructure
images of the selected Co-Cr alloys are presented in FIG. 1.

In all the examined materials, the occurrence of a dendrit-
ic structure typical of cast alloys has been observed (FIG. 1).
At the same time, only minor structural differences were
traced in the examined alloys, mainly regarding the size
and distribution of dendrites. The microstructure consisted
of an austenitic matrix which was a solid solution of cobalt
and chromium in the core dendritic structure. Based on
literature data [6,16-18] it has been assumed that the main
carbide precipitates that occur in alloys of this type are the
M,,C, carbide phases, arranged at the grain boundaries
and in the interdendritic spaces. These phases are mainly
responsible for hardening of the material.

Considering the results of microstructure examinations
and information given in the reference literature on pos-
sible chemical heterogeneity of the alloys, HV10 hardness
measurements were taken at randomly selected places on
all casting planes. The aim of the study was to determine
the degree of hardness in selected cast alloys compared
with commercial stock. Based on the obtained results of
measurements, the mean value of alloy hardness after
casting was calculated along with the standard deviation.
TABLE 2 gives summary of the test results.

The highest hardness was reported for the Wironit LA,
alloy, while the lowest values were found in Colado CC.
The chemical composition of Co-Cr alloys conditions their
multi-phase structure [17]. The structure of the solid solution
of chromium, molybdenum or tungsten in cobalt is strength-
ened by the dispersed precipitates of hard carbides (M,;Cs),
while the shape, dispersion and distribution of these carbides
largely determine the alloy hardness [4].
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Nalezy podkresli¢, ze otrzymane materiaty w kazdym
przypadku posiadaty wartos¢ twardo$ci wiekszg od deklaro-
wanych przez producenta przynajmniej o 10% (TABELA 2).

Majgc na wzgledzie fakt, ze materiat twardszy bedzie
réwniez posiadat wiekszg odpornosé na powstawanie rys
oraz zuzycie, nalezy sie spodziewaé znacznej poprawy
wiasciwosci tribologicznych [19,25] Dodatkowo w litera-
turze sygnalizowano réwniez, ze wysoka twardo$¢ stopu
zapewnia odporno$¢ na mechaniczne uszkodzenia, jakie
moga wystgpi¢ podczas niektérych procedur w leczeniu
ortodontycznym [20-24].

It should be emphasized that in each case the materi-
als obtained had the hardness values higher than those
declared by the manufacturer (by even as much as 10%)
(TABLE 2).

Given the fact that the material with higher hardness can
be expected to offer also higher resistance to scratching
and abrasive wear, a significant improvement in tribological
properties has been predicted [19,25]. Technical literature
also mentions the fact that high hardness of the alloy pro-
vides resistance to mechanical damage that may occur
during certain procedures in orthodontic treatment [20-24].

RYS. 1. Przyktadowe mikrostruktury
stopow: Wironit LA (a, b), Remanium
2001 (c, d), Colado CC (e, f) i Herae-
nium P (g, h) po procesie odlewania.
FIG. 1. Examples of as-cast micro-
structures obtained in alloys: Wiron-
it LA (a, b), Remanium 2001 (c, d),
Colado CC (e, f) i Heraenium P (g, h).

TABELA 2. Wyniki twardosci HV10 stopéw Co-Cr-Mo i Co-Cr-Mo-W.
TABLE 2. Hardness HV10 of the Co-Cr-Mo and Co-Cr-Mo-W alloys.

Rodzaj stopu / Type of alloy

Wironit LA Remanium 2001 Colado CC Heraenium P
Twardos¢ HV10* 360.0 336.0 360.0 275.0
X 438.9 409.5 403.5 412.4
s( x) 31.3 20.8 18.4 21.9
*Twardos$c¢ deklarowana przez producenta / Hardness declared by the manufacturer
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RYS. 2. Ubytek masy stopéw poddanych zuzyciu sciernemu przy wykorzystaniu aparatu Millera w sSrodowisku
proszek ceramiczny+sztuczna slina: a) Wironit LA, b) Remanium 2001, c) Colado CC, d) Heraenium P.

FIG. 2. Weight loss of alloys subjected to abrasive wear in Miller apparatus in an environment of ceramic powder
+ artificial saliva: a) Wironit LA, b) Remanium 2001, c) Colado CC, d) Heraenium P.

Dalsze badania prowadzono na aparacie Millera, zgodnie
z procedurg opisang powyzej. Wyniki przeprowadzonych
testow zuzycia sciernego badanych stopéw Co-Cr-Mo
i Co-Cr-Mo-W aparatem Millera, w srodowisku proszek ce-
ramiczny + sztuczna $lina zostaty przedstawione na RYS. 2.

Analiza uzyskanych wynikéw badan wskazuje, ze w przy-
padku trzech badanych stopéw Remanium 2001, Colado CC
oraz Hearanium P proces zuzycia $ciernego nie jest réwno-
mierny. Obserwowano na krzywych zmian masy w funkcji
czasu (RYS. 2), przystanki $wiadczace o wystepowaniu
czynnikdbw zmniejszajgcych zuzycie. Zjawisko to najlepiej
widoczne jest dla stopu Remanium 2001, przy ktérym
obserwowane sg az dwa przystanki na krzywych zuzycia.
Natomiast w przypadku stopu Wironit LA obserwowano
praktycznie liniowg zalezno$¢ zmiany masy w czasie. R6z-
nica pomiedzy otrzymanymi wynikami dla stopu Wironit LA
i pozostatymi, byta rowniez obserwowana we wczesniejszych
badaniach prowadzonych z udziatem SiC, jak i $cierniwa
[25]. Obserwowany efekt zmniejszania zuzycia jest zwig-
zany z budowg materiatu, jego strukturg dendrytyczng oraz
wydzieleniami weglikowymi znajdujgcymi sie w mikrostruk-
turze. llos¢ przystankdéw na krzywych czy tez ich dlugos¢ sg
bezposrednio zalezne od réznic twardosci pomiedzy osnowg
materiatow (B-Co) oraz dendrytéw, a takze lokalizacjg i ilo$-
cig weglikow w przestrzeniach miedzydendrytycznych [18].

Further studies were performed on Miller apparatus in
accordance with the procedure described above. The results
of abrasive wear tests carried out with Miller apparatus on
the investigated Co-Cr-Mo and Co-Cr-Mo-W alloys in an
environment of ceramic powder + artificial saliva are shown
in FIG. 2.

Analysis of the results indicates that in the case of the
three alloys studied, i.e. Remanium 2001, Colado CC and
Heraenium P, the wear process is not uniform. Curves
show the time-related weight changes (FIG. 2) and ar-
rests which prove the presence of factors reducing the
rate of wear. This phenomenon is best seen in Remanium
2001 alloy, in the case of which even two arrests occur on
the wear curves. In contrast, the Wironit LA alloy shows
practically linear relationship in weight changes over time.
The difference between the results obtained for the
Wironit LA alloy and other alloys was also observed in
previous studies conducted with the use of SiC as an
abrasive agent [25]. The observed effect of reduced wear
is associated with the alloy structure, in prevailing part of
a dendritic character and with carbide precipitates present
there. The number of arrests on the wear curves and their
length directly result from differences in the hardness of
the matrix (3-Co) and dendrites, and also from the location
and amount of carbides in the interdendritic spaces [18].
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W ten sposoéb nalezy ttumaczy¢ wyniki $cierania stopu Wi-
ronit LA, w ktérym réznice twardosci poszczegoélnych sktad-
nikéw strukturalnych oraz ich lokalizacja wymuszajg réwno-
mierne zuzycie materiatu [25]. W pozostatych przypadkach,
nastepuje jednak w pierwszej kolejnosci wycieranie migkkiej
osnowy, a nastepnie po odstonieciu ramion dendrytéw do
odpowiedniej wysokosci ich wykruszanie/$cinanie.

Wydaje sie, ze w zaleznosci od sktadu chemicznego
dendrytéw oraz udziatu weglikéw w obszarach miedzyden-
drytycznych proces ten nastepuje szybciej lub wolniej, co
zaobserwowano na przyktadzie stopéw Remianium 2001
oraz Colado CC i Heraenium P. Jednak kwestia ta wymaga
przeprowadzenia dodatkowych szczegdtowych badan, ktére
bedg tematem kolejnej przygotowywanej pracy.

W pierwszym przypadku wykruszanie/$cinanie ramion
dendrytéw nastepuje czesciej, co potwierdzajg dwa przy-
stanki na krzywych (RYS. 2). Natomiast w przypadku dwdéch
dalszych stopdw proces wycierania osnowy jest znacznie
intensywniejszy oraz dtuzszy i trwa od okoto 6-12 h.

Przyktadowe obrazy morfologii powierzchni po Scieraniu
(16 h) przedstawiono na RYS. 3.

This explains the results obtained in the abrasion test for
Wironit LA, where differences in the hardness of individual
structural components and their location forced a uniform
wear of the material. In other cases, however, the wear
affected the soft matrix, first, and then, upon the exposure
of dendrite arms to an appropriate height, it caused their
chipping and shear.

It seems, that depending on the chemical composition
of the dendrites and carbides content in the interdendritic
spaces, this process occurs faster or slower as observed
for Remanium 2001, Colado CC and Heraenium P alloys.
However, this issue requires more detailed studies, which
will be the subject of the next upcoming work.

In the first case, chipping / shear of the dendrite arms
occurs more frequently as evidenced by two arrests on the
curves (FIG. 2). In the case of two other alloys, the wear of
the matrix is much more intense; it takes a longer time and
lasts about 6-12 h.

Representative images of the surface structure after
16 h of abrasion are shown in FIG. 3.
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RYS. 3. Wybrane obrazy powi-
erzchni badanych stopow
Co-Cr po 16 h cyklu procesu
$cierania przy wykorzystaniu
aparatu Millera:

Wironit LA (a, b),

Remanium 2001 (c, d),
Colado CC (e, f),

Heraenium P (g, h).

FIG. 3. Selected images of the
surface of the tested Co-Cr
alloys after the 16 hour-lasting
abrasion process in Miller
apparatus:

Wironit LA (a, b),

Remanium 2001 (c, d),
Colado CC (e, f),

Heraenium P (g, h).
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Analizujgc zuzycie $cierne stopéw Co-Cr podczas testéw

® e ® o ® ® ® metodg Millera stwierdzono, ze podstawowym mechani-

zmem Scierania byt proces mikrorysowania powierzchni.
Przesuwajacy sie element Scierny (proszek ceramiki +
sztuczna $lina) tworzyt rysy na skutek oddziatywania czg-
stek proszku z powierzchnig stopéw poprzez czesciowe
wykrawanie i w niektorych przypadkach przemieszczanie
go na boki (RYS. 3). Na mikrofotografiach wyraznie widac,
szczegolnie dla stopéw Colado CC (RYS. 3b) oraz Heranium
P (RYS. 3c) nieréwnomierne zuzycie powierzchni z wysta-
jacymi ramionami dendrytéw, przy czym w przypadku stopu
Colado CC obserwowanym mechanizmem $cierania jest mi-
krorysowanie, natomiast dla stopu Hearanium P dodatkowo
obserwuje sie efekty mikrobruzdowania. W przypadku stopu
Remianium 2001 dominujgcym mechanizmem sScierania jest
mikrorysowanie, jednak daje sie zaobserwowacé réwniez
efekty pochodzace od mikrobruzdowania podobnie, jak
dla stopu Hearanium P. W stopie Wironit LA obserwowano
podobng sytuacje jak w poprzednim przypadku z tym, ze
efekty mikrobruzdowania nie byty praktycznie widoczne, jak
réwniez nie obserwowano wystajgcych ramion dendrytow
na $cieranej powierzchni. Swiadczy to o réwnomiernym
Scieraniu sie materiatu.

Osobnym zagadnieniem jest iloSciowa analiza otrzyma-
nych efektéw Scierania. W tym przypadku dla stopéw Wi-
ronit LA i Remanium 2001 obserwowano zblizone warto$ci
zuzycia po 16 h na poziomie ubytku 0,035 g, przy czym
réznice pomiedzy nimi sg w obszarze btedéw pomiarowych.
W przypadku pozostatych badanych stopéw wielkosci ubyt-
ku masy po 16 h ksztattowaty sie na poziomie okoto 0,07 g.
Warto zauwazy¢, ze w przypadku trzech badanych stopow
poza Wironitem LA przystanek na krzywej Scierania lokowat
sie na poziomie potowy wartosci catkowitego ubytku masy
czyli dla Remanium 2001 okoto 0,015 g, natomiast dla
pozostatych stopéw na okoto 0,03 g.

Réznice w twardosciach badanych stopéw, morfologii
powierzchni po Scieraniu oraz ubytkéw masy mogg wynikaé
z mozliwosci wystepowania faz miedzymetalicznych [17]
o zwiekszonej twardosci w stosunku do weglikéw tworzg-
cych sie w obszarach miedzydendrytycznych [25]. Udziat
procentowy pierwiastkéw stopowych wchodzacych w skfad
badanych stopéw determinuje ilos¢ oraz jakosc¢ tworzgcych
sie faz miedzymetalicznych oraz samych weglikéw, co
istotnie wptywa na otrzymane wyniki badan.

Whioski

Biorgc pod uwage otrzymane ciekawe wyniki oraz nie-
wiele danych literaturowych dotyczgcych tych stopéw, jak
réwniez bezposrednie zapotrzebowanie na nie ze strony
sektora stomatologicznego, wydaje sie celowe kontynuo-
wanie dalszych badan w tym kierunku. W szczegélnosci
nalezy okresli¢ jaki wptyw na badane stopy bedzie miata
zmiana srodowiska pracy, wielkosci elementéw trgcych oraz
ich charakteru. Nadto, okreslenie szczegdtowego wptywu
wydzielen weglikowych na przebieg procesu Scierania wy-
daje sie niezwykle istotny.

Na podstawie przeprowadzonych badan stwierdzono, ze:

1. Wszystkie badane stopy cechujg sie twardoscig
na poziomie 403-439 HV10, co jest wynikiem lepszym
o ponad 10% od tych jakie deklarujg producenci stopow
komercyjnych.

2. We wszystkich badanych przypadkach gtéwnym me-
chanizmem dziatajgcym podczas testu byto mikrorysowanie,
przy czym w przypadku stopéw Remanium 2001, Wironit
LA oraz Heraenium P obserwowany jest rowniez udziat
mechanizmu $cierania w postaci mikrobruzdowania.

Analysing the course of wear in Co-Cr alloys during
Miller test it was stated that the primary abrasion mecha-
nism was microscratching of the surface. The advancing
abrasive element (ceramic powder + artificial saliva) made
scratches on the surface due to the interaction of powder
particles with the alloy surface, resulting in partial cutting
out of the material and, in some cases, moving it sideways
(FIG. 3). The microphotographs clearly show, particularly
for Colado CC and Heraenium P alloys (FIGs. 3b and 3c,
respectively), uneven surface wear with dendrites arms
protruding. In the case of Colado CC alloy, the prevailing
abrasive mechanism is microscratching, while in Hearanium
P alloy additional effects of microfurrowing are observed.
In the case of Remanium 2001 alloy, the dominant abrasion
mechanism is microscratching, but some effects related
with microfurrowing are also visible, just as in the case of
Hearanium P alloy. In Wironit LA, the situation is similar to
the previous case, except that the microfurrowing effects are
practically not visible, neither are visible the dendrite arms
protruding from the surface exposed to abrasion, which
proves a uniform abrasive wear of this material.

Another issue is the quantitative analysis of the obtained
results of abrasion. In this case, similar values of the abrasive
wear were observed for the Wironit LA and Remanium 2001
alloys after 16 h wear test with the weight loss of 0.035 g,
the differences between these two alloys being within the
range of measurement errors. In other tested alloys, the
weight losses after 16 h of wear were at a level of about 0.07 g.
It should be noted that for all the three tested alloys, with
exception of Wironit LA, the arrest on the abrasion curve
was located at a level of the half total weight loss, i.e. for
Remanium 2001 at approximately 0.015 g, and for other
alloys at approximately 0.03 g.

Differences in hardness of the tested alloys, and also in
the surface morphology and weight losses after abrasion
can result from the possible occurrence of intermetallic
phases [17] with hardness higher than the hardness of car-
bides formed in the interdendritic spaces [25]. The percent
content of alloying elements included in the composition of
the tested alloys determines the quantity and quality of the
arising intermetallic phases and also of the carbides, which
significantly affects the obtained results.

Conclusions

Given the interesting results obtained and the scarcity
of literature data on the examined alloys as well as direct
demand for them from the dental sector, it seems advisable
to continue studies in this field.

In particular, it is necessary to determine what impact
on the investigated alloys will have changes in the work
environment, and in the size and type of friction elements.
Moreover, it seems very important to define the specific
impact of carbide precipitates on the process of abrasion.

Based on the studies conducted it was found that:

1. All alloys tested were characterised by the hardness
of 403-439 HV10, which is the result by over 10% better
than the values declared by the manufacturers of com-
mercial alloys.

2. In all cases examined, the main mechanism operating
during the abrasion test was microscratching. In the case of
Remanium 2001, Wironit LA and Heraenium P alloys, some
share in the wear process had also the abrasion mechanism
in the form of microfurrowing.
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3. Najmniejszg wartos¢ ubytku masy notowano dla
stopéw Remanium 2001 oraz Wironit LA, przy czym cha-
rakter zmian dla obu stopéw byt rézny. W przypadku stopu
pierwszego krzywa ubytku masy w czasie posiadata wy-
razne przystanki wynikajgce z mechanizmu Scierania oraz
struktury materiatu. W przypadku stopu Wironit LA notowano
praktycznie liniowg zaleznos¢ zmiany masy w czasie.

4. Dla stopow Colado CC i Heraenium P obserwowane
zmiany ubytku masy miaty praktycznie taki sam charakter
i zblizone wartosci. Otrzymane réznice pomiedzy oboma
stopami wynosity nie wiecej niz 2%.

Podziekowania

Praca zostata wykonana w ramach badan statutowych
prowadzonych na AGH Akademii Gérniczo-Hutniczej, nr
pracy 11.11.110.299.
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3. The lowest weight loss was recorded for the Remanium
2001 and Wironit LA alloys, although the nature of changes
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Abstract

Acetyloacetoniany cyrkonu (IV), zelaza (lll),
cynku (ll), lantanu (Ill), i itru (Ill)) oraz tris(2,2,6,6-
-tetrametylo-3,5-heptanodionianu) skandu zostaty
Z powodzeniem zastosowane w polimeryzacji mode-
lowych 5-metylo-2-okso-1,3-dioksano-5-karboksylanu
etylu (MTC-Et) i 5-metylo-2-okso-1,3-dioksano-5-
-karboksylanu benzylu (MTC-Bz) oraz a-bromo-¢-
kaprolaktonu. Proces polimeryzacji prowadzono
w masie w podwyzszonej temperaturze. Zaleznos¢
konwersji monomerow weglanowych od czasu poli-
meryzacji byta monitorowana przy pomocy techniki
'H NMR, a wysokoczgsteczkowy produkt scharak-
teryzowano technikg SEC. Kinetyka prowadzonej
reakcji zalezata nie tylko od temperatury, ale rowniez
od rodzaju zastosowanego inicjatora. Zbadano row-
niez wptyw temperatury prowadzonej polimeryzacji na
masy czgsteczkowe otrzymanych produktéw. Badania
te wykazaty, ze zalezno$¢ temperatura polimeryzacji
— masa molowa produktu jest skomplikowana i dla
procesow istnieje temperatura optymalna. Co istotne,
w szczegolnych przypadkach otrzymywane poliwe-
glany charakteryzowaly sie frakcjg o wysokiej masie
przekraczajgcej nawet 1 Mg/mol. Szczegoétowe wyniki
przeprowadzonych badan ujawnity takze relatywnie
silng reakcje transestryfikacji towarzyszgca polimery-
zacji z otwarciem pierscienia MTC-Et. W przypadku
polimeryzacji MTC-Bz, ktérego podstawnik benzylowy
powinien stanowi¢ wiekszg zawade przestrzenng przy
wigzaniu estrowym niz podstawnik etylowy MTC-Et
i wten sposob ograniczac transestryfikacje, wystepo-
wanie reakcji transacylowania wydaje sie byc jeszcze
silniejsze. W przypadku a-bromo-e-kaprolaktonu
polimeryzacja z otwarciem pierScienia przebiegata
najefektywniej, gdy byta iniciowana acetyloaceto-
nianem cyrkonu (1V) i tris(2,2,6,6-tetrametylo-3,5-
-heptanodionianem) skandu (lll), pozwalajgc na
otrzymanie polimeru funkcyjnego. Acetyloacetonian
cynku (Il) reagowat z bromopochodng w sposob, ktéry
nie prowadzit do otrzymania polimerow.

Stowa kluczowe: polimery bioresorbowalne, polimery
funkcyjne, polimeryzacja koordynacyjna, cykliczne we-
glany, funkcjonalizowany kaprolakton, polimeryzacja
z otwarciem pierscienia

[Inzynieria Biomateriatow 127 (2014) 16-21]

A series of metal acetylacetonates (zirconium (1V),
iron (ll), zinc (1l), lanthanum (Ill) and yttrium (lll)) as
well as scandium (lll) tris(2,2,6,6-tetramethyl-3,5-
-heptanedionate) were successfully applied in bulk
polymerizations of model ethyl 5-methyl-2-oxo-1,3-dio-
xane-5-carboxylate (MTC-Et) and benzyl 5-methyl-2-
-oxo-1,3-dioxane-5-carboxylate (MTC-Bz) as well as
a-bromo-g-caprolactone. The polymerization exper-
iments were carried out at elevated temperatures.
Rate of the carbonate monomers conversion during
polymerization experiments was followed by '"H NMR
while macromolecular product was also characterized
with SEC technique. Rate of the monomers conversion
was temperature-dependant but it relied also on type
of applied polymerization initiator. The study revealed
also strong dependence of the products molar masses
on temperature regime. It was found that the reactions
have some optimum temperature. Noticingly, several
experimental conditions were found to yield polycarbo-
nates containing fractions of high molar mass material
of about 1 Mg/mol. Complementary results revealed
occurrence of relatively strong transesterification in
ring-opening polymerization of MTC-Et. Significantly
bulkier benzyl substituent of MTC-Bz, in comparison
with ethyl substituent of MTC-Et which was suppo-
sed to hinder sterically reactivity of the ester linkage,
did not retard transesterification occurring during
polymerization. Contrary, transacylation seemed to
be even more pronounced in the case of MTC-Bz
polymerization. In the case of a-bromo-e-caprolactone
ROP zirconium (IV) acetylacetonate and scandium(lll)
tris(2,2,6,6-tetramethyl-3,5-heptanedionate) were
found to be the most effective and allowed to obtain
functional polymer. Zinc (Il) acetylacetonate reacted
with the brominated lactone without polymer formation.

Keywords: bioresorbable polymers, functional poly-
mers, coordination polymerization, cyclic carbonate,
functional caprolactone, ring-opening polymerization
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Wprowadzenie

W ostatnich latach syntetyczne polimery funkcyjne staty
sie przedmiotem zainteresowan wielu badaczy jako poten-
cjalne nowoczesne materiaty pozwalajgce na modyfikacje
wiasciwosci polimeréw znanych od dawna. Niestety, wiek-
szos¢ komercyjnie dostepnych monomeréw funkcyjnych
to (met)akrylany, o ktérych wiadomo, ze tworzg polimery
niedegradowalne. Odpornos¢ na biodegradacje jednak
nie zawsze jest pozadana, szczegdlnie w przypadku ma-
teriatébw petnigcych tymczasowg role, jak ma to miejsce
w wielu aplikacjach biomedycznych. Co wiecej, jednymi
z materiatéw najczesciej badanymi pod wzgledem aplikacji
w zastosowaniach biomedycznych sg alifatyczne poliestry
otrzymywane z laktydow, glikolidu czy e-kaprolaktonu.
Polimery te zawdzieczajg popularnos¢ wtasnie biodegrado-
walnosci, biokompatybilno$ci jak i dostepnosci komercyjnej
monomerow, ktére w potgczeniu z rozwojem technik poli-
meryzacji pozwalajg na wytwarzanie materiatbw o pozag-
danych witasciwosciach, jednak w ograniczonym zakresie.
W ostatnim czasie zwrécono uwage na alifatyczne poliwe-
glany, stosowane jako materiaty do tymczasowego zastoso-
wania, dzieki ich zdolnosci do biodegradacji oraz biokompa-
tybilnosci [1]. W potgczeniu z mozliwoscig degradacji hydro-
litycznej oraz niskg toksycznoscia, poliweglany sg atrakcyj-
nymi materiatami nie tylko do zastosowan w branzy rolniczej
czy opakowaniowej, lecz sg rowniez jednymi z najczesciej
stosowanych materiatéw w obszarze biomedycznym czy far-
magcji jako: nosniki genow [2-4], systemy dostarczania lekéw
oparte o nanoczastki [5], mikrosfery [6] czy hydrozele [7].
Na skutek relatywnie ograniczonego wyboru monomeréw
weglanowych dostepnych komercyjnie, zostato opracowa-
ne kilka drég syntezy funkcyjnych cyklicznych weglanow.
Obecnie doniesienia naukowe opisujg ponad 80 réznych
funkcyjnych cyklicznych weglanéw posiadajgcych rézne
grupy funkcyjne, zaprojektowane tak, aby poprawi¢ wias-
ciwosci materiatow polimerowych. Jednymi z najbardziej
uniwersalnych prekursoréw sg: gliceryna, pentaerytryt czy
kwas 2,2-bis(hydroksymetylo)propanowy (bis-MPA). Kilka
strategii otrzymywania funkcyjnych cyklicznych weglanéw
z bis-MPA zostato przedstawione na SCHEMACIE 1 [8].

Dodatkowo literatura naukowa opisuje synteze funk-
cyjnego zaréwno ¢-kaprolaktonu jak i poli(kaprolaktonu).
Enolizacja poli(kaprolaktonu) z nastepcza reakcjg wyge-
nerowanego karboanionu z réznymi elektrofilami (benzal-
dehydem, chlorkiem naftoilu, chloromréwczanem benzylu
i jodometanem) [9] prowadzita do stopnia podstawienia
zaleznego od warunkow reakgciji, jednak jednoczesnie tan-
cuch gtowny PCL ulegat degradacji. Ta sama procedura
zostata wykorzystana do syntezy a-jodo-¢-kaprolaktonu [10].

Introduction

Functional synthetic polymers have received consider-
able scientific interest and attention in recent years for
their potential as promising novel materials enhancing
properties of well-known polymers. However, the majority
of commercially available functional monomers are (meth)
acrylates which form respective polymers known to be non-
degradable. Apparently, dormant character of the materials
is not always desired, especially when temporary biomedical
application is intended. In this field one of the most often
investigated polymers are aliphatic polyesters comprising of
lactides, glycolide and e-caprolactone units. The polymers
owe their popularity to the biodegradable and biocompatible
character as well as commercial availability of the mono-
mers which, in conjunction with developed polymerization
techniques, gives access to materials of desired properties
but until some extent. Recently, attention has been directed
towards aliphatic polycarbonates for the manufacture of
temporarily used materials thanks to their biodegradability
and biocompatibility [1]. In combination with their ready
hydrolysis and low toxicity, aliphatic polycarbonates are
attractive materials not only in agricultural or packaging
applications but they are one of the most often used syn-
thetic materials in biomedical and pharmaceutical field as
gene carriers [2-4], drug delivery systems based on either
nanoparticles [5], microspheres [6] or hydrogels [7]. Although
the choice of commercially available monomers is relatively
limited, several routes have been developed to prepare func-
tional cyclic carbonates. At the moment scientific literature
describes more than 80 functional cyclic carbonates with
different pendant functions designed to improve properties
of polymeric materials. Of the most versatile precursors
are glycerol, pentaerythritol and 2,2-bis(hydroxymethyl)
propionic acid (bis-MPA). For instance, bis-MPA itself of-
fers several synthetic strategies to obtain desired functional
monomer (SCHEME 1) [8].

In fact, a few strategies are reported in literature de-
scribing synthesis of functional either e-caprolactone or
poly(caprolactone) (PCL). Enolization of poly(caprolactone)
for subsequent reaction of such-formed carboanions with
various electrophiles (benzaldehyde, naphthoyl chlo-
ride, benzyl chloroformate, and iodomethane) [9] led to
the degree of substitution depending on experimental
conditions while PCL itself, suffered main chain scis-
sion during the enolization. The same procedure was
applied later on to produce a-iodo-¢-caprolactone [10].

OH OH
—_—
o
o o (o]
o]
o o OJ\O R OJLO o)Lo
o S(l?o > g%fo

SCHEMAT 1. Réznorod-
nos¢ syntezy cyklicznych
weglanéw i przyktadowe
grupy funkcyjne [8].

SCHEME 1. Versatility of
functional cyclic carbon-
ate synthesis and exem-

plary pendant groups [8].
(1)R= —CH,—CHj,
o)
_ o
(3)R= /\g \6
WR= A~ _NH
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Co istotne, zostata opracowana relatywnie prosta strategia
otrzymywania a-chloro-e-kaprolaktonu poprzez utlenianie
dostepnego handlowo a-chlorocykloheksanonu kwa-
sem m-chloronadtlenobenzoesowym. Duza wydajnos¢
reakcji utleniania i relatywnie prosta procedura syntezy
monomeru zaowocowaty syntezg kilku a-podstawionych-
&-kaprolaktonéw, np. z grupami azydowymi [12], jak i funk-
cjonalizacjg produktow polimeryzaciji.

W niniejszym artukule opisano wyniki badan dotyczace
homopolimeryzacji funkcjonalizowanych alifatycznych
weglanéw oraz a-podstawionego-¢-kaprolaktonu. Roz-
szerzeniem artykutu omawiajgcym wyniki kopolimeryzacji
funkcjonalizowanych weglanéw z weglanem 1,3-trimetyle-
nowym i laktydem z uzyciem koordynacyjnych inicjatorow
polimeryzacji jest praca Pastusiak i in. ,New functional aliph-
-atic polycarbonates — materials for advanced biomedical
applications” [13].

Materialy i metody

Monomery i inicjatory

5-Metylo-2-okso-1,3-dioksan-5-karboksylanu etylu (MTC-
-Et) i 5-metylo-2-okso-1,3-dioksan-5-karboksylanu benzylu
(MTC-Bz) zostaty otrzymane zgodnie z wczesniej opubliko-
wang procedurg [14]. a-Bromo-¢e-kaprolakton réwniez zostat
przygotowany wg wczesniejszej procedury [15]. Acetyloa-
cetoniany cyrkonu (IV) (Zr(acac),) i zelaza (Ill) (Fe(acac),),
jak i jednowodne acetyloacetoniany cynku (Il) (Zn(acac), x
H,0), lantanu (Ill) (La(acac); x H,0) i itru (lll) (Y(acac); x
H,0O) czy tris(2,2,6,6-tetrametyl-3,5-heptanodionian) skandu
(1) (Sc(TMHD) x H,0O) (wszystkie z Aldricha) byly uzywane
bez dodatkowego oczyszczania.

Polimeryzacja

Proces polimeryzacji prowadzono zgodnie z metodolo-
gig opisang wczesniej [16]. Odpowiednie ilosci wybranego
monomeru i katalizatora wprowadzano do osuszonego
reaktora zaopatrzonego w mieszadetko magnetyczne,
w atmosferze suchego argonu, ktory szczelnie zamykano.
Nastepnie reaktor zanurzano w termostatowanej tazni
olejowej o pozadanej temperaturze (60°C, 80°C, 100°C,
120°C lub 150°C). Probki mieszaniny reakcyjnej pobierano
w trakcie prowadzenia eksperymentéw i badano konwersje
monomeréw. Scharakteryzowano réwniez mase molowg
i dyspersje mas molowych koncowego produktu.

Techniki pomiarowe

Konwersja monomeroéw byta okreslana technikg 'H NMR.
Widma '"H NMR byty rejestrowane przy 600 MHz uzywajgc
spektrometru Avance Il Bruker TM w 25°C. Suchy dimetylo-
sulfotlenek-ds (DMSO-d;) lub deuterowany chloroform byty
stosowane jako rozpuszczalniki, tetrametylosilan (TMS) byt
stosowany jako standard wewnetrzny. Widma 'H NMR byty
rejestrowane przy 64 skanach i czasie akwizycji 2,65 s oraz
szerokosci pulsu 11 ps.

Liczbowo i wagowo $rednie masy molowe (M, i M,,, od-
powiednio) oraz dyspersja mas molowych (B) polimeréow
byly charakteryzowane technikg SEC w tetrahydrofuranie,
w temperaturze 35°C przy przeptywie eluentu 1 mL/min, sto-
sujgc uktad dwoch wysokorozdzielczych kolumn PLgel 5 um
MIXED-C. Stosowano pompe izokratyczng Spectra Physics
8800 roznicowy detektor refraktometryczny (VE3580, Visco-
tek) oraz detektor wiskozymetryczny (270 Dual Detector
Array, tylko wiskozymetr, Viscotek). Analizowano 100 pL 3%
(w/v) roztworu prébki w eluencie. Standardy polistyrenowe
0 wagskim rozrzucie mas zastosowano do wygenerowania
uniwersalnej krzywej kalibracji.

Noteworthy, relatively simple strategy of a-chloro-e-
caprolactone preparation was developed via one step
oxidation of commercially available a-chloro-cyclohexanone
with m-chloroperbenzoic acid [11]. Good yield of the oxida-
tion and relative simplicity of the procedure came to frui-
tion in synthesis of several a-substituted-g-caprolactones
e.g., with azide groups [12] as well as post-polymerization
functionalization.

Herein, preliminary results of functional aliphatic carbon-
ates and a-functionalized-¢-caprolactone homopolymeriza-
tion mediated with coordination catalyst are presented.
Discussion of the functional carbonates copolymerization
with 1,3-trimethylene carbonate or lactide, initiated with the
metal acetylacetonates can be found in the article Pastusiak
et al. ,New functional aliphatic polycarbonates — materials
for advanced biomedical applications” [13].

Materials and Methods

Monomers and Initiators

Benzyl 5-methyl-2-oxo-1,3-dioxane-5-carboxylate (MTC-
Bz) and ethyl 5-methyl-2-oxo-1,3-dioxane-5-carboxylate
(MTC-Et) were synthesized according to the previously
published procedure [14]. a-Bromo-¢-caprolactone was
also prepared as described previously [15]. Zirconium (1V)
(Zr(acac),) and iron (lll) (Fe(acac),) acetylacetonates as well
as zinc (ll) (Zn(acac), x H,0), lanthanum (lll) (La(acac); x
H,0) and yttrium (Ill) (Y(acac), x H,O) acetylacetonate hy-
drates as well as scandium(lll) tris(2,2,6,6-tetramethyl-3,5-
heptanedionate) (Sc(TMHD) x H,O) (all from Aldrich) were
used as initiators without further purification.

Polymerization

Polymerization experiments were carried out as de-
scribed previously [16]. Briefly: desired amounts of selected
monomers and catalyst were charged into flame-dried flask
equipped with magnetic stirring bar under dry argon flow
and sealed. Next, the flask was immersed in oil bath of
desired temperature (60°C, 80°C, 100°C, 120°C or 150°C).
Aliquots were withdrawn during the process and monomer
conversion was determined. Additionally, molar mass and
molar mass distribution of final products were characterized.

Measurements

The conversion of the monomers was determined by 'H
NMR spectroscopy. The 'H NMR spectra were recorded
at 600 MHz using an Avance Il Bruker TM at 25°C. Dried
dimethyl sulfoxide-ds (DMSO-d;) or deuterated chloroform
were used as the solvent, and tetramethylsilane (TMS) was
applied as the internal standard. The 'H NMR spectra were
obtained with 64 scans, 2.65 s acquisition time, and 11 us
pulse width.

Number-, weight-average molar mass (M, and M,, re-
spectively) and molar mass distribution () values of poly-
mers were determined by SEC experiments conducted in
THF at 35°C with eluent flow rate of 1 mL/min., using a set
of two PLgel 5 um MIXED-C ultrahigh efficiency columns.
Isocratic pump Spectra Physics 8800 as a solvent delivery
system, differential refractive index detector (VE3580,
Viscotek), viscometer detector (270 Dual Detector Array,
viscometer only, Viscotek) were applied. A volume of 100 pL
of 3% (w/v) sample solution in eluent was analyzed. Narrow
polystyrene standards were used to generate a universal cal-
ibration curve according to which samples were calculated.
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Wyniki i dyskusja

Polimeryzacja z otwarciem pierscienia modelowego
5-metylo-2-okso-1,3-dioksan-5-karboksylanu etylu (MTC-Et,
SCHEMAT 1. R(1)) byta prowadzona przy stosunku inicjator/
monomer 1/1000. Hydraty acetyloacetonianéw cynku (ll)
(Zn(acac), x H,0), lantanu (lll) (La(acac), x H,0) oraz itru
(I (Y(acac); x H,0) jak i hydrat tris(2,2,6,6-tetrametyl-3,5-
-heptanodionianu) skandu (Ill) (Sc(TMHD) x H,O) stoso-
wano jako inicjatory polimeryzacji. Wyniki eksperymentéw
zebrano w TABELI 1.

Dane zebrane w TABELI 1 obrazujg silng zaleznos¢ kine-
tyki konwersji monomeru od temperatury. W wszystkich przy-
padkach badany produkt otrzymano dla konwersji monomeru
wigkszej niz 90%. Najefektywniejszym katalizatorem otwar-
cia monomeru, w badanym procesie, okazat sie Zn(acac), x
H,0, jednak otrzymany materiat charakteryzowat sie relatyw-
nie matg masg molowa. Tylko produkt otrzymany w tempe-
raturze 150°C (TABELA 1, Lp. 3) byt jedynym o M, powyzej
10000 i imponujgcym M,, ponad 330000. Nalezy podkreslic,
ze w tym przypadku w otrzymanym materiale znajdowata
sie rowniez znaczgca cze$¢ makromolekut o masach po-
wyzej 1000000 g/mol (M, = 1950000 g/mol). Polimeryzacje
katalizowane acetyloacetonianem lantanu i prowadzone
w 80°C ujawnity lepszg kontrole nad dyspersyjnoscig mas
molowych, podczas gdy w eksperymencie prowadzonym
w 150°C otrzymano materiat o duzej dyspersyjnosci mas
molowych, ale i 0 znacznie wiekszej wagowo Sredniej masie
molowej. Polimeryzacja katalizowana acetyloacetonianem
itru przebiegata w relatywnie kontrolowany sposéb, nieza-
leznie od temperatury polimeryzacji. Biorgc pod uwage fakt,
iz poliweglany sg stosunkowo odporne na drugorzedowe
reakcje transacylowania oraz fakt otrzymywania produktéw
o tak duzych dyspersyjnosciach mas molowych, sugeruje
to zachodzenie reakcji transestryfikacji. MTC-Et jednak,
procz grupy weglanowej posiada rowniez grupe estrowa,
ktéra moze ulegac¢ procesom transacylowania, w wyniku
ktoérych powinny powstawac struktury rozgatezione, prowa-
dzgce do frakcji produktu o wysokich masach molowych.

Results and Discussions

Ring-opening polymerization of model ethyl 5-methyl-
2-oxo-1,3-dioxane-5-carboxylate (MTC-Et; SCHEME 1.
R(1)) was carried out in bulk at monomer/initiator ratio
1/1000. Acetylacetonates hydrates of zinc (IlI) (Zn(acac),
x H,0), lanthanum (Ill) (La(acac), x H,0O) and yttrium (III)
(Y(acac), x H,0) were applied as initiators. The results are
summarized in TABLE 1.

Data gathered in TABLE 1 depict strong temperature
dependence of monomer conversion rate. In all cases in-
vestigated products were obtained at monomer conversion
higher than 90%. Apparently, Zn(acac), x H,O appeared to
be the most effective initiator in the studied process however,
resulting materials revealed relatively low molar masses.
In fact, product of polymerization carried out at 150°C
(TABLE 1, Entry 3) was the only one with M, above 10000
and impressive M,, above 330000. It should be pointed out
that this material consisted also of high-molar-mass fraction
exceeding mass of 1000000 g/mol (M, = 1950000 g/mol).
Polymerizations mediated with lanthanum acetylacetonate
and carried out at 80°C revealed much better control over
molar mass dispersity while experiment carried out at 150°C
resulted in highly disperse material with far higher weight-
average molar mass. Yttrium acetylacetonate was mediating
polymerization in relatively controlled manner regardless
of the temperature. In fact, carbonates are known to be
relatively dormant towards secondary transacylation reac-
tion therefore the phenomenon of obtaining materials with
such a high molar mass dispersity is explained indeed by
transesterification process. Apparently, MTC-Et possesses
also ester group available for the transesterification which
should lead to branched structures and high-molar-mass
material fractions.

TABELA 1. Wyniki polimeryzacji z otwarciem pierscienia MTC-Et prowadzonej w masie.
TABLE 1. Results of MTC-Et ring-opening polymerization carried out in bulk.

Inicjator Temperatura (6741 Konwersja M,

Initiator Temperature [°C] Time [h] Conversion [%] [g/mol]
1 80 7.5 91 5000 8000 1.70
2 Zn(acac), x H,0 100 4.0 96 7000 18000 2.51
3 150 1.5 90 14000 333000 23.76
4 T 2 80 48.0 97 13000 23000 1.79
5 sne 150 3.0 92 15000 349000 23.54
6 Ve I EhE 80 48.0 97 9000 22000 2.40
7 $© 2 150 2.7 92 16000 88000 5.50

TABELA 2. Wyniki polimeryzacji z otwarciem pierscienia MTC-Bz prowadzonej w masie.
TABLE 2. Results of MTC-Bz ring-opening polymerization carried out in bulk.

Inicjator Temperatura Czas Konwersja M,

Initiator Temperature [°C] Time [h] Conversion [%] [g/mol]
1 80 24 95 15000 24000 1.60
28) Zn(acac), x H,0 100 24 94 4400 6500 1.45
8 150 B 90 12000 28000 2.27
4 s 80 28 95 5000 49000 9.41
52 2 150 7 92 5000 21500 4.13
6 80 28 96 5000 267000 54.07
7 Y(acac); xH,0 150 7 92 6000 87000 15.00

a M, = 4500 i M,,= 6000 dla stopnia konwersji = 70% (6h); ¥ M, = 25000 i M,,= 55000 dla stopnia konwersji = 70% (10 min)
aM,=4500 and M,,= 6000 at degree of conversion = 70% (6h); M, = 25000 and M, = 55000 at degree of conversion = 70% (10 min)
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20 W celu zredukowania wptywu procesu transestryfikacji
® e @ @ o o o podczas polimeryzacji weglanéw MTC-X, zostat przygoto-
wany MTC-Bz (5-metylo-2-okso-1,3-dioksan-5-karboksylan
benzylu, SCHEMAT 1. R(2)), posiadajgcy znacznie wigkszy
podstawnik w sgsiedztwie wigzania estrowego, a jego ho-
mopolimeryzacja byta badana w tych samych warunkach

co MTC-Et (wyniki zebrane w TABELI 2).

W przypadku polimeryzacji monomeru MTC-Bz réwniez
Zn(acac), x H,0O byt najaktywniejszym inicjatorem, jednak
otrzymane materiaty charakteryzowaty sie matymi masami
molowymi. Ponadto materiat otrzymany w 100°C posiadat
najgorsze parametry pod wzgledem masy molowej, podczas
gdy produkty otrzymane w 80°C i 150°C charakteryzowaty
sie wiekszymi masami molowymi. Polimeryzacje inicjowane
acetyloacetonianami lantanu lub itru przebiegaty z podobng
kinetykg otwarcia pierscienia monomeru, a otrzymywane
materiaty posiadaty M, okoto 5000 g/mol, chociaz w przypad-
ku reakgji inicjowanej Y(acac); x H,0O M,, produktu osiggneto
az 87000 g/mol i 267000 g/mol dla proceséw prowadzonych
w 150°C i 80°C, odpowiednio. Poréwnujgc polimeryzacje
MTC-Eti MTC-Bz zaobserwowano, ze monomer z mniejszg
zawadg przestrzenng (MTC-Et) ulegat reakcjom transestry-
fikacji w mniejszym stopniu.

Polimeryzacja z otwarciem pierscienia a-bromo-¢-
kaprolaktonu (BrCL) byta prowadzona w masie w 60°C
i stosunku inicjator/monomer 1/500 stosujgc acetyloace-
toniany cyrkonu (IV), lantanu (lll), itru (lll) i zelaza (lll), jak
réwniez tris(2,2,6,6-tetrametyl-3,5-heptanodionian) skandu
(1) jako inicjatory polimeryzacji. Okazato sie, ze Zr(acac),
byt najbardziej aktywnym sposréd badanych inicjatorow.
Konwersja monomeru osiggneta 49% po 96 h prowadze-
nia eksperymentu, a masa molowa produktu osiggneta
M,= 13500 g/mol i ©= 2,18. Drugim pod wzgledem aktywno-
$ci okazat sie Sc(TMHD) x H,O, gdzie konwersja monomeru
osiggneta 46% po 120 h, podczas gdy w innych przypadkach
konwersja monomeru wahata sie pomiedzy 23% i 32% po
120 h. Ponadto polimeryzacja BrCL inicjowana Zr(acac),
i prowadzona w 120°C wykazata prawie iloSciowg (99%)
konwersje monomeru po zaledwie 24 h (RYS. 1) jak réwniez
M,= 13000 g/mol i B= 2.48 produktu. Brak wzrostu masy
molowej pomimo duzego stopnia konwersji monomeru
i wzrost dyspersji mas molowych sugerujg istnienie rela-
tywnie silnej transestryfikacji w tym przypadku. Co istotne,
hydrat acetyloacetonianu cynku (Il) byt zbyt reaktywny,
a préby polimeryzacji prowadzity do reakcji z monomerem
w sposob niezdefiniowany i bez pozgdanego produktu.

In order to reduce influence of transesterification process
during polymerization of MTC-X monomers, MTC-Bz (benzyl
5-methyl-2-oxo-1,3-dioxane-5-carboxylate; SCHEME 1,
R(2)), possessing far bulkier substituent in vicinity of ester
linkage, was prepared and its polymerization was investigat-
ed in the same experiments (results collected in TABLE 2).

In fact, in the case of MTC-Bz monomer also Zn(acac), x
H,O seemed to be the most active initiator however, obtained
material revealed low molar masses. Moreover, polymeri-
zation carried out at 100°C revealed the worst molecular
parameters of the product while polymers obtained at 80°C
and 150°C possessed much higher molar masses. Lantha-
num and yttrium acetylacetonates mediated polymerizations
with similar monomer conversion rate yielding material of
number-average molar masses around 5000 g/mol although
in the case of Y(acac), x H,O M, s of the materials reached
87000 g/mol and 267000 g/mol for processes carried out at
150°C and 80°C, respectively. Comparing polymerizations
of MTC-Et and MTC-Bz it was noticed that monomer with
smaller steric hindrance (MTC-Et) revealed lower transes-
terification phenomenon.

Ring-opening polymerization of a-bromo-¢-caprolactone
(BrCL) was carried out in bulk at 60°C and monomer/initiator
ratio 1/500 applying acetylacetonates of zirconium (IV), lan-
thanum (Il1), yttrium (Il) and iron (l11) as well as scandium(lll)
tris(2,2,6,6-tetramethyl-3,5-heptanedionate) as initiators.
Apparently, Zr(acac), appeared to be the most active catalyst
of this process among all screened compounds. Monomer
conversion reached 49% after 96 h of carrying out the experi-
ment and molar mass of the product was M, = 13500 g/mol
and D= 2.18. In the case of the second most active
(Sc(TMHD) x H,O) monomer conversion reached 46% after
120 h while in other cases conversion varied between 23%
and 32% after 120 h. Moreover, polymerization of BrCL
initiated with Zr(acac), and carried out at 120°C revealed
almost quantitative (99%) monomer conversion after only
24 h (FIG. 1) but its M,= 13000 g/mol and D= 2.48. Lack of
molar mass increase despite high degree of the monomer
conversion and molar mass dispersity increase suggests
occurrence of relatively strong transesterification reactions.
Noteworthy, zinc (1) acetylacetonate hydrate was too reac-
tive and reacted with the monomer in indefinite manner not
yielding macromolecules.

b+d+c

RYS. 1. Widmo 'H NMR
(600 MHz, CDCI;) a-bromo-
g-caprolaktonu (goéra) oraz
poli(a-bromocaprolaktonu)
otrzymanego w polimeryzacji
inicjowanej Zr(acac), i prowa-
dzonejw 120°C przez 24 h (do6f).
FIG. 1. 'H NMR (600 MHz,

| CDCI t f a-b -
L, ) spectrum of a-bromo

— g-caprolactone (top) and

poly(a-bromocaprolactone)
obtained in Zr(acac), mediated
bulk polymerization carried
D out at 120°C for 24 h (bottom).
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WhiosKki

Hydraty acetyloacetonianow cynku (1), lantanu (I11)
i itru (111) okazaty sie efektywnymi inicjatorami polimeryzacji
z otwarciem pierscienia modelowych funcjonalizowanych cy-
klicznych weglandw, prowadzonej w masie. Liczbowo $red-
nie masy molowe otrzymanych weglanéw byty relatywnie
mate, lecz jednoczes$nie otrzymywano materiaty posiadajgce
frakcje o masie molowej przekraczajgcej 1x108 g/mol, co
nie jest zwykle obserwowane w polimeryzacji cyklicznych
weglanéw. Szerokie rozrzuty mas molowych polimerow
byty obserwowane w wiekszosci otrzymanych produktow,
co najprawdopodobniej swiadczy o transestryfikacji po-
bocznych grup estrowych. Co wiecej, wigkszy podstawnik
(benzyl) w sgsiedztwie wigzania estrowego nie wptynat na
retardycje transestryfikacji. Zaobserwowano réwniez, ze
nawet w przypadku jednego inicjatora relacja temperatura
procesu — masa molowa produktu jest ztozonym zagad-
nieniem (TABELA 2, Lp. 1-3). Ponadto, acetyloacetonian
cyrkonu (IV) i tris(2,2,6,6-tetrametyl-3,5-heptanodionian)
skandu (ll) byty efektywnymi katalizatorami polimeryzac;ji
a-bromo-¢-kaprolaktonu. W kolejnych krokach planuje sie
otrzymanie poliweglanéw z podstawnikami bromoalkano-
wymi, podczas gdy pierwsze eksperymenty uwodorniania
P(MTC-Bz) do polikwasow jak i alkilowania aminy P(BrCL)
sg bardzo obiecujgce.
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Conclusions

Acetylacetonate hydrates of zinc (ll), lanthanum (lll)
and yttrium (Ill) were found to be efficient initiators of ring-
opening polymerization of model functional cyclic carbon-
ates carried out in bulk. Number-average molar masses
of the obtained polycarbonates were relatively low but
high-molar-mass fractions exceeded even 1000000 g/mol
which is unusual in the case of aliphatic carbonates ROP.
Relatively broad molar mass distributions of the polymers
were observed in majority of products the most probably
as a consequence of the carbonate pendant ester group
transesterification. Noteworthy, bulkier substituent (benzyl)
in vicinity of the ester group did not retard this secondary
reaction. It was also noticed that even in the case of one
initiator relationship temperature-molar mass of products
is relatively complex phenomenon (TABLE 2, Entries 1-3).
Moreover, zirconium (V) acetylacetonate and scandium(lIl)
tris(2,2,6,6-tetramethyl-3,5-heptanedionate) were found to
be effective catalyst of a-bromo-¢-caprolactone polymeriza-
tion. In next steps there will be obtained poly(carbonate)s
with pendant bromoalkane substituents while preliminary
experiments of P(MTC-Bz) hydrogenation to polyacid as
well as amine alkylation of P(BrCL) are very promising.
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Streszczenie

Nanokompozyty polimerowe stanowig szerokg
grupe materiatow znajdujgcych zastosowanie zarow-
no w wielu gateziach przemystu, jak i w medycynie.
Fenomen nanokompozytéw zwigzany jest z tatwo$cig
modyfikacji ich cech materiatowych bedgcych po-
chodng wta$ciwosci zarbwno samego polimeru, jak i
zastosowanego nanododatku. Pozwala to na projekto-
wanie oraz wytwarzanie materiatow o okreslonej cha-
rakterystyce, adresowanych do konkretnych potrzeb.

Celem niniejszej pracy byto ofrzymanie oraz
charakterystyka polimerowych nanokompozytow
0 wifasciwos$ciach magnetycznych. Jako osnowe po-
limerowg wykorzystano biozgodny i bioresorbowalny
poli(e-kaprolakton), do ktérego wprowadzono czgstki
magnetytu znajdujgce sie w dyspersji nanometrycznej.
Do przygotowania materiatdw zastosowano prostg
metode odlewania filmu/odparowania rozpuszczal-
nika. W celu zbadania wptywu zawarto$ci nanodo-
datku na wtaSciwos$ci nanokompozytu przygotowano
serie materiatow réznigcych sie od siebie iloscig
wprowadzonych do matrycy polimerowej czgstek
magnetycznych (0; 0,5; 1 oraz 2%). Charakterystyka
nanokompozytéw obejmowata badania wtasnosci
magnetycznych i powierzchniowych materiatow
oraz ocene ich degradacji oraz biozgodnosci. Petle
histerezy wprowadzonego do matrycy polimerowej
nanododatku oraz otrzymanych nanokompozytow
wykazywaty przebieg typowy dla multidomenowych
materiatow ferrimagnetycznych. Zaobserwowano,
ze istnieje korelacja pomiedzy warto$cig namag-
nesowania nasycenia oraz remanencjg, a zawar-
toscig czgstek magnetycznych w nanokompozycie.
Na podstawie obserwacji mikroskopowych stwierdzo-
no, ze cze$¢ wprowadzonych czgstek magnetycznych
ulega aglomeracji, reszta za$ pozostaje w dyspersji
nanometrycznej. Wytworzone materiaty nie wykazaty
toksycznego wptywu na komorki (Normal Human
Osteoblast), co pozwala sadzi¢, ze otrzymane
nanokompozyty mogtyby zosta¢ wykorzystane
w medycynie.

Stowa kluczowe: magnetyczne nanokompozyty,
polimery, magnetyt, czgstki magnetyczne
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Abstract

Polymer nanocomposites are a wide group of
materials which have applications in many branches
of industry as well as in medicine. The phenomenon
of nanocomposites is associated with simplicity of
modification of their features, which are derived
from properties of both the polymer matrix and the
nanoadditive. This property enables to design and
fabricate materials with strictly defined characteristics,
addressed to specific needs.

The aim of the presented studies was fabrication
and characterization of polymer nanocomposites
with magnetic properties. As a polymer matrix, a bio-
compatible and bioresorbable poly(e-caprolactone)
was used. Magnetite powder with nanometer-sized
grain fraction was introduced into the polymer matrix
as a magnetic nanoadditive. As a fabrication method
casting film/solvent evaporation was applied. In order
to examine how amount of magnetic nanoadditive
influences the properties of nanocomposites, the
series of materials with various concentrations of
magnetic particles was prepared (0, 0.5, 1 and 2%).
Characterization of materials included magnetic and
surface properties investigations as well as evaluation
of degradability, and biocompatibility of the fabrica-
ted materials. Magnetic hysteresis loops of both the
nanoadditive itself and the nanocomposite demon-
strate curves typical for multi-domain ferrimagnetic
materials. Existence of the correlation between the
values of magnetic saturation and remanence, and
the content of magnetic particles has been observed.
Microscopic evaluations have shown that small part
of magnetic particles has tendency to agglomera-
te but the rest remains in nanometric dispersion.
For the fabricated materials no cytotoxic influence on
the cells was observed (Normal Human Osteoblast).
This suggests that obtained nanocomposites could
find application in medicine.

Keywords: magnetic nanocomposites, polymer,
magnetite, magnetic particles

[Engineering of Biomaterials 127 (2014) 22-32]

Z ommm® 0 00000 0000000000000 000006000000060000000000

L



Wprowadzenie

Szybki rozwoj nanotechnologii, obserwowany na prze-
strzeni kilku ostatnich dekad sprawit, ze nanomateriaty
staty sie nieodtgczong czescig zycia wspoétczesnego czto-
wieka. Zdobycze nanotechnologii wykorzystywane sg m.in.
w przemysle motoryzacyjnym, energetycznym, zywieniowym,
a takze do produkcji nowoczesnych urzgdzen elektronicz-
nych zwiekszajgc ich wydajnos¢ oraz w znacznym stopniu
obnizajgc koszty produkgji [1-2]. Zgodnie z definicjg o obiek-
cie w skali nano mozemy moéwic¢ gdy przynajmniej jeden
Z jego wymiaréw miesci sie w zakresie pomiedzy 1-100 nm.
Niewielkie rozmiary oraz wysoki stosunek powierzchni do
objetosci w przypadku nanomateriatdw powodujg, ze po-
siadajg one unikatowe wtasciwosci, a takze podlegajg cha-
rakterystycznym dla nich tylko zjawiskom, niewystepujgcym
w przypadku ich odpowiednikow w skali mikro- i makrosko-
powej [3]. Ponadto, pod wzgledem wielkosci nanoczastki
zblizone sg do makromolekut biologicznych tj. biatek, genéw
i znaczgco mniejsze od komorek [4]. Z wyzej wymienionych
wzgledéw nanomateriaty cieszg sie niestabngcym zainte-
resowaniem w kontekscie ich zastosowania w medycynie,
a liczba potencjalnych aplikacji i rozwigzan z roku na rok
wzrasta. Szczegolnym przypadkiem nanoczagstek wykorzy-
stywanych w medycynie sg nanoczastki o wiasciwosciach
magnetycznych. Znajdujg one zastosowanie m.in. w zna-
kowaniu [5-6] i separacji komorek [7-8], leczeniu chordb
nowotworowych metodg hipertermii magnetycznej [9-10],
jako srodki kontrastujgce w rezonansie magnetycznym
[11] oraz do kontrolowanego dostarczania lekow [11-12].
W systemach DDS (Drug Delivery Systems) nanoczastki
magnetyczne mogg stanowi¢ zaréwno nosniki substanc;ji
farmakologicznej, jak i czynniki wspomagajgce ich efek-
tywne wychwytywanie w miejscach docelowego dziatania
(tzw. Implant Assisted Magnetic Drug Targeting) [13].

W literaturze pojawia sie coraz wiecej prac dotyczgcych
zastosowania nanoczgstek o wiasciwosciach magnetycz-
nych w medycynie regeneracyjnej tkanki kostnej [14-17].
Zgodnie z definicjg podang przez Daar A.S. i Greenwood H.
medycyna regeneracyjna stanowi interdyscyplinarny obszar
badan i aplikacji klinicznych majgcych na celu naprawe,
zastgpienie oraz regeneracje komorek, tkanek i organéw
w celu przywrdcenia ich funkcji uposledzonych, badz tez
utraconych w wyniku wad wrodzonych, choréb, schorzen
czy zachodzacego procesu starzenia [18]. Medycyna rege-
neracyjna fgczy w sobie osiggniecia takich dyscyplin nauki
jak inzynieria tkankowa, biologia, genetyka, transplantologia
oraz inzynieria materiatowa. Kluczowym elementem zapew-
niajgcym prawidiowg odbudowe tkanki jest rusztowanie
spetniajgce szereg warunkéw zwigzanych m.in. z odpo-
wiednim doborem parametréw mechanicznych, kontrolg
czasu biodegradacji, a takze biomimetyzmem strukturalnym
[19-22]. Czynniki te sg szczegdlnie istotne w odniesieniu
do regeneracji tkanki kostnej w przypadku, ktérej jedynie
proces odbudowy przebiegajgcy w optymalnie dobranych
warunkach umozliwia odbudowe kosci zdolnej do catkowi-
tego przejecia swych naturalnych funkcji po biodegradacji
podtoza. Odbudowa tkanki kostnej moze by¢ wspomagana
nie tylko poprzez zastosowanie odpowiednio dobranych ma-
teriatow, lecz takze w wyniku oddziatywania z zewnetrznym,
statycznym polem magnetycznym [26-27]. Z tego wzgledu
modyfikacja czgstkami magnetycznymi bioresorbowalnej
matrycy polimerowej wydaje sie by¢ obiecujgcym krokiem
naprzéd w celu wytworzenia wielofunkcyjnego, biomime-
tycznego podtoza do regeneracji tkanki kostnej, ktérego
wiasciwosci i oddziatywanie z otaczajgca go tkankg mogtoby
by¢ regulowane poprzez zewnetrzne, $cisle kontrolowane
pole magnetyczne.

Introduction

Fast development of nanotechnology, observed over the
last decades, has made nanomaterials inseparable part of
modern man’s life. Achievements in nanotechnology are
used e.g. in automotive, energetic and food industries as
well as in production of novel electronic devices, increasing
their efficiency and decreasing costs of their production [1-2].
According to the definition, nanoobject possesses at
least one dimension in a range between 1-100 nm. Small
sizes and high surface/volume ratio yield properties of
nanomaterials which are unique and unachievable for their
equivalents in micro and macro scale [3]. Furthermore,
in respect of their size, nanoparticles are similar to building
blocks of biological macromolecules, such as proteins and
genes which are significantly smaller than cells [4]. For the
above-mentioned reasons, nanomaterials are a subject of
an unabated interest in context of their potential application
in medicine. This trend finds reflection in constantly growing
number of scientific reports, published each year, concern-
ing various aspects of nanomedicine. Among those, special
attention should be drawn to nanoparticles with magnetic
properties that find numerous potential applications e.g.
in cell labeling [5-6] and separation [7-8], magnetic hyper-
therrmia in cancer treatment [9-10], as contrast agents for
an MRI[11] or as a drug delivery system [11-12]. In the case
of the latter, nanoparticles can serve either as drug carriers
or as a component, supporting capture of biologically active
substances in targeted place of action (so-called Implant
Assisted Magnetic Drug Targeting) [13].

In the literature an increasing number of scientific pa-
pers concerning applications of magnetic nanoparticles
in bone regenerative medicine is being published [14-17].
According to the definition of Daar A.S. and Greenwood H.,
regenerative medicine is an interdisciplinary area of re-
search and clinical application, designed to repair, replace
or regenerate cells, tissues and organs, in order to restore
their functions, which were impaired or lost by birth defects,
illnesses, diseases or as an effect of progressive ageing [18].
Regenerative medicine combines achievements of various
branches of science, such as tissue engineering, biology,
genetics, transplantology or materials engineering. Crucial
element, providing correct tissue reconstruction, is a scaf-
fold. It has to meet a number of requirements associated
with proper selection of mechanical properties, controlled
biodegradation rate and structural biomimetism [19-22].
These factors are particularly important with respect to
bone tissue regeneration, since a fully regenerated bone,
capable of taking over its natural functions can be formed
only if optimal conditions are met. Bone tissue regenera-
tion may be supported either by selecting proper materials
for the production of scaffold, or, as many studies suggest,
by interacting with external static magnetic field [26-27].
For this reason, a bioresorbable polymer matrix, modified
with magnetic particles seems to be a promising step forward
in fabricating multifunctional, biomimetic scaffolds for bone
tissue regeneration. lts properties and interactions with
surrounding tissues could be regulated by strictly controlled
external magnetic field.
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Do otrzymywania magnetycznych nanokompozytéw po-

® o @ o o @ o |imerowych przeznaczonych dla medycyny regeneracyjnej

tkanki kostnej do tej pory w roli nanododatku wykorzysty-
wano: hydroksyapatyt dotowany jonami zelaza [28] oraz
magnetyt (Fe;0,) [14,29-31]. Tlenki zelaza, w szczegdlnosci
zas$ magnetyt (Fe,O,) oraz magemit (y-Fe,0,), nalezg do
najczesciej wykorzystywanych czgstek magnetycznych
dedykowanych zastosowaniom medycznym. Zwigzane jest
to przede wszystkim z ich niskg toksycznosciag, stabilnoscig
w warunkach fizjologicznych, wysokim momentem magne-
tycznym, a takze stosunkowo prostg i tanig preparatyka [32].

Celem niniejszej pracy byto wytworzenie oraz charak-
terystyka magnetycznych nanokompozytéw polimerowych
na bazie bioresorbowalnego poli(e-kaprolaktonu), w ktérych
dodatek stanowit magnetyt o nanometrycznej dyspersji
czgstek. Nanokompozyty poli(e-kaprolakton)/Fe,O, byty juz
wczesniej opisywane w literaturze. Wiekszo$¢ tych prac
zwigzana jest jednak z otrzymywaniem i charakterystykg
nanokompozytow w postaci nano- i mikroczgstek [33-35]
oraz trojwymiarowych, porowatych podtozy do regeneracji
tkanek z stosunkowg duzg zawartoscig nanoczastek mag-
netycznych (5-20%) [14,29,31,36]. Obiektem niniejszych
badan sg nanokompozyty otrzymywane w formie filmow
(membran) polimerowych. Wytworzenie nanokompozytu
w formie filmu polimerowego pozwala na jego charakte-
rystyke w zakresie zjawisk istotnych z punktu widzenia
zastosowan medycznych tj. wptyw nanododatku na para-
metry powierzchni, szybkos¢ degradacji oraz wiasciwosci
mechaniczne materiatu. Wtasciwosci powierzchni materiatu,
przede wszystkim za$ swobodna energia powierzchniowa
oraz jej komponenta polarna, sg czynnikami decydujgcymi
o witasciwosci biologicznych materiatow. Filmy stanowigce
przedmiot niniejszych badan zawieraja trzy rozne zawartosci
nanododatku: 0,5%, 1% oraz 2%. Zgodnie z teorig tworzyw
nanokompozytowych, juz niewielka ilos¢ nanowypetniacza
skutecznie modyfikuje matryce polimerowag.

Polikaprolakton jest znanym od dawna biozgodnym
i resorbowalnym polimerem syntetycznym [37]. Oznacza to,
ze produkty jego degradacji zostajg catkowicie wyelimi-
nowane z organizmu poprzez wigczenie ich do naturalnie
zachodzgcych w organizmie procesow metabolicznych.
Ze wzgledu na to, a takze niskg temperature topnienia
oraz dobrg rozpuszczalnos¢ polikaprolakton stanowi dobry
materiat wyjsciowy do wytwarzania r6znego rodzaju bioma-
teriatéw tj. mikrosfer, cienkich filméw, nanowtdkien czy tez
3-wymiarowych porowatych podtozy [37-38].

Jak wiadomo kluczowym parametrem w technologii
nanokompozytéw polimerowych jest odpowiednia dyspersja
nanododatku w matrycy polimerowej. W przypadku mody-
fikacji polimeru nanoczgstkg magnetyczng, wiasciwosci
magnetyczne nanododatku istotnie wptywajg na jego dys-
persje w matrycy polimerowej. Jak wykazaty wczesniejsze
badania przeprowadzone przez K. Nowickg nanoczgstki
magnetyczne tworzg aglomeraty o réznych formach i wiel-
kosciach wptywajgc na wtasciwosci nanokompozytu [39].
Jakkolwiek aglomeracji nanoczgstek mozna zapobiegac
poprzez modyfikacje ich powierzchni materiatami zaréwno
organicznymi, jak i nieorganicznymi, w niniejszej pracy
wykorzystano ,czysty” magnetyt [40].

Materialy i metody

Jako matryce polimerowg do wytworzenia nanokompozy-
téw wykorzystano biodegradowalny polimer polikaprolakton
(M, 45 000), Sigma-Aldrich. Nanododatek, ktory stanowity
czgstki magnetytu (tlenku zelaza(ll, 111)), o rozmiarach <50 nm,
pochodzit z Sigma-Aldrich. Dichlorometan kupiono w Avan-
tor Performance Materials Poland S.A.

For preparation of a magnetic polymer nanocomposite
for bone regenerative medicine, various nanoadditives, such
as hydroxyapatite modified with iron ions [28] or magnetite
(Fe;O,4) [14,29-31] were used. Iron oxides, especially mag-
netite (Fe;O,) and maghemit (y-Fe,O;), belong to the most
frequently used magnetic particles in medical applications.
It is related to their low toxicity, stability under physiologi-
cal conditions, high magnetic moment as well as relatively
simple and cheap preparation techniques [32].

The aim of this paper was fabrication and charac-
terization of magnetic polymer nanocomposites based on
a bioresorbable poly(e-caprolactone). As a nanoadditive,
magnetite with grain size of nanometric dispersion was used.
Poly(e-caprolactone)/Fe;O, nanocomposites were previ-
ously described in literature, however the majority of these
papers are associated with preparation and characterization
of nanocomposites in form of nano- or microparticles [33-
35] and three-dimensional, porous scaffold with relatively
high content of magnetic nanoparticles (between 5-20%)
[14,29,31,36]. The subjects of the presented research were
nanocomposites in form of polymer films (membranes).
Formation of nanocomposite in form of polymer film ena-
bles characterization of various features, crucial from the
viewpoint of medical applications, such as influence of
nanoadditives on: surface parameters, degradation rate
or mechanical properties of material. Surface parameters,
in particular the value of surface free energy and its polar
component, determine biological properties of materials.
Films, which are the subject of this research, contain three,
different amounts of nanoadditive: 0.5%, 1% and 2%.
According to the theory of polymer nanocomposites, minor
quantity of a nanofiller may successfully modify properties
of a polymer matrix.

Polycaprolactone is a well-known biocompatible and
bioresorbable synthetic polymer [37]. It means that deg-
radation products of poly(e-caprolactone) are completely
eliminated from the organism, by being included into
metabolic pathways. This feature, together with its low
melting temperature and good solubility comprises a good
starting material for fabrication of various types and forms
biomaterials e.g. microspheres, thin films, nanofibers and
three-dimensional porous scaffolds [37-38].

It is know that good dispersion of a nanoadditive within
the polymer matrix is a key parameter in technology of
polymer nanocomposites. In the case of polymers modified
with magnetic particle, magnetic properties of a nanoadditive
significantly influence its dispersion within the polymer ma-
trix. As K. Nowicka demonstrated, magnetic nanoparticles
form agglomerates with different sizes and shapes, which
impact properties of a final nanocomposite [39]. However, to
prevent agglomeration of nanoparticles, modification of their
surface by organic and inorganic materials can be applied.
In this paper pure magnetite was used [40].

Materials and Methods

A bioresorbable polymer, polycaprolactone (M, 45 000),
Sigma Aldrich, was used as the polymer matrix. The na-
noadditive, constituted by magnetite (iron oxide (I1,111)), of
the size below <50 nm, was obtained from Sigma Aldrich.
Dichloromethane was purchased from Avantor Performance
Materials Poland S.A.
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Do wytworzenia serii nanokompozytow o réznych
zawartos$ciach wagowych nanododatku magnetycznego
(0%, 0,5%, 1% oraz 2% wzgledem suchej masy polime-
ru) wykorzystano metode odlewania folii/odparowywania
rozpuszczalnika. Przygotowano 5% roztwor polimeru
w dichlorometanie, ktory nastepnie homogenizowano przez
24 godziny. Do roztworu polimeru dodano odpowiednig ilos¢
magnetytu i cato$¢ mieszano mechanicznie przez godzine.
Po tym czasie roztwor polimeru odlano na szalke Petriego
i pozostawiono na 24 godziny w temp. pokojowej. W celu
usuniecia resztek organicznego rozpuszczalnika przygoto-
wane folie polimerowe suszono przez kolejng dobe w 30°C,
w warunkach prozni.

Materiaty poddano serii badan majgcych na celu zaréwno
ich charakterystyke materiatowa, jak i dokonanie ich wstep-
nej oceny pod katem zastosowan biologicznych. Obserwa-
cje mikroskopowe wykonano zaréwno dla dolnej, znajduja-
cej sie od strony szklanego podtoza strony materiatéw, jak
i gornej. Badania powierzchni obejmowaty: obserwacje
mikroskopowe przeprowadzone przy uzyciu mikroskopu
Axiovert 40 CFL firmy Zeiss w kontrascie fazowym oraz
wyznaczanie swobodnej energii powierzchniowej metodg
Owensa-Wedta w oparciu o pomiary kata zwilzania prze-
prowadzone za pomocg goniometru SA10Mk1 KRUSS.
Dla kazdego materiatu obserwacje mikroskopowe prze-
prowadzono na trzech probkach pochodzacych z réznych
czesci otrzymanego filmu polimerowego. Energia po-
wierzchniowa, z uwzglednieniem sktadowej dyspersyjnej
oraz polarnej, zostata wyznaczona w oparciu o pomiary
zwilzalnosci wykonane dla wody dejonizowanej oraz
diodometanu przeprowadzone jedynie dla dolnej strony
materiatow. Wynik koncowy kata zwilzania jest srednig
arytmetyczng dziesieciu pojedynczych pomiarow.

Badania wtasciwosci magnetycznych, w tym okres$lenie
parametrow tj. namagnesowanie nasycenia, remanencja
oraz pole koercji, przeprowadzono na magnetometrze
z wibrujgca prébkg firmy Lake Shore Cryotronics, Inc
w temp. pokojowe;j.

W celu wstepnej oceny degradacji nanokompozyty
inkubowano przez okres 28 dni w wodzie destylowanej
w temp. 37°C dokonujgc co 7 dni pomiaréw pH. Ponadto, po
zakonczeniu inkubacji porownano mase probek przed i po
inkubacji w celu stwierdzenia ewentualnego ubytku masy.
Dla przygotowanych kompozytéw, zaréwno przed jak i po
inkubaciji, przeprowadzono takze testy wytrzymatosci na
rozcigganie przy uzyciu maszyny wytrzymatosciowej ZWICK
1435 z oprogramowaniem TestXpert 8.1 w warunkach
jednoosiowego rozciggania. Zatozona predkos¢ odksztat-
cenia wynosita 2 mm/min. Wyniki badan wytrzymatoscio-
wych stanowig $rednig arytmetyczng pieciu niezaleznie
przeprowadzonych pomiarow dla kazdego typu materiatu.
Analize statystyczng wynikdw wykonano w oparciu o metode
t-Studenta. Poziom ufnosci wynosit 0,95.

Badania wstepne biozgodnosci dolnej strony przygoto-
wanych materiatbw wykonano dla ludzkich osteoblastow
NH Ost (Lonza, USA). Z przygotowanego materiatu wy-
cieto krgzki o srednicy 1,2 cm pasujgce do 24-dotkowej
ptytki hodowlanej (Nunc, Dania). Krazki sterylizowano
bezposrednio przed natozeniem komdérek przez zanurzenie
w 70% alkoholu etylowym i naswietlaniu promieniowaniem
UV z kazdej strony przez 30 min. Komorki hodowano na
biomateriatach przez 3 oraz 7 dni. Po tym czasie komorki
barwiono oranzem akrydyny przez okres 1 min wprowadza-
jac do dotka hodowlanego 10 pl barwnika o stezeniu 1 mg/ml
w medium hodowlanym. Materiaty nastepnie ptukano w
PBS oraz obserwowano za pomocg mikroskopu OLYMPUS
CX41 (Olympus, Japonia) z przystawka fluorescencyjna.
Dokumentacje fotograficzng przygotowano za pomoca
aparatu OLYMPUS E-520.

Method of foil casting/solvent evaporation was applied
for the production of a series of nanocomposites with dif-
ferent weight values of the magnetic additive (0%, 0.5%,
1% and 2%) with respect to the dry weight of the polymer).
5% (wt/wt) polymer solution in dichloromethane was pre-
pared, which was next homogenized for 24 hours. Conse-
quently, an appropriate amount of magnetite powder was
added to the polymer solution and the whole mixture was
stirred for 1 hour. Finally, the solution was cast into a glass
Petri dish and kept at a room temperature for 24 hours.
Afterwards, the foils were placed in a vacuum dryer, at
a temperature of 30°C for 24 h, in order to remove the
organic solvent residues.

The obtained materials underwent a series of tests aim-
ing at their material characterization as well as an evalua-
tion of their usability in biological applications. Microscopic
examinations of the surfaces of the foils were evaluated for
two sides of each sample, i.e. the bottom, remaining in the
direct contact with a glass Petri dish and the upper one,
remaining in the direct contact with an air, using an optical
microscope (Axiovert 40 CFL, Zeiss), operating in a phase
contrast mode. For every nanocomposite, observations were
conducted on three separate samples deriving from different
areas of the polymer film. Surface free energy (basing on
Owens-Wendt method) was evaluated basing on wettabil-
ity contact angle measurements performed using DSA-10
Kruss goniometer. Dispersive and polar components of the
surface energy were determined based on the measure-
ments conducted on deionized water and diiodomethane.
Each nanocomposite was tested 10 times. The results are
expressed as mean values + standard deviation (SD).

The examinations of the magnetic properties, including
the determination of the parameters, i.e. saturation mag-
netization, remanence and coercivity, were performed with
the use of a vibrating sample magnetometer by Lake Shore
Cryotronics, Inc., at a room temperature.

For the purpose of a preliminary evaluation of the degra-
dation, the nanocomposites were incubated for the period
of 28 days in distilled water at 37°C and the measurements
were performed every 7 days. What is more, after the end of
the incubation, the masses of the samples from before and
after the incubation were compared in order to determine
a possible mass loss. For the prepared nanocomposites,
both before and after the incubation, tensile strength tests
were also conducted with the use of a universal testing
machine ZWICK 1435 with the TestXpert 8.1 software,
under the conditions of a uniaxial tension. The assumed
deformation rate equalled 2 mm/min. The results of a tensile
strength test are the arithmetic means of five independent
measurements performed for each type of material. The
statistical analysis was based on Student’s t-test, with con-
fidence intervals of 0.95.

The preliminary examination of the biocompatibility was
performed on normal human osteoblasts, NHOst (Lonza,
USA). Circles of 1.2 mm diameter were excised from the
nanocomposites placed in the matching 24-well plate (Nunc,
Denmark) and sterilized directly before seeding the cells, by
immersing in 70% ethyl alcohol and exposing each side of
the disks to the UV radiation for 30 min. Cells were cultured
directly on biomaterials for 3 and 7 days. After this time,
the cells were stained for 1 min with acridine orange dye,
using 10 pl of stock per well, with concentration 1 mg/ml
of medium. Next, materials were rinsed with PBS and
observed with the use of an OLYMPUS CXU1 microscope
(Olympus, Japan), equipped with a fluorescence attach-
ment. Microphotographic documentation was prepared
using OLYMPUS E-520 camera.
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Wyniki i dyskusja

Krystalizacja poli(e-kaprolaktonu) jest procesem zalez-
nym od szeregu czynnikéw tj.: warunkow prowadzenia
procesu, masy czgsteczkowej polimeru, rodzaju rozpusz-
czalnika oraz nanododatku [41-44]. Obserwacje mikrosko-
powe (RYS. 1) wytworzonych nanokompozytéw wskazuija,
ze wprowadzenie do matrycy polimerowej niewielkiej ilosci
dodatku w postaci czgstek magnetycznych (0,5-1%) nie
wplywa znaczgco na rozmiar wykrystalizowanych sferolitow.
Sferolity widoczne na mikrofotografiach: folii z czystego
polimeru (RYS. 1: 1a, 1b) oraz nanokompozytéw z 0,5%
i 1% zawartoscig magnetytu (RYS. 1: 2a, 2b, 3a, 3b) sg duze
i dobrze wyksztatcone, aich rozrost jest limitowany gtéwnie
przez wzrost sferolitdw znajdujgcych sie w najblizszym oto-
czeniu. Widoczne na wszystkich mikrofotografiach ciemne
obszary zlokalizowane przy granicach sferolitbw odpowia-
dajg miejscom, w ktdrych nie stykajg sie one bezposrednio
z innymi sferolitami tworzgc puste przestrzenie, stanowigce
swego rodzaju ,okna”, przez ktére mozna obserwowac sfe-
rolity zlokalizowane w nizszych warstwach filméw polimero-
wych. W poréwnaniu do folii odniesienia oraz nanokompozy-
téw zawierajgcych niewielkg zawarto$¢ dodatku, folie z 2%
zawartoscig nanoczastek magnetycznych (RYS. 1: 4a, 4b)
charakteryzujg sie znaczgco mniejszymi sferolitami.
Co wiecej, na podstawie mikrofotografii nie mozliwe jest $ci-
ste wytyczenie granic pomiedzy poszczegdlnymi sferolitami.
Zmniejszenie rozmiaréw sferolitdw dla nanokompozytéw
poli(e-kaprolakton)/magnetyt zostato takze zaobserwowane
przez Wang G.-S. et al. [44]. Jakkolwiek metody otrzymy-
wania magnetycznych nanokompozytéw polimerowych
w obu pracach réznig sie od siebie (w przypadku publika-
cji Wang G.-S. et al. zastosowano polimeryzacje in situ)
mozna przypuszczac, ze u podstaw obserwowanej zmiany
wielkosci sferolitow lezg te same zjawiska. Wprowadzenie
do matrycy polimerowej nanododatku jest zrédtem hetero-
genicznej nukleacji krystalizacji poli(e-kaprolaktonu), w ktérej
nanoczgstki magnetyczne lub tez ich aglomeraty, stanowig
zarodKki krystalizacji, co z kolei prowadzi do powstawania
licznych, mniejszych sferolitow. Prawdopodobnie w przy-
padku nanokompozytéw o zawartosci 0,5 i 1% nanododatku
procesy jednorodnej i niejednorodnej nukleacji krystalizacji
konkurujg ze soba, jednakze efekt krystalizacji zarodkujgcej
na nanoczgstkach magnetycznych lub ich aglomeratach, ze
wzgledu na ich niewielkg ilo$¢, nie jest na tyle istotny, aby
wywota¢ zmiany w morfologii filméw polimerowych.

Dodatek nanoczgstek magnetycznych obserwowalny jest
w postaci czarnych wtrgcen o réznej wielkosci jedynie na
dolnej stronie otrzymanych nanokompozytéw polimerowych
(RYS. 1: 2a, 2b, 3a, 3b, 43, 4b). Obecnos$¢ magnetytu jedy-
nie przy dolnej powierzchni materiatdw zwigzana jest z opa-
daniem stosunkowo ciezkich czgstek/aglomeratéw po wyla-
niu zawiesiny nanoczgstek magnetytu w polimerze na szalke
Petriego. Wraz ze zwiekszajgcg sie zawartoscig magnetytu
widoczne sg coraz wieksze, przypadkowo zlokalizowane
aglomeraty o nieregularnych ksztattach. W przypadku folii
0 najnizszej zawartosci nanododatku dominujg aglomeraty
o rozmiarach rzedu kilku ym (RYS. 1: 2a), z kolei dla folii
zawierajgcej 1% magnetytu coraz liczniejsze sg aglomeraty,
ktorych wielko$¢ wynosi pomiedzy 10-30 um (RYS. 1: 3a).
Na mikrofotografii folii polimerowej o najwyzszej zawartosci
magnetytu (RYS. 1: 4a) widoczne sg aglomeraty o wielko$ci
kilku, kilkudziesieciu, a takze powyzej 100 yum. Wynika to
z faktu, ze wraz z rosngcym zageszczeniem nanoczgstek
magnetycznych, coraz silniejsze sg wystepujgce pomiedzy
nimi oddziatywania powodujgce ich wtdérng aglomeracje, co
z kolei prowadzi do heterogenicznej dyspersji nanododatku
w obrebie matrycy polimerowe;j.

Results and Discussions

Crystallization of poly(e-caprolactone) depends on
a number of factors like process conditions, polymer mo-
lecular weight, type of dissolvent and nanofiller [41-44].
The microscopic observations (FIG. 1) of the produced
nanocomposites revealed that the introduction of a small
amount of the additive in the form of magnetic nanoparti-
cles (0.5-1%) into the polymer matrix does not significantly
affect size of the observed spherulities. Spherulites visible
in the microphotographs of the film made of pure polymer
(FIG. 1: 1a, 1b) and nanocomposites with 0.5% and 1%
content of magnetite (FIG. 1: 2a, 2b, 3a, 3b), are large and
well-formed. Their growth is mainly limited by growth of
spherulites in immediate surroundings. Dark areas visible
at the borders of the spherulites are created by the spaces
with no immediate contact of the spherulites. These empty
spaces serve as a kind of windows through which spherulites
located in lower layers of polymer films can be observed.
In comparison to the reference film and the nanocomposites
contacting a small amount of the nanoadditive, the mate-
rial with 2% content of magnetic particles (Fig. 1: 4a, 4b) is
characterized by significantly smaller spherulities. Further-
more, based only on microphotographs, it is impossible to
determine the boundaries. Reduction in spherulites’ sizes for
nanocomposites poly(e-caprolactone)/iron oxide were also
observed by Wang G.s. et al. [44], where it has been pointed
out that the introduction of nanoadditive into polymer matrix
is a source of heterogeneous nucleation of crystallization
of poly(e-caprolactone). Magnetic nanoparticles or their
agglomerates are nuclei, which lead to creating numerous
but smaller spherulites [44]. Although the applied fabrica-
tion method is different in both works (in the case of Wang
G.S.’s paper in situ polymerization method was applied),
one can assume that the changes in the spherullites sizes
can be explained by the similar phenomena. Probably, in
the case of nanocomposites with 0.5% and 1% content of
magnetite, homogeneous and heterogeneous nucleation
of crystallization compete together but effect of crystalliza-
tion nucleating on magnetic nanoparticles/agglomerates
(because of their small amount) is insignificant to induce
changes in the morphology of the polymer films.

The agglomerates of magnetic nanoparticles can be seen
in the micrographs in the form of black inclusions (FIG. 1:
2a, 2b, 3a, 3b, 4a, 4b). Magnetite is observed only on the
lower side of the nanocomposites. This can be explained
by relatively high weight of the particles, causing their im-
mediate sedimentation after the suspension of magnetite
nanoparticles in polymer is being poured into a Petri dish.
Together with the increase of the % content of magnetite,
one can observe growth of randomly located agglomerates
with irregular shapes. In the case of polymer film with the
lowest content of nanoadditive, agglomerates with sizes
of a few um are dominating (FIG. 1: 2a). For the material
containing 1% of nanoadditive, the number of agglomerates
between 10-30 um increases (FIG. 1: 3a) and in the case
of the material with highest content of the magnetic nano-
particles (FIG. 1: 4a) the sizes of the agglomerates range
from several to more than 100 um. Increasing sizes of the
agglomerates can be attributed to greater and stronger
interactions between the magnetic nanoparticles, caused
by higher density of those. Thus, their secondary agglom-
eration and heterogeneous dispersion within the polymer
matrix can be observed.
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RYS. 1. Mikrofotografie powierzchni filméw polimerowych. Dolna strona: a, gérna strona: b.
FIG. 1. Microphotographs of polymer films’ surfaces. Bottom side: a, upper side: b.

Wiasciwosci fizykochemiczne powierzchni biomateriatu
nalezg do istotnych czynnikow wptywajgcych na witas-
ciwosci biologiczne materiatébw implantowanych. Jedna
z nich jest swobodna energia powierzchniowa (y*@) oraz
jej sktadowa polarna (yP), ktore bezposrednio wptywajg na
adhezje i proliferacje osteoblastéw [45-47]. Im wyzsza jest
wartos¢ swobodnej energii powierzchniowej, tym lepsza
jest adhezja komérek do podtoza. Z kolei im nizsza jest
wartos¢ komponenty polarnej, tym nizsza jest aktywnos$c
proliferacyjna osteoblastow.

Wartosci swobodnej energii powierzchniowej oraz jej
komponent dla otrzymanych materiatdw zamieszczono
w TABELI 1. Bazujgc na danych podanych w literaturze
[45-47] mozna przypuszczaé, ze najlepsza adhezja ko-
morek bedzie obserwowalna dla folii polimerowych z czy-
stego poli(e-kaprolaktonu), nanokompozytu polimerowego
z 1%-wa, 0,5%-wg oraz 2%-wg zawartoscig nanododatku.
Nalezy jednak zwrdci¢ uwage, ze zmiany w wartosci swobod-
nej energii powierzchniowej spowodowane wprowadzeniem
nanododatku nie sg zbyt duze. Z kolei warto$¢ sktadowej polar-
nej obniza si¢ wraz z rosngca zawartoscig nanoczastek mag-
netycznych, a jej prawie 16-krotny spadek obserwowany jest
w przypadku nanokompozytu zawierajgcego 2% magnetytu.

TABELA 1. Wartosci swobodnej energii powierzch-
niowej (y*°*) dla materiatu odniesienia oraz mag-
netycznych nanokompozytéw z uwzglednieniem
sktadowej dyspersyjnej (y°) oraz sktadowej
polarnej (yP).

TABLE 1. Values of the free surface energy (y*'#)
for the film made of pure poly(e-caprolactone) and
the magnetic nanocomposites, including disper-
sive (y°) and polar (y*) component.

Zawartosé
magnetytu Vtotal YD YP
Amount of [ mN/m] [ mN/m] [ mN/m]
magnetite
0% 50.48 +1.48 | 44.67 +£0.98 | 5.81+0.50
0.5% 4581 +7.84 |4343+£6.79 | 240+1.05
1% 4753 +1.06 | 45.38+0.87 | 2.14+£0.19
2% 43.46 £0.61 | 43.09£0.51 | 0.37 £0.10

Physicochemical properties of the surface of the biomate-
rials are the most important factors determining cell’s reac-
tion in contact with the biomaterial. Among many features
affecting material’s biocompatibility, surface free energy
(y*@) and its polar (y?) component, have been reported by
many studies to have a direct impact on the adhesion and
proliferation of the osteoblasts [45-47]. The higher is the
value of the surface free energy the better is the adhesion
of osteoblasts to the substrate. The smaller is the value of
the polar component the lower is the proliferative activity of
the osteoblasts.

Values of the surface free energy of the obtained materials
are given in TABLE 1. Based on the relations found in the
literature [45-47], it can be assumed that the best adhesion
of cells should be observed for the polymer film made of
pure poly(e-caprolactone) and nanocomposites with: 1%,
0.5% and 2% content of magnetite. It should be noted that
although the changes in the value of the surface free energy,
caused by the introduction of the nanoaddition into polymer
matrix, are not significant, the value of the polar component
of the surface free energy decreases consequently, when the
content of nanofiller increases, reaching substantial, nearly
16-fold decrement for the nanocomposite with 2% amount
of magnetite. Such drastic changes in the polar component
of the surface energy might indicate presence of the na-
noadditive also in the form of nanodispersion, consequently
interacting with the polymer chains, thus changing structure
of the nanocomposites’ surfaces.

The values of coercivity and remanence (TABLE 2) as well
as the shape of the hysteresis loop (FIG. 2) of the nanometric
magnetite point to a ferrimagnetic character of both the raw
nanoaddition and the prepared nanocomposites. Received
values of saturation magnetization for magnetic nanoparticles,
referred to as experimental data are found to be close to the
literature data for pure magnetite [48-50]. As a result of intro-
ducing magnetic particles into the polymer matrix, the value
of coercivity remains practically unchanged. The parameters
which undergo significant changes are: the magnetic rema-
nence and the saturation magnetization. This is caused by the
dependence between the values of both parameters and the
density of the magnetic particles, understood as the amount
of magnetic particles per unit of volume. Values of the rema-
nence and saturation magnetization were calculated assum-
ing that experimental data obtained for magnetite are 100%.
These values are referred to as calculated values in TABLE 2.
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000000 TABELA 2. Parametry magnetyczne magnetytu oraz nanokompozytow.
TABLE 2. Magnetic parameters of magnetite and nanocomposites.

Pole koerciji Remanencja Namagnesowanie nasycenia
Coercive field strength Remanence Saturation magnetization

[KAm™] [Am?kg] [Am?kg ]
Zawartos¢ magnetytu Zawartos¢ magnetytu Zawartos¢ magnetytu
Amount of magnetie Amount of magnetite Amount of magnetite
0.5% 1% 2% 0.5 % 1% 2% 0.5 % 1% 2%
PCL/Magnetyt 0.080+ | 0.105+ | 0.193 0.68+ 0.86 + 1.65 +
PCL/Magnetite | o/ %3 | 9321 | 903 1 5003 | 0004 | 0004 | 006 0.02 0.04
Wartosc obliczona 0045 | 0091 | 0.182 0.38 0.76 1.52
Calculated Value
Magnetyt 9442 9.1+0.1 76.2+1.3
Magnetite

Ponadto zmiany wartosci energii swobodnej powierzchni
i komponenty polarnej mogg $wiadczy¢ o zachodzgcych
zmianach budowy powierzchni, bedgcych konsekwencjg 0,0015 -
oddziatywania tancuchoéw polimerowych z nanoczgstkami
magnetytu. Na tej podstawie mozna przypuszczaé, ze
jakkolwiek na mikrofotografiach obserwowane sg réznej < 0,0005 |
wielkosci aglomeraty magnetytu, to czes¢ nanododatku N
pozostaje niezaglomerowana, w dyspersji nanometrycznej. 5
Wartos¢ pola koercji, pozostatosci magnetycznej na- ‘50,0005 -
nometrycznego magnetytu (TABELA 2) oraz ksztatt petli s
histerezy (RYS. 2) wskazujg na ferrimagnetyczny charak-
ter zarowno samego nanododatku jak i przygotowanych 0,0015
nanokompozytéw polimerowych. Otrzymana warto$é
namagnesowania nasycenia dla nanoczgstek magnetycz- ooz 75 s A o
nych zblizona jest do wartosci podanych w literaturze dla H IMAM”
magnetytu [48-50]. Po wprowadzeniu do matrycy polimero- [MAm ]
wej czgstek magnetycznych wartos¢ pola koercji pozostaje
niezmieniona. Parametrami, ktére w istotny sposob podlega- RYS. 2. Petle histerezy otrzymanych nanokompo-
ja zmianom s3 remanencja i namagnesowanie nasycenia. zytéw polimerowych (hamagnesowanie nasycenie
Spowodowane jest to bezposrednig zaleznoscig pomiedzy w przeliczeniu na mase probki).
wartoscig obu tych parametrow, a gestoscig czastek mag- FIG. 2. Hysteresis loops of fabricated nanocom-
netycznych rozumiang jako iloéé czgstek magnetycznych posites (saturations magnetization calculated
przypadajacg na jednostke objetosci. Ponadto, obliczono through mass of sample).
warto$¢ remanencji oraz namagnesowania nasycenia
przy zatozeniu, ze wartosci eksperymentalne otrzymane
dla magnetytu stanowig 100% (warto$¢ ta jest oznaczona 02+
w TABELI 2, jako ,wartos$¢ obliczona”). W przypadku nano-
kompozytow o zawartosciach 1i 2% pomiedzy wartosciami 1)
teoretycznymi, a eksperymentalnymi nie ma istotnych 014
réznic. Wartosci te jednak znacznie od siebie odbiegajg 3)
dla foli polimerowej o 0,5%-owej zawartosci nanododatku.
Rozwazania te znajdujg odzwierciedlenie w petlach histere-
zy otrzymanych dla nanokompozytéw, w przypadku ktorych
namagnesowanie nasycenie zostato przeliczone na mase
magnetytu w badanej probce (RYS. 3). Petle histerezy dla
nanokompozytéw 1 i 2% sg zblizone, co do wartosci, do
L U) petli histerezy dla nanododatku, natomiast folia polimerowa
@) 1 zawierajgca 0,5% nanododatku charakteryzuje sie petlg
histerezy o wyraznie wyzszym namagnesowaniu nasycenia. -0.2 " T T T g T " 1
< Warto$¢ namagnesowania nasycenia jest pochodng dwoch o 08 00 1 08 10
konkurujgcych ze sobg oddziatywan: oddziatywan wymien- H [MAm™']
=z m nych oraz dipolowych [51]. Obecnos$¢ silnych oddziatywan
— LlJ wzajemnych powoduje réwnolegte porzgdkowanie sie RYS. 3. Petle histerezy nanododatku (magnetytu)
[ momentéw magnetycznych zwiekszajgc wartos¢ namagne- oraz nanokompozytéw (namagnesowanie nasyce-
w I_ sowania nasycenia. Oddziatywania dipolowe z kolei dgzg nie przeliczone na mase magnetytu).
< do antyréwnolegtego ustawienia momentéw magnetycznych FIG. 3. Hysteresis loops of nanoaddition and fabri-
obnizajgc tym samym warto$¢ namagnesowania nasycenia. cated nanocomposites (saturations magnetization
2=

0,0020

0,0010

o
=)
1

1) 0,5%
1%
2%
Fe O,

Mig [Am2g™]

o
=~
1

3)
4)

calculated through mass of magnetite).
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Oddziatywania dipolowe sg jednak oddziatywaniami bli-
skiego zasiegu, co powoduje, ze w materiatach o niewiel-
kiej gestosci czgstek (w tym przypadku nanokompozytu
o zawarto$ci 0,5% dodatku) nie przeciwdziatajg efektyw-
nie oddziatywaniom wymiennym, czego konsekwencjg
jest wyzsza warto$¢ namagnesowania nasycenia niz
w przypadku magnetytu oraz nanokompozytéw o wyzszych
zawartosciach czgstek magnetycznych. R6znice pomiedzy
wartosciami eksperymentalnymi a obliczonymi mogg by¢
takze spowodowane niejednorodnym rozprowadzeniem
nanoczgstek magnetycznych w obrebie matrycy, a takze
wystepowaniem wzajemnych oddziatywan pomiedzy czast-
kami magnetycznymi z réznych obszaréw folii w kuwecie
pomiarowej. Mimo to mozna stwierdzi¢, ze w przypadku
nanokompozytéw o wyzszej zawartosci nanoczgstek mag-
netycznych, warto$¢ namagnesowania nasycenia zmienia
sie proporcjonalnie do zawarto$ci nanoczgstek magnetycz-
nych. Podobng zalezno$¢ w swojej pracy zaobserwowat
takze Kim J.-J. et al. [31].

Rozwazajgc ksztatt petli histerezy (RYS. 3) otrzymanych
dla nanododatku oraz magnetycznych folii polimerowych
mozna stwierdzi¢, ze majg one jednakowy przebieg. Wska-
zuje to na obecno$¢ oddziatywan tego samego rodzaju
pomiedzy nanoczgstkami zarbwno w magnetycznym prosz-
ku, jak i materiatach nanokompozytowych. Sugeruje to, ze
matryca polimerowa jest jedynie neutralnym nosnikiem dla
nanoczastek magnetytu, niewptywajgcym na ich wtasciwosci
magnetyczne.

Przeprowadzona inkubacja w temp. 37°C pozwolita
na wstepne okreslenie podatnosci na degradacje wytwo-
rzonych materiatdw nanokompozytéw w poréwnaniu do
filmu z poli(e-kaprolaktonu). Zaobserwowano sukcesywny
spadek pH wody destylowanej, w ktoérej inkubowano prébki
wraz z trwaniem inkubacji (TABELA 3). Dla magnetycznych
kompozytéw pH wody byto nieznacznie nizsze w porow-
naniu do pH wody, w ktérej inkubowano folie wykonang
z czystego polimeru. W wyniku inkubacji nie zaobserwowano
znaczgcego ubytku masy badanych materiatéw (TABELA4).
Réznica pomiedzy masg przed i po inkubac;ji zblizona jest
do btedu pomiarowego.

TABELA 3. Wartos¢ pH w czasie trwania inkubacji.
TABLE 3. pH value during the duration of incubation.

Zawartosé

In the case of nanocomposites with 1% and 2% content
of magnetite, there are no significant differences between
calculated and experimental data. However, a significant dif-
ference in the calculated value can be observed for the poly-
mer film with 0.5% amount of magnetite. These results find
reflection in hysteresis loops for fabricated nanocomposites,
in which saturation magnetizations were calculated taking
into account mass of magnetite in tested sample (FIG. 3).
Hysteresis loops for nanocomposites 1 and 2 % are close
in value to hysteresis loop of nanoadditive but the polymer
film with 0.5% content of nanoadditive shows hysteresis
loop with significant higher saturation magnetization. Two
competing interactions influence the value of saturation
magnetization: dipole-dipole and exchange [51]. Presence
of strong exchange interactions causes parallel arrangement
of magnetic moments, which increase saturation magnetiza-
tion, whereas dipole-dipole interactions induce anti-parallel
arrangement of magnetic moments, thus decreasing the
value of saturation magentization. Dipole-dipole interactions
are short-range and for this reasons, in the case of materials
with low density of magnetic particles (as nanocomposite
with 0.5% content of nanoadditive), these cannot effec-
tively counteract the influence of exchange interactions.
As a result, the value of saturation magnetization increases.
The differences between experimental and calculated data
may be caused by heterogeneous dispersion of magnetic
nanoparticles within polymer matrix and interactions be-
tween particles from various parts of materials in meas-
urement cell. Despite that, it can be stated that the nano-
composites with higher content of magnetic nanoadditive,
possess value of saturation magnetization proportional to
content of magnetic nanoparticles. Similar dependence was
also observed by Kim J.-J. et al. [31].

Considering the shapes of histeresis loop (FIG. 3)
obtained for nanoadditive and fabricated magnetic polymer
film, it can be concluded that they have equal courses.
It indicates the presence of the same type of interactions
both in magnetic powder and in nanocomposite materials.
It may suggest that polymer matrix is only a neutral carrier
for magnetite nanoparticles and is not affecting their mag-
netic properties.

The incubation performed at 37°C made it possible
to preliminarily determine the degradation rate of the
produced nanocomposite materials in comparison
to film made of poly(e-caprolactone). A successive
pH drop of the distilled water used to incubate the

TABELA 4. Masa probek przed i po inkubacji.
TABLE 4. Weight of the samples before and after the incubation.

Zawarto$¢ magnetytu / Amount of magnetite

magnetytu samples was observed with the incubation progress
Amount of  [UEEY 7EZieﬁ 14t92ier'1 21 cjzieh 28'92ier'1 (TABLE 3). The pH of the water used to incubate the
uElEnEich| Odays | 7"day | 14Rday | 21%day | 28" day | samples was slightly lower for the nanocomposites
0% 5.79 5.43 4.94 4.86 4.80 than for pure poly(e-caprolactone). No significant
mass loss of the examined materials was observed

Lo <L/ — 4.68 4.71 4.51 as a result of the incubation as the observed differ-
1% 5.77 5.30 4.65 4.56 4.44 ences fall within the value of the measuring error
29, 5.64 57 459 4.48 436 (TABLE 4}). The tEilffe.rence in the masses bgfore and
after the incubation is close to the measuring error.

0% 0.5% 1% 2%
Masa prébki Masa prébki Masa prébki Masa prébki
Weight of sample [g] | Weight of sample [g] | Weight of sample [g] | Weight of sample [g]
Przed inkubacjg
B 0.185 0.272 0.268 0.272
Po inkubacji

After incubation 0.183 0.271 0.266 0.269

A 0.002 0.001 0.002 0.003
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R [MPa]
[

0.0 0.5 1.0 1.5 2.0
Zawarto$¢ magnetytu / Amount of magnetite [%)

_ ]
. =

RYS. 4. Wytrzymatos¢ narozcia-
ganie folii z poli(e-kaprolaktonu)
oraz magnetycznych nanokom-
pozytéw przed i po inkubacji
w 37°C.

FIG. 4. Tensile strength of film
made of poly(e-caprolactone)
and nanocomposites before and
after incubation.

przed degradacja
before degradation
po degradacji

after degradation

RYS. 5. Hodowle osteoblastow na folii z PCL-u (a: 3 dni, e: 7 dni) i nankompozytéw o 0,5% (b: 3 dni, f: 7 dni),
1% (c: 3 dni, g: 7 dni) oraz 2% (d: 3 dni, h: 7 dni) zawartosci magnetytu.

FIG. 5. Cultures of osteoblasts on foil made of PCL (a: 3 days, e: 7 days) and nanocomposites 0.5% (b: 3 day,
f: 7 days), 1% (c: 3 days, g: 7 days) and 2% (d: 3 days, h: 7 days).

Wyniki badan wtasciwosci mechanicznych przeprowa-
dzonych dla materiatéw przed degradacjg wykazaty niewielki
spadek wytrzymatosci na rozcigganie po wprowadzeniu
czgstek magnetycznych do matrycy polimerowej (RYS. 4).
Przeprowadzona analiza statystyczna wykazata, ze za
wyjatkiem nanokompozytu zawierajgcego 1% nanododat-
ku obserwowane zmiany, jakkolwiek niewielkie, sg istotne
statycznie. Najwigkszy spadek wytrzymatosci, o 1,58 MPa,
obserwowany jest w przypadku nanokompozytu polimero-
wego o zawartosci 2% czgstek magnetycznych. Wytrzy-
matosci na rozcigganie dla kompozytéw 0,5% oraz 1%
i wynosza odpowiednio 10,28 MPa i 10,26 MPa. Nalezy jed-
nak pamietac, ze ze wzgledu na obecnosc licznych, duzych
aglomeratow nanoczgstek, wyniki badan mechanicznych
nie sg do konca miarodajne.

Po inkubacji materiatéw przez 28 dni w temp. 37°C
zaobserwowano istotny statycznie spadek wytrzymatosci
na rozcigganie w przypadku dwoch materiatow: folii wy-
konanej z czystego poli(e-kaprolaktonu) oraz folii o naj-
wyzszej zawartosci nanododatku, przy czym zmiana dla
nanokompozytu polimerowego jest znaczaco wieksza.
Na podstawie badan wytrzymatosciowych mozna przypusz-
czaé, ze biodegradacja biomateriatow bedzie rozpoczynaé
sie od miejsc, w ktérych obecne sg aglomeraty nanoczg-
stek magnetycznych, a tym samym czas biodegradaciji
materiatow o wyzej zawartosci nanododatku bedzie krétszy
w poréwnaniu do nanokompozytéw zawierajgcych mniejszg
ilos¢ magnetytu, a takze czystego poli(e-kaprolaktonu).
Biodegradacja matrycy polimerowej materiatu zalezy od
rodzaju polimeru i jego budowy chemicznej, hydrofobowosci,
stopnia krystalicznosci, dtugosci tancuchéw polimerowych,
a takze porowatosci, rozwiniecia powierzchni, geometrii
oraz metody otrzymywania [34].

The results of the strength tests show a slight tensile
strength decrease after the introduction of the magnetic
particles into the polymer matrix (FIG. 4). Statistical analysis
shows that, except of nanocomposite with 1% content of na-
noaddition, although being small, the reported changes are
significant. The biggest decrease of tensile strength, equal
to 1.58 MPa, is observed for nanocomposite containing 2%
of magnetic particles. Tensile strengths for nanocomposites
with 0.5% and 1% content of nanomagnetite are 10.28 MPa
and 10.26 Pa, respectively. In must be noted, that due to
the presence of numerous, huge agglomerates, the results
of mechanical tests should be treated as purely indicative.

After the incubation for 28 days in 37°C, the significant
decrease in tensile strength was observed for both the pure
poly(e-caprolactone) film and the nanocomposite with the
highest content of the nanoaddition, with more significant
change in the case of the latter. Thus, it can be assumed
that the degradation of fabricated materials starts from
places where the agglomerates of magnetic nanoparticles
are present, thus biodegradation time of nanocomposites
with higher content of magnetic particles should be shorter,
compared to both nanocomposite with minor amount
of nanofiller and pure poly(e-caprolactone). Biodegrada-
tion of material’s polymer matrix depends also on a type of
polymer, its chemical composition, hydrophobicity, crystal-
linity, length of polymer chains and porosity, surface area,
geometry and fabrication method of material [34].
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Zarowno czysty poli(e-kaprolakton) jak i nanokompozyty
okazaly sie nietoksyczne dla komérek (RYS. 5). Na mikrofoto-
grafiach widoczne sg nie tylko dobrze rozptaszczone osteobla-
sty, lecz takze wieksze aglomeraty czgstek magnetycznych w
postaci czarnych obiektow zlokalizowanych ponizej komorek.
Prawidtowy ksztatt komorek i ich rownomierne rozmieszcze-
nie na powierzchni wszystkich foli sugerujg, ze wytworzone
materiaty sprzyjajg adhezji komorek, umozliwiajgc ich dalszg
proliferacje oraz roznicowanie. Nalezy jednak wzigé¢ pod
uwage fakt, ze przeprowadzone badania biologiczne miaty
charakter badan wstepnych, a ich celem byto jakosciowe
okreslenie cytotoksycznego wptywu materiatéw na komorki
kostne. W celu zbadania efektywnosci wspomagania rege-
neracji tkanki kostnej przez magnetyczne nanokompozyty
polimerowe, planowane sg dalsze badania zaréwno przy ab-
sencji jak i w obecnosci zewnetrznego pola magnetycznego.

WhiosKki

Korzystajgc z prostej metody odlewania folii/odparo-
wania rozpuszczalnika wytworzono serie magnetycznych
nanokompozytéw o roznej zawartosci czgstek magne-
tycznych. Na podstawie otrzymanych wynikow badan
mozna stwierdzi¢, ze magnetyczny nanododatek wykazuje
wysokg tendencje do aglomeracji. Zarbwno magnetyt jak
i nanokompozyty polimerowe wykazujg wtasciwosci ferri-
magnetyczne. Namagnesowania nasycenia nanokompozy-
tow polimerowych o wyzszej zawarto$ci nanododatku jest
wprost proporcjonalne do ilosci nanoczgstek magnetycz-
nych wprowadzonych do matrycy polimerowej. Zwarto$¢
magnetytu ponizej 2% nie wptywa znaczgco na degradacje
materiatu. Duza ilo$¢ aglomeratéw nanoczastek w obrebie
matrycy polimerowej stanowi defekt materiatu i poprzez kon-
centracje naprezen przyczynia sie do obnizenia wtasciwosci
mechanicznych materiatu. Wstepne badania biologiczne nie
wykazaty cytotoksycznego wptywu na komorki, co pozwala
sgdzic, ze wytworzone materiaty mogg znalez¢ zastosowa-
nie w terapii dostarczania lekéw no$nikami magnetycznymi,
a takze stanowi¢ tworzywo do konstrukcji podtozy o biomi-
metycznych z tkankg kostng wiasciwosciach fizycznych.

Podziekowania

Praca zostata zrealizowana w ramach prac statutowych
nr11.11.160.616 WydZziatu Inzynierii Materiatowej i Ceramiki
AGH Akademii Gérniczo-Hutniczej.
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As proven by the direct contact tests, both pure poly(e-
caprolactone and magnetic nanocomposites are biocompat-
ible (FIG. 5). In the microscopic photographs, well-flattened
cells together with magnetic particles in the form of black
objects, located below the cells, can be seen. Proper shapes
and uniform distribution of cells in the whole surface of the
foils suggests that fabricated materials favor the adhesion
of the cells, allowing for their further proliferation and dif-
ferentiation. It should be taken into account that performed
biological studies are only preliminary and aimed as trial
investigation of potential toxic influence of fabricated materi-
als on osteoblast cells. In order to investigate the efficiency
of magnetic composites to support bone tissue regeneration,
further studies are planned, both in absence and presence
of external magnetic field.

Conclusions

With the use of the simple method of foil casting/solvent
evaporation, a series of magnetic nanocomposites with dif-
ferent % wt. contents of magnetic particles were produced.
Basing on obtained results it can be concluded that magnetic
nanoaddition has high tendency to agglomerate. Both pure
magnetite and magnetic nanocomposites have ferrimag-
netic properties. Saturation magnetization of magnetic
nanocomposites with higher content of magnetic particles
is proportional to content of magnetite introduced into the
polymer matrix. Content of magnetite below 2% does not
influence significantly rate of degradation of the materials.
However, larger amount of nanoparticles favors formation of
their agglomerates, treated as a defect of materials, which
may cause stress concentration, consequently decreasing
mechanical properties of the material. Preliminary biological
studies demonstrated biocompatibility of fabricated materi-
als, which allows for the thesis that these materials could
find their application in drug delivery systems or may be
used as a promising material for constructing biomimetic
bone tissue scaffold.
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Abstract

Due to the growing interest in stem cells applica-
tion in tissue engineering the better understanding
of primary human osteoblasts behavior in vitro, on
biomaterial surface, is required. Among other mole-
cules integrins may be taken into account as being
involved in these phenomena. Integrins are a family
of cell adhesion receptors, which may regulate many
cellular functions e.g., adhesion, motility, phenotype
and cell maturation. The aim of this study was to de-
termine the effect of the biomaterial surfaces and av
integrin signaling pathway on the behavior, phenotype
and maturation of human osteoblasts in vitro. Human
bone derived cells (HBDCs) obtained from adult fe-
moral bone fragments were cultured on both alumina
disks and tissue culture polystyrene (TCPS) dishes.
After 7, 14, and 21 days of culture, localization and
mRNA expression level of av integrin subunits and
BGLAP (osteocalcin) on polystyrene were analyzed
in addition, we treated the cell cultures with monoc-
lonal antibodies against human av integrin to block
its ligand-binding activity, on both alumina and TCPS
substrates. We found that the av integrin was present
in focal contacts and cell cytoplasm at subsequent
stages of cell maturation and the level of av integrin
mRNA was the highest in mature osteoblasts. Blocking
av integrin transduction pathway caused changes in
cell activity and morphology, decreased cells prolife-
ration on TCPS and reduced expression of alkaline
phosphatase (ALP) on both materials. The results
suggest that av integrin is involved as an important
receptor facilitating osteogenic differentiation.

Keywords: integrin, human bone derived cells, osteo-
genic differentiation, cell adhesion, biomaterial

[Engineering of Biomaterials 127 (2014) 33-39]

Introduction

Tissue engineering (TE) is a technique involving
a combination of cells, biomaterials and biochemical or
physicochemical factors to develop a construct used to
improve or replace biological tissue. One of the most rapidly
developing fields of medicine vividly interested in TE dis-
coveries is reconstructive surgery, especially orthopaedics.

In many instances orthopaedic surgery requires replace-
ment of destroyed tissue; hence there is a growing need to
develop a method to produce bone tissue in vitro. However,
while more and more biomaterials with great properties
for bone TE are designed, differentiation and maturation
of osteoblasts still remain one of the greatest obstacles on
a way to develop fully functional bone product.

Cell adhesion is a fundamental phenomenon, which sup-
ports the cell to sustain its structure, profoundly influences
cell growth, differentiation, and migration as well as tissue
morphogenesis, integrity and repair. Bone cell adhesion to
extracellular matrix (ECM) directly influences cell spread-
ing and growth, development of osteoblasts phenotype
and bone tissue formation. Adhesion of bone cells onto the
surface of the material plays a crucial role in host-implant
interactions in biomaterial and tissue engineering. Osteo-
blasts interact with the surface through integrin membrane
receptors binding first to proteins adsorbed on the biomate-
rial surface, and next, after the secretion of ECM elements,
also into the ECM proteins [1].

Integrins are a family of heterodimeric surface receptors,
exerting their function in both mechanical and signaling
pathways. After ligand binding, integrins cluster and associ-
ate with cytoskeletal elements in a form of focal adhesion
plaques. The structure of these proteins are supramolecular
assemblies that provide anchorage forces and activate
signaling cascades involved in cell cycle regulation and cell
differentiation [2]. Osteoblasts express multiple integrins
that bind to several matrix ligands. In particular, integrins
a21 and a5B1 play a key role in osteoblasts function and
activity [3,4]. Integrin a21 binds to collagen type | and has
been reported to regulate osteogenic differentiation [5].
On the other hand, integrin a581 receptor has been dem-
onstrated to be necessary for bone-like nodule formation in
vitro when osteoprogenitor cells are grown on tissue culture
polystyrene (TCPS) and other synthetic biomaterials [6].
Profound understanding of the interaction between cells
and material surface is essential for the clinical success
in regenerative medicine. In vitro studies indicate that cell
adhesion to the surface is the crucial event involved in the
phenotypic maturation of human osteoblasts. All types of
bone cells expressed a1 and a5 subunits; however, only
a subpopulation of osteoblastic cells expressed a2, av,
and av3 subunits [7]. According to the recent knowledge,
osteoblasts expressed numerous integrin subunits, namely:
al, a2, a3, a4, a5, a6, av, 1, B3 and B5 [8,9].

Due to increasing knowledge on the role of integrins in
differentiation and maturation of human osteoblasts and
their potential clinical applicability, the interactions between
biomaterials and integrins have become of great interest
in TE. It is known that avB3 integrin is a central molecule
for osteoclastic bone resorption [10]. On the other hand,
the expression of the integrin 81 subunit, which interacts
with the a2 and a5, was increased in osteoblast-like MG63
cells cultured on titanium (Ti) compared to tissue culture
on TCPS [11]. In addition, the properties of surface materi-
als, such as topography, chemistry or surface energy play
an essential role in osteogenic cells activity, adhesion and
growth, mainly by affecting the localization and structure of
the integrins [12-14].

In this report, we focused on the role of the av integrin
subunit in osteoblasts proliferation and function during dif-
ferentiation of primary human bone derived cells (HBDCs).
So far, the role of av integrin subunit has been demonstrated
in osteoclastogenesis, but not in osteoblasts [15]. Previ-
ously, immunolocalization studies revealed the presence of
B3 and av in focal contact areas [16]. Similar experiments
were performed on human osteoblasts cultured on alumina
and TCPS surfaces.
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Materials and Methods

Primary cell culture of human osteoblasts

HBDCs were isolated with informed consent from adult
femoral bone fragments removed at orthopaedic surgery.
Experiments were repeated with cells obtained from three
independent patients (aged 50-68 years). The procedure of
HBDCs isolation was based on the protocols described with
modifications by Kudelska-Mazur et al. [17]. Small pieces of
bone were treated with collagenase (Sigma-Aldrich, St. Lou-
is, USA) for 24 h and put into the culture medium. Cells were
cultured until confluence in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco BRL, Life Technologies B. V. Breda,
Netherlands) enriched with 10% of heat-inactivated fetal
calf serum (FBS; Gibco), 50 pg/ml Antibiotic-Antimycotic
(Gibco) supplemented with 2% L-glutamine (Gibco) and
0.1 M L-ascorbic acid-2-phosphate (Sigma-Aldrich) - called
culture medium - and incubated at 37°C in the atmosphere
of 95% humidity and 5% CO,. The cells of the first pas-
sage were used in all experiments. Cells were seeded onto
4-well dishes at a population density of 4x10* cells per well
on TCPS or alumina disks surface and cultured in medium
supplemented with 10 nM dexamethasone (Sigma-Aldrich)
and 100 nM 1a,25-dihydroxycholecalciferol (Sigma-Aldrich)
(called differentiating medium).

Blocking of av integrin subunit with an antibody

A monoclonal antibody against human av integrin (clone
P2W7, Sigma-Aldrich) was used for integrin blocking experi-
ments. The antibody was added to the culture medium at
concentrations of 0 (control culture without antibody), 1,
2.5 and 5 pg/ml, 24 h after seeding the human osteoblasts.
Media were changed every five days. Antibody was always
added on the same day when media were changed and
was present in the cultures for the whole experiment period.
In four time-points of the culture after addition of the antibody,
i.e.24 h, 7,14, and 21 days, its effects on cell morphology,
viability, and alkaline phosphatase activity were determined
(both in cultures on TCPS and alumina). Morphology ob-
servations were performed using an inverted microscope
equipped with phase contrast (for TCPS cultures) and
fluorescent microscope (for alumina cultures fixed with 1%
glutaraldehyde) connected to Nikon Digital Sight DS-U1
camera (Nikon Eclipse TE2000-u; Nikon, Japan). The ex-
periments were repeated three times using cells obtained
from different patients.

Biomaterial

The material used in experiments was pure (99.9%)
alumina prepared by the Institute of Glass, Ceramics,
Refractory and Construction Materials, Warsaw, Poland.
Samples of the biomaterials had a form of disks, 15 mm in
diameter and 2 mm of height and before the experiments
the samples were sterilized with irradiation at a dose of
25 kGy. Alumina discs were placed at the bottom of each
4 wells in the culture plate. Next, the cells were seeded on
the surface of biomaterials and on the bottom of the control
wells on PS at a density of 4x10* cells per well (1.9 cm?).

Determination of cell count

The population of viable cells was assessed in the XTT
(Sigma-Aldrich) assay, while the total cell number was
determined by counting in the hematological camera. The
number of viable cells was assessed after 24h as well as
after 7, 14, and 21 days of culture. XTT assay is based
on the ability of mitochondrial dehydrogenase enzymes of
living cells to convert the XTT substrate (2.3-bis(2-methoxy-
4-nitro-5-sulfophenyl)-5[(phenyloamino)carboxyl]-2H-tetra-
zolium hydroxide) into a water-soluble formazan product.

The concentration of color product of the reaction is propor-
tional to the activity of mitochondrial respiration and thus to
the number of viable cells. It was measured using an ELISA
microplate reader (FLUOstar OPTIMA, BMG LABTECH
GmbH, Germany) at a wavelength of 450 nm. The number
of cells was calculated using the calibration curve referring
XTT assay results to cell count in Burker camera using
optical microscope (Nikon Eclipse TE2000-u) as a direct
method of cell number determination. The charts present
the results of one representative experiment performed in
three independent repeats.

Osteoblasts differentiation marker analysis

After determining cell viability, the cultures were rinsed
three times with PBS (Gibco) and lysed with 0.1% Triton
X-100 (Sigma-Aldrich) overnight (ON) at 4°C. Cellular
alkaline phosphatase (ALP; Sigma-Aldrich) activity was
measured using a colorimetric method based on the hydroly-
sis of p-nitrophenol phosphatase to p-nitrophenol. Absorb-
ance of the reaction product was read at 405 nm using the
FLUOstar OPTIMA reader (BMG LABTECH GmbH). ALP
activity was calculated from the calibration curve accord-
ing to the manufacturer’s protocol (Alkaline Phosphatase
Diagnostic Kit, Sigma-Aldrich). The enzyme activity was
expressed in Sigma units /cell number. Experiments were
repeated three times and the results of one representative
study are presented.

Immunofluorescence localization of av integrin
subunit

HBDCs were seeded at cell density of 2x10* cells per
coverslide in cell culture medium. On the next day culture
medium was exchanged for differentiating medium. At days
7,14, and 21, HBDCs cells were washed in PBS and fixed
with 3% formaldehyde in PBS (Gibco). Then, the cells were
permeabilized in 0.1% Triton X-100 in PBS, washed three
times in PBS and next incubated in 0.25% glycine in PBS for
30 minutes at room temperature. Non-specific binding was
blocked with 3% bovine serum albumin (BSA) in PBS for
30 min, before incubation with the primary antibody. The cells
were incubated overnight, at 4°C with the mouse monoclonal
anti-av specific integrin (Sigma-Aldrich) antibody, diluted
1:100 in 3% BSA/PBS. Then, the cells were washed in PBS
and incubated with biotin-conjugated secondary antibodies
(Santa Cruz Biotechnology) (dilution 1:100 in 3% BSA/PBS),
followed with Extravidin-TRITC (Sigma-Aldrich) (dilution
1:100 in 3% BSA/PBS). As a control, non-labeled cells and
cells labeled with a secondary antibody (biotin-conjugated)
only as well as with Extravidin-TRITC only were observed.
After a final washing in PBS, specimens were mounted in
Ultra Cruz Mounting Medium containing DAPI (Santa Cruz
Biotechnology). The images of stained cells were captured
using fluorescent microscope (Nikon Eclipse TE2000-u)
equipped with Nikon Digital Sight DS-U1 camera.

Determination of mRNA level by semi-quantitative
(sq) RT-PCR assay

Total RNA was isolated from cells harvested at different
stages of differentiation using a High Pure RNA Isolation Kit
(Roche Diagnostics U.S. Heagquarters, Indianapolis, USA).
Specific transcripts were amplified by semi-quantitative
reverse transcription-polymerase chain reaction (sqRT-
PCR) with 1 pg total RNA as the template and specific
oligonucleotide primers, using a Titan One-Tube RT-PCR
Kit (Roche Diagnostics) according to the manufacturer’s
instructions. Sequences of primers (synthesized by Singen
Biotech, Poland) for the tested genes are shown in TABLE 1.
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TABLE 1. The sequences of forward and reverse primers of osteocalcin (OC) av integrin subunit and GAPDH.
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FIG. 1. Osteocalcin (OC) and integrin av subunit
expression. Changes in the level of osteocalcin
(OC) and integrin av subunit expression were
examined during differentiation of HBDCs cultured
on PS. RT-PCR products of OC and integrin av
subunit amplified from total mRNA of human os-
teoblasts cultured without differentiation medium
(point 0 on the graph) and during differentiation
of HBDCs in vitro (days 7, 14, 21) with the diffe-
rentiation medium. The analysis of representative
gels, and average optical density of bands (ODu)
for OC (a) and integrin av (b) are presented in the
charts. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) served as a reference gene.

The obtained cDNA fragments were separated on 2% Aga-
rose LE gels (Roche Diagnostics). The gels were stained
with ethidium bromide and the optical density of bands was
analyzed with Gel Doc 2000 using Quantity One software
(Bio-Rad, Hercules, CA, USA). To evaluate the expression
levels of transcripts in a semi-quantitative manner, the optical
densities (ODu) of amplified cDNA fragments bands were
compared with that of the constitutively expressed GAPDH.
The results of one representative out of three independent
sqRT-PCR experiments performed are presented.

Results

Determination of osteoblastic phenotype of HBDCs
To determine the ability of HBDCs to differentiate in
primary culture, we examined changes in expression of spe-
cific osteoblastic gene marker — osteocalcin by sqRT- PCR
(FIG. 1a). OC mRNAwas present at a very low level at point
0 and day 7 in human derived cells. During differentiation
of HBDCs, the level of OC mRNA increased from day 14
(18.2 ODu) and reached the highest concentration at day 21
(19.6 ODu). The mRNA expression of GAPDH, serving as a
reference gene, presented the same level in each time-point.

Expression of av integrin subunit

As av integrin subunit might have a considerable influ-
ence on differentiation, we determined its mRNA concentra-
tion in HBDCs by sqPCR (FIG. 1b). Concentration of mMRNA
of av integrin was similar in the HBDCs during the first 2
weeks of the culture in differentiating medium reaching 19.1
ODu atday 0, 18.72 ODu atday 7 and 21.08 ODu at day 14.
The highest increase (47.8 ODu) of av integrin mRNA was
observed at day 21, when the HBDCs were finally matured.
The mRNA expression of GAPDH serving as control pre-
sented the same level in each time-point (FIG. 1a, b).

The integrin av immunolocalization in HBDCs

We used a specific antibody against the av integrin subu-
nit for its localization on the surface of HBDCs cultured 7
(FIG. 2a), 14 (FIG. 2b) and 21 (FIG. 2c) days. Immunostain-
ing followed by fluorescence microscopy analysis indicated
that HBDCs expressed av integrin subunits at the focal
adhesion sites (toe-like structures; FIG. 2, arrows).

HBDCs morphology analysis after IgG block

To determine the role of av integrin in adhesion related
signals for HBDCs differentiation we blocked its extracel-
lular domain with specific antibody. Cells morphology was
observed after 24 h and on day 7, 14 and 21. Representa-
tive microphotographs obtained after 24 h and 21 days after
treatment with anti-av IgG are shown in FIG. 3. 24 h after
addition of anti-av IgG, in concentrations 1, 2.5, 5 pug/ml
(FIG. 3b, c and d), there were no visible changes in morphol-
ogy of treated with av integrin specific IgG cells compared
to control cultures (FIG. 3a). Human osteoblasts described
as elongated spindle-shaped forms showed regular mor-
phology. After 21 days of culture, the density of cells both
maintained in absence and presence of anti-av integrin
IgG increased. We found that the morphology of HBDCs
cultured with 1 pg/ml of anti-av IgG (FIG. 3f) was similar
to the control (FIG. 3e), but higher concentrations of IgG
influenced HBDCs behavior. Cultures containing 2.5 pyg/ml
(FIG. 3g) and 5 pg/ml (FIG. 3h) of anti-av antibody had
reduced density of adherent cells and presented changes
in their appearance. As shown in FIG. 3g and 3h, less well-
spread and less spindle-shaped cells were observed.
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FIG. 2. Integrin subunits localization. The localization of av integrin subunit in HBDCs was examined by immu-
nostaining. Human osteoblasts cultured on coverslips were fixed at 7 (a), 14 (b) and 21 (c) days, stained with
antibodies against av subunit followed by secondary biotin conjugated antibodies, and next with Extravidin-
-TRITC. Fluorescence was detected using fluorescent microscope (Nikon Eclipse TE2000-u) equipped with Ni-
kon Digital Sight DS-U1 camera. A monoclonal antibody against human av integrin recognizes the extracellular
domain of the av subunit and representative images are presented. Arrows in the images indicate the integrin
av subunits at focal adhesion sites localization. Scale bar, 100 pm.
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FIG. 3. Influence of integrin av subunit inhibition on cell morphology. To compare the changes in human osteo-
blasts morphology during in vitro differentiation on TCPS, in the presence of antibodies (IgG) against the integrin
av subunit, cell cultures were analyzed using phase contrast microscope. Cultures of HBDCs were observed at
every stage of their differentiation (24 h, 7, 14 and 21 days). Images from 24 h (b, c, d,) or 21 days of the culture
(f, g, h) after treatment with three different concentrations of antibodies against av integrin subunit are shown.
Control samples cultured without antibodies are presented: a, e. Phase contrast micrographs. Scale bar, 100 pm.

Viability assay and effect of anti-av antibody on
HBCDs proliferation

Viability of HBDCs cultured in the absence or presence
of different concentrations of av integrin subunit specific
antibody, in two different culture conditions — on TCPS or
alumina surface was determined by XTT assay. The XTT
assays results are presented in FIG. 4 (a — for TCPS,
b — for alumina) as values of the absorbance read in an
ELISA reader. The number of vital HBDCs in TCPS or
alumina was determined from a calibration curve based
on the absorbency of the formazan produced from XTT in
the mitochondria of the living cells. Proliferation of HBDCs
was inhibited in the presence of 1, 2.5 or 5 pyg/ml of anti-
av IgG in cells cultured on TCPS, in comparison to control
cultures (FIG. 4a). In contrast, the viability of cells cultured
on alumina at different concentrations of anti-av antibody
and without specific IgG were similar (FIG. 4b). On day 14
of the culture, osteoblasts cell number on material surface
suddenly dropped and bounced back at day 21 probably
due to the large number of cells.

ALP activity effect of blocking av integrin subunit

To identify the influence of av integrin subunit IgG block-
age on HBDCs differentiation we assessed ALP activity of
cells maintained in different concentration of av integrin
specific IgG and on the studied surfaces. ALP assay was
normalized to the number of viable cells determined with XTT
assay. Mean values of alkaline phosphatese activity per cell
are shown in FIG. 5. The experiments revealed considerable
differences between surfaces, including TCPS (FIG. 5a) and
alumina (FIG. 5b) showing that av integrin blockade resulted
in a decrease of the average ALP values for both cultures
with more pronounced effect in cells cultured on alumina
(FIG. 5b). At 1, 2.5 or 5 pg/ml of anti-av IgG, after 21 days
in differentiation medium HBDCs exhibited nearly 1 U/10*
cells of ALP activity whereas in control cultures the respective
value was 1.5 U/10* cells, as shown in FIG. 5b. In the HBDCs
cultured on TCPS, the level of ALP activity in the presence
of various concentrations of the anti-av IgG was less pro-
nounced in comparison to control culture; however, end-point
results (after 21 days of culture) showed similar relation of av
integrin specific IgG concentration to ALP activity (FIG. 5a).
On both surfaces av integrin blockade specifically reduced
ALP activity of differentiating HBDCs cultures.
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FIG. 4. Influence of integrin av subunit inhibition
on cell viability. The effect of anti-av antibodies
on the proliferation of HBDCs was examined by
XTT assay. The results of XTT viability assay were
determined in primary cultures of HBDCs on TCPS
(a) or alumina (b) untreated of anti-av antibody and
treated with various concentrations of antibodies
against av integrin subunit (1, 2.5 or 5 pg/ml).
Untreated cultures served as a control (0 pg/ml).
The diagrams show the representative values from
three independent experiments.

Discussion

This study is the first step to understand the role of av
integrin in the process of osteogenessis in osteoblast-like
HBDCs, cultured on tissue culture polystyrene dishes and
on clinically used orthopaedic implant material — alumina.
We used two different surfaces: alumina and TCPS to
compare the behavior of cells on two different substrates
in a shoulder signal of integrin av. Because of its excellent
biocompatibility and good mechanical properties alumina
ceramic material is used clinically in artificial joints and
as a filler for various bone defects [18]. We hypothesized
that blocking of the integrin av subunit will exert an impact
on the processes of proliferation and cells differentiation
in vitro. Our results indicate that osteoblastic differentiation
depends on av integrin signaling and mediates some, but
not all, effects of cell proliferation or maturation of osteo-
genic phenotype. We focused on the interaction between
integrin signaling and morphology, growth, adhesion, and
differentiation process of HBDCs.

Cell adhesion is a fundamental cellular process directly
influencing cell migration as well as tissue morphogen-
esis, integrity, and repair [19]. Integrin family is the largest
group of cell adhesion molecules. It consists of major cell
surface receptors for ECM proteins. Furthermore, integrins
conduct signals from ECM to the cell and from the cell to
ECM, influencing cellular behavior [20]. Human osteoblasts
express variety of integrins including av3, avB5, a261.

FIG. 5. Influence of integrin av subunit inhibition
on ALP activity. The effect of treatment of diffe-
rentiating HBDCs with anti-integrin antibodies on
the ALP activity was examined using colorimetric
method. Primary human osteoblasts were cultured
in vitro on TCPS (a) or alumina (b) without IgG
(control) and in the presence of 1, 2.5 or 5 pg/ml
of antibodies against the extracellular domain of
av integrin subunit. The antibody was added 24 h
after cells seeding, and one week later, when the
differentiation medium has been changed. The
number of cells was calculated from the calibration
curve for the XTT assay. ALP activity was counted
in Sigma units and normalized to number of cells
divided (number of cells x 10%). The measurements
were taken in four points of culture: 24 h, 7, 14 and
21 days after the addition of antibodies against
av integrin subunit, cell viability (XTT assay) and
alkaline phosphatase activity tests have been
determined. The diagrams show the mean values
from three independent experiments.

Several studies have shown that integrins localize at the fo-
cal adhesion sites in many types of cell lines [21], but there
were also reports indicating that some integrins were distrib-
uted on the cell membrane in dispersed manner [22]. The av
integrin subunits co-localized with 81 integrin subunits at the
focal adhesion plaques in human osteoblasts (HOBs) [23].
The results obtained in this study, using sqRT-PCR tech-
nique confirmed the expression of av integrin subunit in
human osteoblast-like HBDCs. The mRNA expression of
av integrin subunit raised during differentiation and reached
the highest level at day 21. We considered 21 day as the
final step of the HBDC differentiation as it was the moment
when osteocalcin concentration was the highest and later on
it did not increase. The fact that integrin av subunit increases
during maturation suggests that it might play an important
role in this process.
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To stimulate the differentiation and maturation process

® e o e 00 o of HBDCs in vitro we incubated HBDCs in the presence

of standard differentiating medium (0.1M L-ascorbic acid-
2-phosphate containing culture medium enriched with 10 nM
dexamethasone and 1a,25-dihydroxycholecalciferol).
Ascorbic acid-2-phosphate is essential for maturation of
osteoblast-produced ECM protein, collagen type | [24].
1a,25-dihydroxycholecalciferol stimulates gene expression
of bone-related transcription factors, i.e., Runx2, Osterix and
osteoblasts differentiation markers such as: ALP or osteoc-
alcin. Alkaline phosphatase is an early marker of osteoblasts
differentiation, which increases prior to calcium phosphate
deposition and decreases after the onset of mineralization.
On the other hand, osteocalcin is a late marker, increasing
with calcification of the extracellular matrix [25]. Primary HB-
DCs are the population of cells, which demonstrate distinct
level of cell maturation. Therefore during their differentiation
we checked mRNA level of OC. Our results show that the
highest level of osteocalcin mRNA is expressed in HBDCs
after 14 and 21 days of culture. This indicates that HBDCs
acquired a mature osteogenic phenotype.

To determine the specific roles of integrin in the adhe-
sion, proliferation and differentiation of osteoblasts, many
investigators have relied on the use of antibodies to block
different integrin subunits. Thus, we decided to examine
effects of blocking integrin av subunits with specific mono-
clonal antibodies on cellular behavior of primary human
osteoblast-like cells cultured on TCPS or alumina surface.
Our results indicate that av integrin affects osteoblasts
differentiation through changes in induction of osteoblasts
marker (ALP) and changes in cell proliferation and cell
morphology. Treatment of HBDCs with monoclonal anti-av
antibody caused dose-dependent decrease in cell number
and ALP activity in both TCPS and alumina surfaces. In our
study, antibodies were added 24 h after seeding the cells
when adherent HBDCs were observed in culture. Block-
ing antibodies were used at three different concentrations
(1, 2.5, 5 ug/ml) in culture medium during 21 days of HBDCs
culture in vitro. With the time of culture morphology of anti-
body treated cells was steadily changing when compared to
control cells. Characteristic elongated spindle-shaped form
and regular morphology of HBDCs after 24 h of incubation
with the antibody were observed for control cells as well as
for cells treated with all used concentrations of av integrin
subunit specific antibody. Whereas, after 21 days of culture,
the samples exposed to 2.5 pg/ml and 5 pg/ml of anti-av an-
tibody demonstrated reduced density of adherent cells and
changes in their appearance. On the other hand, the sam-
ples cultured in the presence of 1 ug/ml of av integrin subunit
specific antibody presented morphology and density similar
to the control. Probably this concentration is insufficient to
block all av integrin subunits expressed on cell surface.
As integrin expression and osteoblasts biology are closely
related, the function of these molecules in early phases of
the adhesion could represent an indicator of effectiveness
of biomimetic surfaces in promoting adhesion, proliferation
and function of osteoblasts [26]. Cells response to various
concentrations of anti-av antibody, suggests that av integrin
specific monoclonal antibodies used in the experiment prob-
ably block ligand binding sites of integrin subunit. Results
of Wang et al. indicate that the antibody approach enables
the blockade of 81 signaling by integrins that are exposed
on the cell surface rather than at the interface between cell
and its substrates [27].

Osteoblasts interact with surface of TCPS and other
biomaterials [28,29] through integrins in a similar manner
to the natural interactions between bone matrix environ-
ment. What is more, osteoblasts as well as osteoblast-like
cells produce components of ECM in vitro depositing them
on the surface of culture material. These components are

responsible for cell adhesion to culture material in long-
lasting cultures [30]. a231 integrin binds to collagen type I,
which is the major bone matrix protein [31]. Signaling of
integrin @231 has been reported to regulate osteoblastic
differentiation [5] and blocking of integrin 81 with a specific
antibody resulted in decreased adhesion strength [1]. Many
researchers claim that integrin 31 is the major subunit in
osteoblasts [27,32,33]. However, increasing integrin 81 and
B3 mRNA levels, that are responsible for signal transduction
necessary for osteogenic differentiation, was decreased or at
least delayed [34]. Another integrin a561 binding to fibronec-
tin has been shown to be necessary for bone-like nodule
formation in vitro when osteoblastic cells are maintained in
tissue culture on PS [6]. As differences in HBDCs morphol-
ogy and density can be observed after 21 days of treatment
with av integrin subunit specific antibody only, it seems that
av integrin subunit takes part in the interaction with ECM
elements deposited on surfaces of TCPS or alumina rather
than directly with the surface. This may also partly explain
its increasing concentration and define the role of increas-
ing amount of extracellular proteins produced by cells and
adhered to the surface.

We used two different surfaces to determine whether the
type of surface plays a role in the observed effects. Both
materials are very well tolerated by cells. Tissue culture
polystyrene is a standard material for in vitro culture and
alumina is widely used in regenerative medicine [35,36].
However, cell behavior in both materials slightly differed.
HBDCs cultured on TCPS were more susceptible to av
integrin subunit blockade and hence 3-fold reduction of pro-
liferation was observed as early as after 7 days of treatment
with specific antibody in all three studied concentrations.
In contrast, blockade of av integrin subunit with specific
antibody did not influence the proliferation of cells cultured
on alumina. The possible explanation of this phenomenon
is different susceptibility of these materials to adherence of
ECM proteins produced by cells.

The chemical composition and surface topography influ-
ences on the interaction between integrins, substrate, and
cellular behavior. Cells on smooth surfaces tend to have
a better-organized ECM and different organization of cytoskel-
eton. Osteoblastic cells have been shown to adhere to a wide
variety of matrix proteins when coated on polystyrene dishes.
Dedhar et al. demonstrated that up-regulation of fibronectin
receptor in osteosarcoma cells correlated with phenotype
and adhesion [37]. Although these studies have provided
a great deal of evidence for mechanism involved in cellular
attachment to tissue culture polystyrene, they do not neces-
sarily correlate with attachment on implant materials. Other
studies have shown altered profiles of integrin expression
when primary osteoblasts are cultured on orthopeadic met-
als, as a function of both composition and topography [38].

We conclude that osteoblasts have differing abilities to use
integrin-mediated mechanism for attachment on polystyrene
and alumina, possibly by depositing different ECM proteins
and changed the composition of integrin expression. It is
possible that differences in composition of polystyrene and
alumina result in the interaction of integrin with ECM proteins,
affecting in different signaling pathways after blocking of
integrin av subunits. When the function of av integrins was
inhibited, the cells reduced capacity to differentiate which
manifested with lower increase of ALP activity in the HB-
DCs on both materials. Thus, we conclude that integrin av
subunit seems to influence differentiation or maturation of
osteoblastic phenotype in primary HBDCs in vitro. In our work
we also observed that ALP activity in HBDCs treated with
specific anti-av antibody was lower on alumina than TCPS.
Our results demonstrate that the specific effects of the av
integrin subunit blockade are time-dependent and slightly
differ according to the type of biomaterial used.
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Conclusions

In summary, we reported that blocking of integrin av subu-
nit with antibody influences proliferation and ALP expres-
sion in both alumina and TCPS cultures. Our data suggest
involvement of the av subunit in signal transduction in cellular
behavior and maturation of HBDCs. Therefore, the investiga-
tion of molecular mechanism of integrin signaling governing
human osteoblasts differentiation is very important for under-
standing the pathogenesis of human bone disease and our
knowledge on cell activity after bone repairing interventions.
Nevertheless, more intense studies of the interactions with
other adhesion molecules are still needed to elucidate the
role of integrin av in behavior of human osteoblasts.
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