ENGINEER

MATERIALS

| N Z Y N | BI1 OMATER AL OW

JOURNAL OF POLISH SOCIETY FOR BIOMATERIALS AND FACULTY OF MATERIALS SCIENCE AND Ceramics AGH-UST
Czasorismo PoLskiEco StowaRzyszenIA BiomaTERIALOW | WyDzIaLU INZYNIERI MaTERIALOWEY | CERAMIKI AGH

Number 119
Numer 119
Volume XVI
Rok XVI

g

APRIL 2013
KWIECIEN 2013

ISSN 1429-7248

PUBLISHER:
WYDAWCA:

Polish Society
for Biomaterials
in Krakow
Polskie
Stowarzyszenie
Biomateriatow

w Krakowie

EDITORIAL
COMMITTEE:
KOMITET
REDAKCYJNY:

Editor-in-Chief
Redaktor naczelny
Jan Chiopek

Editor
Redaktor
Elzbieta Pamuta

Secretary of editorial
Sekretarz redakcji
Design

Projekt

Katarzyna Trata
Augustyn Powroznik

ADDRESS OF
EDITORIAL OFFICE:
ADRES REDAKCJI:

AGH-UST

30/A3, Mickiewicz Av.
30-059 Krakow, Poland
Akademia
Gorniczo-Hutnicza

al. Mickiewicza 30/A-3
30-059 Krakow

Issue: 250 copies
Naktad: 250 egz.

Scientific Publishing
House AKAPIT
Wydawnictwo Naukowe
AKAPIT

e-mail: wn@akapit.krakow.pl




ENGINEERI

ececcccccccccccs BI”MATER'ALS evecccccssccscee

EDITORIAL BOARD
KOMITET REDAKCYJNY

EDITOR-IN-CHIEF

Jan Chtopek - AGH UniversiTy oF Science AND TECHNOLOGY, KRakow, POLAND

EDITOR
Elzbieta Pamuta - AGH UNiversiTY oF SCIENCE AND TECHNOLOGY, KRAKOW, POLAND

INTERNATIONAL EDITORIAL BOARD
MIEDZYNARODOWY KOMITET REDAKCYJNY

lulian Antoniac - UNiversiTY PoLITEHNICA OF BUCHAREST, ROMANIA

Lucie Bacakova - Acapbemy o Science oF THE CzecH RepusLic, Pracue, CzecH RepusLic
Romuald Bedzinski - Wroctaw UNIVERSITY oF TECHNOLOGY, POLAND

Marta Btazewicz - AGH UNVErsITY oF SciENCE AND TECHNOLOGY, KRAKow, POLAND
Stanistaw Btazewicz - AGH UNIVErsITY oF SCIENCE AND TECHNOLOGY, KRAKOW, POLAND
Maria Borczuch-tgczka - AGH UniversiTy oF SciENcE AND TECHNOLOGY, KRrakow, PoLAND
Wojciech ChrzanowskKi - UniversiTy oF SYpNeY, AusTRALIA

Jan Ryszard DabrowskKi - Biatvstok TechNicaL UNIVERsITY, PoLAND

Matthias Epple - UniversiTy oF Duissura-EsseN, GERMANY

Andrzej Gorecki - MepicaL UNIVERsITY oF WaRsAW, POLAND

Robert Hurt - Brown UNiversiTy, Provibence, USA

James Kirkpatrick - Jorannes GUTENBERG UNIVERSITY, MAINZ, GERMANY

Wojciech Maria Kus - Mepicat UniversiTy oF WaRsaw, PoLAND

Matgorzata Lewandowska-Szumiet - MepicaL UniversiTy oF Warsaw, POLAND
Jan Marciniak - Sitesian UNIVERSITY oF TECHNOLOGY, ZABRZE, POLAND

Sergey Mikhalovsky - University of BrighTon, Unitep Kingbom

Stanistaw Mitura - TechnicaL UNiversiTY oF Lopz, PoLAND

Roman Pampuch = AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAkOw, POLAND
Abhay Pandit - NationaL UNiversiTy oF IRELAND, GALWAY, IRELAND

Stanistaw Pielka - Wroctaw MepicaL UNIVERSITY, PoLAND

Vehid Salih - UCL Eastman DenTaL INsTiTUTE, Lonbon, UNiTep KiNGDom

Jacek Sktadzien - JacieLonian UNiversiTy, CoLLecium Mepicum, KrRakow, POLAND
Andrei V. Stanishevsky - UniversiTy oF Aiasama AT BiRmiNGHAM, USA

Anna §l()sarczyk - AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW, POLAND
Tadeusz Trzaska - UniversiTy ScHooL oF PHysicaL EDucATiON, PoznaK, PoLaND
Dimitris Tsipas - Aristorie UNIVERSITY OF THESSALONIKI, GREECE



ENG

NEER

eeecccccccscscce BI”MATER'ALS eccceccccccsscee

Wskazowki dla autorow

1. Prace do opublikowania w kwartalniku ,Engineering of
Biomaterials / Inzynieria Biomateriatow” przyjmowane bedg
wylgcznie z tumaczeniem na jezyk angielski. Obcokrajow-
céw obowigzuje tylko jezyk angielski.
2. Wszystkie nadsytane artykuty sg recenzowane.
3. Materiaty do druku prosimy przysyta¢ na adres e-mail:
kabe@agh.edu.pl.
4. Struktura artykutu:

* TYTUL « Autorzy i instytucje * Streszczenie (200-250

stéw) ¢ Stowa kluczowe « Wprowadzenie * Materiaty i

metody ¢ Wyniki i dyskusja * Wnioski « Podziekowania *

Pigmiennictwo
5. Autorzy przesytajg petng wersje artykutu, tgcznie z ilustra-
cjami, tabelami, podpisami i literaturg w jednym pliku. llu-
stracje, tabele, podpisy i literatura powinny by¢ umieszczone
réwniez w wersji angielskiej. Artykut w tej formie przesytany
jest do recenzentéw. Dodatkowo autorzy proszeni sg o prze-
stanie materiatéw ilustracyjnych (rysunki, schematy, fotogra-
fie, wykresy) w oddzielnych plikach (format np. .jpg, .gif.,
iff, .bmp). Rozdzielczo$¢ rysunkéw min. 300 dpi. Wszystkie
rysunki i wykresy powinny by¢ czarno-biate lub w odcieniach
szarosci i ponumerowane cyframi arabskimi. W tekscie
nalezy umiesci¢ odnosniki do rysunkow i tabel. W tabelach
i na wykresach nalezy umiescic opisy polskie i angielskie.
6. Na koncu artykutu nalezy poda¢ wykaz pismiennictwa
w kolejnosci cytowania w tekscie i kolejno ponumerowany.
7. Redakcja zastrzega sobie prawo wprowadzenia do opraco-
wan autorskich zmian terminologicznych, poprawek redakcyj-
nych, stylistycznych, w celu dostosowania artykutu do norm
przyjetych w naszym czasopismie. Zmiany i uzupetnienia
merytoryczne bedg dokonywane w uzgodnieniu z autorem.
8. Opinia lub uwagi recenzentéw beda przekazywane Auto-
rowi do ustosunkowania sie. Nie dostarczenie poprawionego
artykutu w terminie oznacza rezygnacje Autora z publikacji
pracy w naszym czasopismie.
9. Za publikacje artykutdow redakcja nie ptaci honorarium
autorskiego.
10. Adres redakg;ji:

Czasopismo

»Engineering of Biomaterials / Inzynieria Biomateriatow”

Akademia Gérniczo-Hutnicza im. St. Staszica

Wydziat Inzynierii Materiatowej i Ceramiki

al. Mickiewicza 30/A-3, 30-059 Krakow

tel. (48) 12617 25 03, 12 617 25 61

tel./fax: (48) 12 617 45 41

e-mail: chlopek@agh.edu.pl, kabe@agh.edu.pl

Szczegoétowe informacje dotyczgce przygotowania ma-
nuskryptu oraz procedury recenzowania dostepne sg na
stronie internetowej czasopisma:

www.biomat.krakow.pl

Warunki prenumeraty

Zamowienie na prenumerate prosimy przesytac¢ na adres:
apowroz@agh.edu.pl, tel/fax: (48) 12 617 45 41

Cena pojedynczego numeru wynosi 20 PLN

Konto:

Polskie Stowarzyszenie Biomateriatow

30-059 Krakow, al. Mickiewicza 30/A-3

ING Bank Slgski S.A. O/Krakéw

nr rachunku 63 1050 1445 1000 0012 0085 6001

Instructions for authors

1. Papers for publication in quarterly journal ,Engineering of
Biomaterials / Inzynieria Biomateriatébw” should be written
in English.
2. All articles are reviewed.
3. Manuscripts should be submitted to editorial office by e-mail to
kabe@agh.edu.pl.
4. A manuscript should be organized in the following order:
* TITLE - Authors and affiliations « Abstract (200-250 words)
» Keywords (4-6) ¢ Introduction « Materials and Methods -
Results and Discussions * Conclusions « Acknowledgements
» References
5. All illustrations, figures, tables, graphs etc. preferably in
black and white or grey scale should be additionally sent as
separate electronic files (format .jpg, .gif., .tiff, .omp). High-
resolution figures are required for publication, at least 300 dpi.
All figures must be numbered in the order in which they
appear in the paper and captioned below. They should be
referenced in the text. The captions of all figures should be
submitted on a separate sheet.
6. References should be listed at the end of the article.
Number the references consecutively in the order in which
they are first mentioned in the text.
7. The Editors reserve the right to improve manuscripts on
grammar and style and to modify the manuscripts to fit in with
the style of the journal. If extensive alterations are required,
the manuscript will be returned to the authors for revision.
8. Opinion or notes of reviewers will be transferred to the
author. If the corrected article will not be supplied on time,
it means that the author has resigned from publication
of work in our journal.
9. Editorial does not pay author honorarium for publication
of article.
10. Address of editorial office:

Journal

+Engineering of Biomaterials / Inzynieria Biomateriatéw”

AGH University of Science and Technology

Faculty of Materials Science and Ceramics

30/A-3, Mickiewicz Av., 30-059 Krakow, Poland

tel. (48) 12) 617 25 03, 12 617 25 61

tel./fax: (48) 12 617 45 41

e-mail: chlopek@agh.edu.pl, kabe@agh.edu.pl

Detailed information concerning manuscript preparation and
review process are available at the journal’s website:
www.biomat.krakow.pl

Subscription terms

Subscription rates:

Cost of one number: 20 PLN

Payment should be made to:

Polish Society for Biomaterials

30/A3, Mickiewicz Av.

30-059 Krakow, Poland

ING Bank Slaski S.A.

account no. 63 1050 1445 1000 0012 0085 6001



XXTII Conference on

BIOMATERIALS
INMEDICINE

AND

MYETERINARY
MEDICINE

10-13 October-2013
Hotel ‘Perta Potudnia”
Rytro, Poland




1

O BI@MATER'ALS ®cecccccscccsces *00 0000

SPIS TRESCI

TISSUE ENGINEERING OF BONE: THE ROLE

OF OSTEOBLASTS IN OSTEOGENESIS

AND PERI-IMPLANT BONE HEALING

Epyta WROBEL, MALGORZATA WITKOWSKA-ZIMNY 2

PREPARATION AND CHARACTERIZATION

OF DRUG DELIVERY CARRIERS FOR LOCAL
ADMINISTRATION OF SODIUM ALENDRONATE
UrszuLA Posapowska ANA MOREIRA,

RiTA MARTINS, ELZBIETA PAMULA 8

OCENA WPLYWU DRGAN MECHANICZNYCH

ORAZ BOGATOPLYTKOWEGO OSOCZA

NA GOJENIE TRZONOW KOSCI PISZCZELOWYCH
LECZONYCH ELASTYCZNYM STABILIZATOREM
WEGLOWYM ,,CARBOELASTOFIX”

MacieJ AmBROzZIAK, ANDRZEJ GORECKI, MACIEJ LUTEREK,
PioTR KrAakOwIAN, ToMAsz LEKszycki, IGOR BISSENIK,

tukasz Koperski, JAN CHLOPEK, PAWEL SKOWRONEK 1 3

BADANIA BIOAKTYWNOSCI | CYTOTOKSYCZNOSCI
IN VITRO BIOSZKIEL Z UKLADU SiO,-Ca0O
WYTWORZONYCH METODA ZOL-ZEL

Z ZASTOSOWANIEM SILANOW

Libia CiotEK, JOANNA KARAS, ANDRZEJ OLSZYNA

Ewa ZAczyNsKA, ANNA CzaRNY, BogustAwa ZywicKA 21

WPLYW ROZNEJ NANOTOPOGRAFII

WARSTW AZOTOWANYCH NA

ADHEZJE PLYTEK KRWI

AGNIESZKA SowiNskA, MicHAL TARNOWSKI,

WitoLb JAKuBowsKI, JUSTYNA OLEKSIAK,

Tapeusz WIERZCHON, ELZBIETA CZARNOWSKA 27

POWIERZCHNIA IMPLANTU TYTANOWEGO
PIASKOWANEGO HYDROKSYAPATYTEM

JEREMIASZ KRzYszToF KOPER, RADOMIR MAJCHROWSKI,
JAROsLAW JAKuBOWICZ 33

SYNTEZA | WLASCIWOSCI WARSTW
WEGLOAZOTKU KRZEMU NA
POLIETEROETEROKETONIE

ANNA MALEK, JADWIGA KONEFAL-GORAL,

Stanistawa KLuska, KATARZYNA TKACZ-SMIECH,

StaNIstAWA JoNAs, TADEUsz WIERZCHON 40

BADANIA WEASNOSCI MECHANICZNYCH

KOSCI WOLOWYCH | WIEPRZOWYCH

ANITA KaJzER, WoJciECH KAJZER,

MARcIN Basiaca, ELzBIETA KUuNA 45

CONTENTS

TISSUE ENGINEERING OF BONE: THE ROLE

OF OSTEOBLASTS IN OSTEOGENESIS

AND PERI-IMPLANT BONE HEALING

Epyta WROBEL, MALGORZATA WITKOWSKA-ZIMNY 2

PREPARATION AND CHARACTERIZATION

OF DRUG DELIVERY CARRIERS FOR LOCAL
ADMINISTRATION OF SODIUM ALENDRONATE
UrszuLA PosapowskA ANA MOREIRA,

RiTA MARTINS, ELZBIETA PAMULA 8

ASSESSMENT OF THE EFFECT OF MECHANICAL
VIBRATIONS AND PLATELET-RICH PLASMA

ON THE HEALING OF TIBIAL STEMS

TREATED WITH THE ELASTIC CARBON

STABILIZER ,,CARBOELASTOFIX”

MAcies AMBROZIAK, ANDRZEJ GORECKI, MACIEJ LUTEREK,
PiotR KrRAKOWIAN, TomAsz LEKszycki, IGOR BISSENIK,

tukasz KopPerski, JAN CHLOPEK, PAWEL SKOWRONEK 13

STUDY ON BIOACTIVITY AND IN VITRO
CYTOTOXICITY OF BIOGLASSES FROM THE
Si0,-CaO SYSTEM OBTAINED BY THE

SOL-GEL METHOD USING SILANES

Lipia CiotEK, JOANNA KARAS, ANDRZEJ OLSZYNA,

Ewa ZAcZYNSKA, ANNA CzARNY, BoGustAWA ZYWICKA 21

EFFECT OF NITRIDED SURFACE LAYERS

WITH DIFFERENT NANOTOPOGRAPHY

ON PLATELETS ADHESION

AGNIESZKA SowINsSKA, MicHAL TARNOWSKI,

WitoLb JAKUBOWSKI, JUSTYNA OLEKSIAK,

Tabeusz WIERzCHON, ELZBIETA CZARNOWSKA 27

TITANIUM IMPLANT SURFACE AFTER
HYDROXYAPATITE SANDBLASTING

JEREMIASZ KRzYSzTOF KOPER,

RAbomIR MAJcHROWSKI, JAROSEAW JAKUBOWICZ 33

SYNTHESIS AND PROPERTIES

OF SILICON CARBONITRIDE LAYERS

ON POLYETHERETHERKETONE

ANNA MatEk, JADWIGA KONEFAL-GORAL,

StaNistAwA KLuska, KATARZYNA Tkacz-SMIECH,

ST1ANIstAWA JoNAS, TADEUsz WIERZCHON 40

STUDY OF THE MECHANICAL PROPERTIES

OF OX AND PIG BONES

ANITA KAJZER, WoJCIECH KAJZER,

MaRrcIN Basiaca, ELZBIETA Kuna 45

WERSJA PAPIEROWA CZASOPISMA ,,ENGINEERING OF BIOMATERIALS | INZYNIERIA BIOMATERIALOW” JEST JEGO WERSJA PIERWOTNA
PRINTED VERSION OF ,,ENGINEERING OF BIOMATERIALS | INZYNIERIA BIOMATERIALOW” IS A PRIMARY VERSION OF THE JOURNAL

WYDANIE DOFINANSOWANE PRZEZ MINISTRA NAUKI | SzkoLNicTWA WYZszEGO

EDITION FINANCED BY THE MINISTER OF SCIENCE AND HIGHER EDUCATION

BI® MATERIALS



2

BI® MATERIALS
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THE ROLE OF OSTEOBLASTS
IN OSTEOGENESIS AND PERI-
IMPLANT BONE HEALING

EpyTta WROBEL*, MALGORZATA WITKOWSKA-ZIMNY

MebicaL UNIVERSITY oF WARSAW,

DEPARTMENT OF BlopHysics AND HumAN PHysIoLOGY,
CHArUBINSKIEGO 5, 02-004 WaRsaw, PoLAND

* E-MAIL: EDYTA.WROBEL(@WUM.EDU.PL

Abstract

Osteoblasts are cells of mesenchymal origin, which
rebuild resorbed bone by synthesizing bone matrix

proteins and by inducing bone matrix mineralization.

Osteoblasts play a crucial role in creating and mainte-
nance of healthy bone architecture, bone repair, and
peri-implant bone healing (osseointegration). These
bone-forming cells are also involved in regulation of
osteoclasts function, and hence bone resorption in
osteoclastogenesis process. We have presented our
own studies on the subsequent stages of differen-
tiation of Human Bone-Derived Cells (HBDCs) that
could be a good candidate as an autogenous source
for reconstruction and rebuilding of own patient’s bone
using tissue engineering methods. In this review we
discussed the biology of osteoblasts, compared with
the HBDCs cultures, under the influence of growth fac-

tors (FGF-2, TGF-B, IGF, PDGF) and hormones (PTH,

1,25-dihydroxyvitamin D;, leptin). Our review is also
focused on the participation of intercellular adhesion

proteins (cadherins, claudins, connexin, ‘OsteoMacs’),

transcription factors (Cbfa1, Msx-2, Osx, ATF4 ), and

others molecules (RANKL, OPG, BMP2, lactofferin,

PPARYy) in modulating osteoblasts functions on the
basis of current reports, throwing new light on the
involvement of osteoblasts during osteogenesis and

peri-implant bone healing.

Keywords: bone tissue engineering, osteoblasts,
Human Bone-Derived Cells, peri-implant bone healing,
osteogenesis, cell culture

[Engineering of Biomaterials 119 (2013) 2-7]

Introduction

Well vascularized mineralized bone tissue is a major res-
ervoir of calcium ions and serves also as a source of different
bone cell types such as osteoprogenitors cells, endothelial
cells, periosteum, and bone marrow cells. The particular
architecture of bone, its function and metabolism are effects
of two opposite processes, i.e. bone formation and bone

resorption. Hence bone is a dynamic, highly specialized

tissue that undergoes continuous remodeling. This tissue
is composed from mineralized extracellular matrix, and

three major cell types, i.e. osteoblasts (bone-forming cells),

osteoclasts (bone-resorbing cells), and osteocytes (mature
osteoblasts entrapped within lacunae), which all are essen-

tial for its structural, mechanical and metabolic functions.

The structural and metabolic activity of bone is compromised
by an imbalance between the formation and the rate of bone
resorption, which depend on osteoblasts and osteoclasts,
respectively. Therefore, bone mass and homeostasis are
controlled by continuous remodeling throughout life. Dys-
regulation of the process can lead to a variety of defects
and bone diseases [1,2].

The osteoblasts are the fundamental cells controlling
extracellular matrix (ECM) production and mineralization, as
well as receiving and processing mechanical and chemical
signals to bone, and most likely also directing osteoclast
function [3]. These bone-forming cells are indispensable
for bone development, growth, repair, and maintenance
of healthy skeletal architecture. This is achieved by the
existence of network of interactions between cells and
a wide variety of factors or mediators, including intercellular
communication with other bone cell types [4]. Active osteob-
lasts synthesize the extracellular matrix proteins, mainly type
| collagen (Col I). Simultaneously, the expression of bone-
specific alkaline phosphatase (ALP) increases. With ongoing
differentiation cells start to produce a numerous of non-colla-
genous proteins such as bone sialoprotein (BSP), osteopon-
tin (OP), osteonectin (ON), and osteocalcin (OC). Finally,
mineralization of ECM indicates mature osteoblasts [5].
ECM proteins serve also as organic components during
osteogenesis in vitro, and are necessary in the course of
bone healing after injury. During the osteogenic induction
primary human osteoblasts also express collagen and
ALP, which is defined as the early marker of osteogenic
differentiation in vitro. In the last phase of HBDCs in vitro
differentiation, the cells secrete osteocalcin, the late marker
of mature osteoblasts. These parameters are routinely used
to monitor the phenotype of osteogenic cells during their dif-
ferentiation in culture because these cells have the potential
osteogenic activity and seems to be the best autogenous
source for implantation and reconstruction of own patient’s
bone. Moreover, a dynamic cell seeding in bioreactor and
cell culture conditions maintain the proliferative potential
and also osteogenic phenotype of HBDCs cultured on the
selected three-dimensional polyurethane scaffold [6].

In distance osteogenesis new bone tissue is formed on
the surfaces of the existing bone in the peri-implant site.
The bone surfaces provide a population of osteogenic cells,
which lay down a new matrix encroaching on the implant.
An essential observation is that new bone is not formed on
the implant, but the latter does become surrounded by the
bone. Success in maintaining of dental implant depends
largely on the progress of osseointegration. In histology
this process is defined as a direct anchorage of an implant
by the formation of bone tissue around the implant, without
the growth of fibrous tissue at the bone-implant interface [7].
The processes of activation, differentiation, and maturation
of osteoblasts lead to the new bone formation and are of par-
ticular importance in the phenomenon of peri-implant bone
healing. Components accelerating post-implantation healing
process also include growth factors and hormones.

In this review, we discussed the biology of osteoblasts,
with their role in the regular course of osteogenesis and
in the regulation of bone resorption in osteoclastogenesis
process, as well as in peri-implant bone healing. Moreover,
this report presents the current state of knowledge in the
terms of intercellular communication of osteoblasts, with
an indication of adhesion molecules and various factors,
which promote the process of new bone formation in vivo,
and also in in vitro model.
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FIG. 1. Morphological changes of primary human osteoblasts during their in vitro differentiation. (A). Adherent
osteoblasts — 1st day after cells seeding. (B). Proliferating osteoblasts — 14th day of culture. (C). Differentiated,
mature osteoblasts — 28th day of culture.

Human osteoblasts were isolated from the trabecular bone tissue chips, which were harvested from the bottom
distal part of the long tight bone during the standard procedure of the knee joint alloplasty. Cells harvested from
donor were cultured in DMEM enriched with 10% of heat-inactivated FBS, antibiotic-antimycotic, and L-glutamine.
100 mM L-ascorbic acid 2-phosphate, 10 nM dexamethasone, and 100 nM 1a,25-dihydroxycholecalciferol were
used to induce the differentiation of human osteoblasts in vitro. Such culture medium conditions favored also
the development of the osteoblasts phenotype. All procedures were performed according to the requirements
of the 2nd Local Ethical Committee at the Medical University of Warsaw. The cell culture was observed and
analyzed using inverted, phase-contrast microscope (Nikon Eclipse TE2000-u) throughout the experimental
period. Morphology of Human-Bone-Derived Cells (HBDCs) changed from a fibroblastic (A) to a cuboidal one (B),

and then the cells formed multiple layers (C). Scale bar, 100 pm.

The role of osteoblasts in bone
formation

Osteoblasts arise from multipotential mesenchymal stem
cells (as well as muscle, adipocytes, chondroblasts, fibrob-
lasts) and under the influence of the appropriate transcrip-
tion factors, growth factors, and hormones differentiate to
preosteoblasts, and then to mature osteoblasts. Molecules
mentioned above modulate the proliferation, differentia-
tion, and migration of progenitor cells. In vitro phenotypic
osteoblasts heterogeneity is associated with the progress
of cell differentiation. In our studies we indicated that the
expression of Col I, ALP, and OC demonstrated differed at
mRNA level during differentiation of Human-Bone-Derived
Cells (HBDCs). We also showed that these factors are
fundamental for the developmental expression of the oste-
oblasts phenotype and formation of the mineralized matrix.

During in vitro HBDCs differentiation three distinct stages
were identified (adhesion phase — 24 h after cell seeding;
proliferation phase — from day 7 until day 14 of cell culture;
maturation and mineralization phase — between 21 and 28
day of cell culture). Each period exhibits unique, stage-spe-
cific responsiveness to steroid hormones and growth factors
that establish of the primary human osteoblasts phenotype.
The process of in vitro differentiation of osteogenic cells
is induced by the presence of osteogenic supplements
in culture medium, such as dexamethasone, L-ascorbic
acid-2-phosphate and 1a,25-dihydroxycholecalciferol (ac-
tive hormonal form of vitamin D). Morphology of primary
human osteoblasts during their in vitro differentiation, in the
differentiated osteoblasts was analyzed in our laboratory and
showed in representative images (FIG. 1). Their differenti-
ated phenotype was verified by demonstrating the induction
of osteoblasts-specific indicators, as described above.
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FIG. 2. Osteoblast differentiation pathway involving the major transcription factors and secreted molecules.

Osteoprecursors are found among bone marrow he-
matopoietic cells. Osteoblasts are usually located on the
surface of trabeculae and Haversian canal. When they
are active, large Golgi apparatus and abundant rough
endoplasmic reticulum are visible, making osteoblasts
similar to epithelial cells with a large spherical nucleus and
basophilic cytoplasm. These osteoblasts form tight junctions
with adjacent osteoblasts and have regions of the plasma
membrane specialized in vesicular trafficking and secretion.
Ultimately, some osteoblasts become trapped in their own
bone matrix giving rise to osteocytes, which gradually stop
secreting osteoid [8]. Osteoblasts exhibit also expression of
some characteristic genetic markers (Osterix — Osx, Cbfa1
— core-binding factor a1, also known as Runx2) [5,9]. Tran-
scription factors such as Cbfa1, Osx, and ATF4 (activating
transcription factor 4) have been identified as the controllers
of the osteoblastic lineage [10]. In the absence of Cbfa1 and
Osx no osteoblasts are formed. Formation and proliferation
of preosteoblasts requires signaling through the Wnt-friz-
zled-Lrp5-B-catenin signaling pathway (FIG. 2). Deficiencies
of Lrp5 (low density lipoprotein receptor 5-related protein)
lead to the development of osteoporosis in both mice and
humans. The function of mature osteoblasts, including the
ability to synthesize ECM proteins requires Lrp5 as well as
ATF4 signaling protein [11]. Osteoblasts also play essential
role in the regulation of bone resorption through receptor
activator of nuclear factor-kB (NF-kB) ligand — RANKL, which
links to its receptor (RANK) on the surface of preosteoclast,
inducing their differentiation and fusion. In addition, osteob-
lasts secrete a soluble decoy receptor OPG, which blocks
RANK/RANKL interaction by binding to RANKL, and thus
prevents osteoclasts differentiation and activation. There-
fore, the equilibrium between RANKL and OPG determines
the regulation of osteoclastogenesis [8,12]. Lamghari et al.
suggested that leptin modulates positively OPG/RANKL bal-
ance by inhibiting the expression of RANKL gene [13].

On the other hand, the cellular communication between
osteoblasts, osteocytes, and pre-osteoclasts is essential
for bone formation as well as for osteoclastogenesis.
Osteoblasts induce migration and differentiation of pre-
osteoclasts into mature osteoclasts, what initiate bone
resorption. After completion of bone resorption, apoptosis
of mature osteoclasts and differentiation of osteoblasts
are initiated. At this time the osteoblasts do not support
osteoclasts differentiation, but promote bone formation.
Finally, osteoblasts differentiate into osteocytes in bone or
into bone lining cells on the bone surfaces. Direct cell-cell
communication occurs between osteocytes and osteoblasts
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via gap junction channels formed by connexin molecules.
In this case osteoblasts may sense osteocyte cell death
via gap junctional intercellular communication (GJIC) [14].
Osteoblasts express also adhesion molecules: e.g.,
cadherins [15,16], claudins [17], connexin [18], and are
thought to be polarized cells [19]. Notably, the cell adhesion
N-cadherin is an important regulator of chondrogenesis
and osteogenesis. The molecular mechanism by which
N-cadherin can promote osteoblasts differentiation is by
increasing cell-cell adhesion, what results in the activation
of gene expression in osteoblasts. Cadherins trigger inter-
cellular signals by interacting with Wnt signaling pathway
and with the participation of B-catenin molecules. Recent
data provide a new mechanism, where N-cadherin controls
the function of osteoblasts. N-cadherin was found to interact
with Wnt-co-receptors Lrp5 or Lrp6 in osteoblasts in vitro
and in vivo. These findings suggest that N-cadherin is
a novel Lrp5 antagonist which negatively regulates Wnt/
B-catenin signaling in osteoblasts. This concept is highly
relevant to the regulation of osteoblastogenesis since both
N-cadherin and Lrp5 are strongly expressed in osteoblasts,
and Wnt signaling is a major modulator of osteoblasts func-
tion and bone mass [15]. It has been also recently reported
that the resident tissue macrophages termed OsteoMacs
or cell cycle arrested quiescent osteoclast precursors
(QuOPSs) are present on osteoblasts. OsteoMacs are an
integral component of bone tissues and play a novel role in
bone homeostasis through regulating osteoblasts function.
These observations implicate OsteoMacs, in addition to
osteoclasts and osteoblasts, as principal participants in
bone dynamics [20]. However, it is unclear whether Osteo-
Macs differentiate into osteoclasts or not. The QuOPs
may be identical to OsteoMacs, in terms of their localiza-
tion. These resident osteoclast precursors are one of the
sources of osteoclasts, in addition to bone marrow-derived
osteoclast precursors [14].

Bone formation, growth, repair, and remodeling, are
continuous processes throughout human life. There are
three commonly known main mechanisms of bone formation
such as intramembranous, endochondral, and appositional.
Intramembranous bone is formed by the condensation of
mesenchymal cells, what induces the expression of carti-
lage phenotype [21]. Undifferentiated mesenchymal cells
differentiate into osteoblasts. The bone is formed directly
within the condensed membranes, made of highly vascu-
larized primitive mesenchyme. At the points of ossification,
undifferentiated mesenchymal cells aggregate into mem-
branous layers and differentiate into osteoprogenitor cells.



These cells proliferate within the capillary network and form
osteoblasts in contact with primitive bone matrix. They start
to produce protein matrix components, which in turn leads to
the mineralization, and new bone formation. This is observed
in embryonic flat bone formation, bone formation during dis-
traction osteogenesis, and blastema bone in young children
after amputations [4]. Endochondral bone is also formed by
condensation of mesenchymal cells, but in this case carti-
lage creates a temporary model of the future bone, a process
that induces expression of cartilage phenotype. The cartilage
undergoes calcification, and is gradually replaced by bone
tissue accumulated on the surface of calcified cartilage
matrix compartments. In this way, the primary trabeculae
of cartilaginous-bone are formed and covered with osteo-
progenitor cells (osteoblasts). These primary trabeculae are
removed by the osteoclasts, which penetrate a primary point
of ossification, together with vascular buds, mesenchymal
cells (the progenitors for bone marrow), and osteoblastic
cells. Osteoclasts destroy primary trabeculae, while oste-
oblasts replace it with secondary trabecular bone, already
devoid of cartilage components [21]. Osteoclastic resorption
is followed by differentiated osteoblasts producing layer of
peripheral bone or periosteal collar and osteoid. Next, it
becomes mineralized and extends along the shaft, becom-
ing confluent, and forming a continuous bone lining [4].
The process of appositional ossification observed during
long bones formation unfolds within connective tissue.
However, after birth trauma-induced activation of periosteal
membrane leads to the formation of callus showing the
signs of both types of ossification, i.e. endochondral and
intramembranous. Appositional ossification involves forma-
tion of a new bone by aligned osteoblasts on the surfaces of
existing bone, and is observed in periosteal bone enlarge-
ment, and general bone formation phases of remodeling [4].
The process of peri-implant bone healing is analogous to in-
tramembranous healing at the fracture site. The early phase
of healing proceeds from hematoma formation to woven
bone formation, and finally results in bone remodeling [22].

Osteoblasts function in bone healing

Calcification of the hematoma is the first stage of tissue
regeneration during peri-implant bone healing. The bone is
formed by repetitive revascularization and mineralization.
These phenomena occur due to the existence of intercel-
lular communication between different types of bone cells
and influence of numerous growth factors, hormones, or
mechanical factors.

The success of implant therapy largely depends on the
implant osseointegration. Clinically, it is confirmed by the
lack of mobility of the implant and the absence of inflamma-
tion symptoms. Osseointegration is a direct structural and
functional connection between the surfaces of living bone
and implant [23]. The mechanisms underlying the process
of osseointegration are very similar to those that involved
in the repair of fractured bone, and comprise a cascade of
cellular and extracellular events. Tissue response to the im-
plant as a foreign body gradually achieves biological stability
(osseointegration) in the bone implant system, and results
in the formation of new bone tissue on the surface of the
implant [24]. Bone healing after injury, which was induced
as a result of surgical preparation of the implant bed, con-
sists of several successive phases. The first stage is acute
inflammatory reaction, which is the response of the immune
system to surgery-related trauma. The factors that activate
the healing process include histamine, prostaglandins,
bradykinin, leukotrienes, proteins involved in coagulation,
cytokines including IL-1, IL-4, IL-8 (interleukin -1, -4, -8),

tumor necrosis factor-alpha (TNF-a), growth factors such as
BMPs, transforming growth factor-beta (TGF-8), FGF-2, and
insulin-like growth factor Il (IGF-II). BMPs have osteoinduc-
tive properties, which stimulate the undifferentiated stem
cells to differentiate toward osteoblasts that are responsible
for bone formation. Approximately 2-3 days after implanta-
tion the hematoma is formed, and formation of vascularized
granulation tissue is started. Undifferentiated osteoprogeni-
tor cells migrate and locate in the network of matrix proteins
(type 1, V, XIlI, XVI collagens and BMPs), and next already
differentiated osteoblasts secrete the proteins, which form
bone matrix — osteoid. Initially, the bone matrix consists of
collagen fibers, but gradually it becomes mineralized [25].
Osteoblast-like cells adhere more readily to rough surfaces.
Moreover, rough surfaces induce mature osteoblasts pheno-
type of these cells with regards to morphology, extracellular
matrix secretion, alkaline phosphatase activity, osteocalcin
production, and response to systemic hormones such as,
1,25-dihydroxyvitamin D,. Observations made by Boyan
et al., suggest that the roughness-dependent regulation
of osteoblasts proliferation, differentiation and local factor
production is related to substrate-mediated activation of
integrin receptors, thus regulating protein kinase C (PKC)
and A (PKA) through phospholipase C (PLC) and A2 (PLA2)
pathways [26]. When osteogenesis is completed, the bone
remodeling usually begins. High cellular activity at the bone-
implant interface initiates the formation of bone trabeculae,
which are aligned with the fibers of non-collagenous pro-
teins. In consequence, this leads to the formation of mature
bone tissue [27].

Molecules that modulate osteoblast
behavior

Locally, bone remodeling is initiated by mechanical
stimuli such as fracture, inflammation, and graft implanta-
tion. The process of bone remodeling is maintained by the
balance between osteoblasts involved in the formation
and reconstruction of bone tissue and osteoclasts, which
are responsible for degradation and bone resorption [24].
Therefore, the remodeling bone cycle is strictly controlled
by systemic hormones as well as local cellular pathways
involved in the interaction between osteoblasts and osteo-
clasts, such as cytokines, growth factors, and intercellular
adhesion molecules [13,14,28,29]. Osteoblasts express
hormone receptors such as parathyroid hormone (PTH),
1,25-dihydroxyvitamin D;, glucocorticoids, prostaglandins,
and estrogens [4]. Stimulation of bone formation in endo-
cortical surfaces is the hallmark of the anabolic effect of
PTH, irrespectived of the studied species or experimental
model. PTH stimulates osteoblasts to secrete ALP, Col |,
OC, and BSP. Intermittent administration of PTH may pro-
mote osteoblastogenesis through the recently identified
mechanism that involves down-regulation of transcription
factor PPARYy (peroxisome proliferators-activated receptor y)
expression [30]. The second crucial hormone for skeletal
development and maintenance is 1,25-dihydroxyvitamin D,
which is involved in the regulation of calcium and phospho-
rus metabolism and inhibits PTH synthesis. There is clear
evidence that effects of 1,25-dihydroxyvitamin D; on oste-
oblasts growth and differentiation are mediated by binding
to its nuclear receptor (VDR). This stimulates the synthesis
of bone-specific proteins such as ALP and osteocalcin.
Moreover, 1,25-dihydroxyvitamin D;, administered to ma-
ture osteoblasts, may promote their further maturation [31].
To compare, in culture model the primary human osteoblasts
respond to the presence of ascorbic acid in culture medium by
increasing of the level of Col | and ALP mRNAs expression.
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Furthermore, 1a,25-dihydroxycholecalciferol and dexam-
ethasone (a synthetic glicocorticosteroid) administered dur-
ing the proliferation stage of HBDCs result in the inhibition
of cell proliferation and up-regulating of osteogenic specific
marker expression (Col |, ALP, and OC). As a result the rate
of the cells differentiation is augmented.

Bone is also under control of adipose tissue, which modu-
lates its metabolism via different adipocytokines, for example
leptin. There are two opposing mechanisms, which could
explain leptin’s effects on regulation of bone metabolism.
Firstly, leptin can act locally to promote the development
of osteoprogenitor cells and increase bone formation by
activation of osteoblasts. Secondly, leptin may work through
the central nervous system via activation of B-2 adrenergic
receptors, what results in increasing bone resorption and
decreasing osteoblasts activity [32].

Bone formation and bone healing processes depend
on the impact of various growth factors directly involved in
osteoblasts response. The main growth factors that control
thebone formation are FGF-2, FGF receptor-2 (FGFR-2),
and BMP-2. BMP-2 is a member of TGF superfamily that
stimulates osteoblasts differentiation by signal transduction
via three BMP receptors (BMPR-IA, -IB and -Il). Increasing
of expression level of BMPR-IB in osteoblasts was found
to be associated with the significant up-regulation of Cbfa1
and ALP transcripts, as well as ALP enzymatic activity [5].
Since recombinant human BMP-2 (rhBMP-2) became avail-
able, many animal studies have been performed examining
the induction of bone formation following implantation of
rhBMP-2 using of various carriers [33]. Numerous reports
from animal studies and cell culture models confirm the
special role of FGF-2 and BMP-2, in bone development as
well as in proliferation, differentiation, and apoptosis of hu-
man osteoblasts [34-36]. The mechanism of action of these
compounds is based mainly on the involvement of adhesion
molecules (N-cadherin, IL-1) and signaling pathways (via
kinases such as Src, PKC) in osteoblasts. Protein kinase C
activated by FGF-2 or FGFR-2 causes an increase in
N-cadherin expression. As a result of N-cadherin up-regu-
lation, intercellular adhesion is increased and transcrip-
tion level of specific bone genes formation such as ALP,
osteocalcin, and Col | is changed. BMP-2 activates Smad1
signaling pathway, which results in increasing of PKC and
Cbfa1/Runx2 expression (critical transcription factor of
osteoblastogenesis). In contrast, transcription of another
molecules such as caspases 9 and 3 is associated with
increased apoptosis of human osteoblasts [37]. Moreover,
Spector et al. showed that recombinant human FGF-2
alters osteoblastic expression of BMP-2 and Msx-2 (os-
teogenic transcription factor) in vitro, to favor the cellular
differentiation and osteoinduction. The ERK1/2 intracellular
signaling cascade was shown to be necessary for rhFGF-
2-mediated BMP-2 transcriptional changes. Furthermore,
the cellular production of an intermediate transcriptional
modifier was found to be necessary for the rhFGF-2 medi-
ated gene expression changes in BMP-2 and Msx-2 [38].
These findings offer a new insight into the mechanisms,
by which FGF-2 modulates osteoblasts behavior. Growth
factors are not specific for one type of tissue and they may
influence on the several cell types and organs in the body.
Due to this fact and the high potency of BMPs (BMP2,
BMP7) to form ectopic bone in different tissues, a local
and controlled delivery of the growth factor is necessary.
To stimulate the healing process in bone the following ap-
plication methods have been used for local growth factor
delivery: (1) in vivo delivery of DNA encoding BMP2, (Il) ex
vivo gene therapy, (lll) various carrier systems for direct
protein application which is more frequently used [37].

On the other hand, transcriptome assay experiments re-
vealed that signaling pathways induced by platelet derived
growth factor (PDGF), TGF-B, and FGF are important for
the differentiation of bone marrow-derived mesenchymal
stem cells into osteogenic cell lineages. Furthermore, PDGF
and FGF induce osteoblasts proliferation, whereas IGF and
TGF-B promote osteoblasts differentiation [39].

The recent study performed by Naot et al., focuses on the
mechanisms mediating in the proliferative effects of lactofer-
rin on osteoblasts. Lactoferrin is an iron-binding glycoprotein
present for example in milk, and serves as an osteoblasts
survival factor. Reserach conducted by Noat established
that lactoferrin acts as a growth factor and has anabolic
activity in bone both in vitro and in vivo. Lactoferrin induces
proliferation of primary osteoblasts and osteoblastic cell
lines, promotes osteoblasts differentiation in vitro and acts
as a survival factor, protecting osteoblasts from apoptosis in-
duced by serum withdrawal. Lactoferrin can also inhibit bone
resorption by inhibiting osteoclasts development and activity.
Local injection of lactoferrin over hemicalvaria of adult mice
leads to a significant increase in bone area as well as bone
formation rate and mineral apposition rate [40].

The role of osteoblasts in the regulation of osteogenesis is
complex, but still partially unknown. The accurate knowledge
of growth factors action for these cells or other a little known
signaling molecules involved in the process of osteoblasts
maturation, requires a more extensive experimental work.
It also seems that the interaction and a balance between
the various regulatory factors is extremely important for bet-
ter understanding the overall role and behavior of human
osteoblasts in osteogenesis in vitro.

Conclusions

Despite the continuing research on the process of forma-
tion, maturation, and functioning of osteoblasts, still little is
known about their interactions, relationship, and mecha-
nisms, by which transcriptional factors, growth factors,
hormones, and others molecules (in particular the adhesion
proteins: e.g., N-cadherin, connexin) regulate the processes
of osteogenesis and osseointegration. Understanding the
mechanisms regulating bone formation in culture conditions,
bone healing and its metabolism would open new opportuni-
ties for treating bone diseases and give a real insight into its
pathomechanism. From the clinical point of view, especially
in cases of bone tissue substitution, understanding the bio-
logical interactions between the implantation material used
in bone regenerative medicine and the activity of the patient
cells is very important. It would also allow controlling of bone
metabolism in living cells used to regenerate human bone
tissue with tissue engineering methods.

Thus, the behavior of osteoblasts as the bone-forming
cells in the osteogenesis and osseointegration still needs
to be experimentally elucidated. Further examination of the
biological mechanisms underlying bone healing, and the role
of the osteoblasts will give not only the possibility of clinical
utilization of controlled bone regeneration in the future, but
also may give a new hope to orthopaedic patients.

Acknowledgments

This work was supported in part by research grants: No.
N N302157037 from the Polish funds for scientific research
in 2009-2012 (for Matgorzata Witkowska-Zimny), and
grant No. 3 TO8A 001 30 from Polish Ministry of Science
and Higher Education (for Edyta Wrobel). Special thanks
to Professor Jacek Przybyiski for his critical reading and
helpful comments.



References

[1] Kassem M., Abdallah B.M., Saeed H.: Osteoblastic cells:
differentiation and trans-differentiation. Arch Biochem Biophys 473
(2008) 183-187.

[2] Raggatt L.J., Partridge N.C.: Cellular and molecular mechanisms
of bone remodeling. J Biol Chem 285 (2010) 25103-25108.

[3] Miron R.J., Hedbom E., Ruggiero S., Bosshardt D.D., Zhang Y.,
Mauth C., GemperliA.C., lizuka T., Buser D., Sculean A.: Premature
osteoblast clustering by enamel matrix proteins induces osteoblast
differentiation through up-regulation of connexin 43 and N-cadherin.
PLoS One 6 (2011) e23375.

[4] Jayakumar P., Di Silvio L.: Osteoblasts in bone tissue enginee-
ring. Proc Inst Mech Eng H 224 (2010) 1415-1440.

[5] Singhatanadgit W., Olsen |.: Endogenous BMPR-IB signaling
is required for early osteoblast differentiation of human bone cells.
In Vitro Cell Dev Biol Anim 47 (2011) 251-259.

[6] Wozniak P., Bil M., Ryszkowska J., Wychowanski P., Wrobel E.,
Ratajska A., Hoser G., Przybylski J., Kurzydlowski K.J., Lewan-
dowska-Szumiel M.: Candidate bone-tissue-engineered product
based on human-bone-derived cells and polyurethane scaffold.
Acta Biomater 6 (2010) 2484-2493.

[7]Albrektsson T., Johansson C.: Osteoinduction, osteoconduction
and osseointegration. Eur Spine J 10 Suppl 2 (2001) S96-101.
[8] Caetano-Lopes J., Canhao H., Fonseca J.E.: Osteoblasts and
bone formation. Acta Reumatol Port 32 (2007) 103-110.

[9] Baek W.Y., Lee M.A., Jung J.W., Kim S.Y., Akiyama H.,
De Crombrugghe B., Kim J.E.: Positive regulation of adult bone
formation by osteoblast-specific transcription factor osterix. J Bone
Miner Res 24 (2009) 1055-1065.

[10] Witkowska-Zimny M, Wrébel E, Przybylski J. The most impor-
tant transcriptional factors of osteoblastogenesis. Advances in Cell
Biology 2 (2010) 17-28.

[11] Krane S.M.: Identifying genes that regulate bone remodeling as
potential therapeutic targets. J Exp Med 201 (2005) 841-843.

[12] Fu J, Zhang J, Zhang X, Sun Y. Upregulated expression of
RANKL on bone marrow stromal cells can stimulate osteoclast pre-
cursors to mature into functional osteoclasts and promote survival
of myeloma cells. Arch Med Sci 4 (2008) 233-241.

[13] Lombardi G., Di Somma C., Vuolo L., Guerra E., Scarano E.,
ColaoA.: Role of IGF-1 on PTH effects on bone. J Endocrinol Invest
33 (2010) 22-26.

[14] Nakahama K.: Cellular communications in bone homeostasis
and repair. Cell Mol Life Sci 67 (2010) 4001-4009.

[15] Hay E., Laplantine E., Geoffroy V., Frain M., Kohler T., Muller R.,
Marie P.J.: N-cadherin interacts with axin and LRP5 to negatively
regulate Wnt/beta-catenin signaling, osteoblast function, and bone
formation. Mol Cell Biol 29 (2009) 953-964.

[16] Kii I., Amizuka N., Shimomura J., Saga Y., Kudo A.: Cell-cell
interaction mediated by cadherin-11 directly regulates the differen-
tiation of mesenchymal cells into the cells of the osteo-lineage and
the chondro-lineage. J Bone Miner Res 19 (2004) 1840-1849.
[17]Wongdee K., Pandaranandaka J., TeerapornpuntakitJ., TudporK.,
Thongbunchoo J., Thongon N., Jantarajit W., Krishnamra N., Cha-
roenphandhu N.: Osteoblasts express claudins and tight junction-
associated proteins. Histochem Cell Biol 130 (2008) 79-90.

[18] Civitelli R., Beyer E.C., Warlow P.M., Robertson A.J.,
Geist S.T., Steinberg T.H.: Connexin43 mediates direct intercellular
communication in human osteoblastic cell networks. J Clin Invest
91 (1993) 1888-1896.

[19] Prele C.M., Horton M.A., Caterina P., Stenbeck G.: Identification
of the molecular mechanisms contributing to polarized trafficking in
osteoblasts. Exp Cell Res 282 (2003) 24-34.

[20] Chang M.K., Raggatt L.J., Alexander K.A., Kuliwaba J.S.,
Fazzalari N.L., Schroder K., Maylin E.R., Ripoll V.M., Hume D.A.,
Pettit A.R.: Osteal tissue macrophages are intercalated throughout
human and mouse bone lining tissues and regulate osteoblast fun-
ction in vitro and in vivo. J Immunol 181 (2008) 1232-1244.

[21] Wiodarski K.: Histogeneza tkanki kostnej. Czas. Stomatol 62
(2009) 282-292.

[22] Kuzyk P.R., Saccone M., Sprague S., Simunovic N., Bhandari M.,
Schemitsch E.H.: Cross-linked versus conventional polyethylene
for total hip replacement: a meta-analysis of randomised controlled
trials. J Bone Joint Surg Br 93 (2011) 593-600.

[23] Branemark R., Branemark P.I., Rydevik B., Myers R.R.: Osseo-
integration in skeletal reconstruction and rehabilitation: a review.
J Rehabil Res Dev 38 (2001) 175-181.

[24] Wrobel E., Witkowska-Zimny M., Przybylski J.: Biological
mechanisms of implant osseointegration. Ortop Traumatol Rehabil
12 (2010) 401-409.

[25] Maciejewska |., Nowakowska J., Bereznowski Z.: Osteointegra-
tion of titanium dental implants: phases of bone healing. A review
article. Protet. Stomatol 3 (2006) 214-219.

[26] Boyan B.D., Sylvia V.L., Liu Y., Sagun R., Cochran D.L.,
Lohmann C.H., Dean D.D., Schwartz Z.: Surface roughness mediates
its effects on osteoblasts via protein kinase A and phospholipase A2.
Biomaterials 20 (1999) 2305-2310.

[27] Kos M, tuczak K, Klempous R. Contemporary views on the
mechanisms of bone tissue healing. Adv Clin Exp Med 11 (2002).
[28] De Villiers Tj. Bone health and osteoporosis in postmenopausal
women. Best Pract Res Clin Obstet Gynaecol. 23 (2009) 73-85.
[29] Mysliwiec J., Zbucki R., Nikolajuk A., Mysliwiec P., Taranta A.,
Kaminski K., Bondyra Z., Dadan J., Gorska M., Winnicka M.M.:
Role of interleukin-6 on RANKL-RANK/osteoprotegerin system
in hypothyroid ovariectomized mice. Folia Histochem Cytobiol 48
(2010) 549-554.

[30] Kousteni S., Bilezikian J.P.: The cell biology of parathyroid
hormone in osteoblasts. Curr Osteoporos Rep 6 (2008) 72-76.
[31] Maruotti N., Corrado A., Grano M., Colucci S., Cantatore F.P.:
Normal and osteoporotic human osteoblast behaviour after 1,25-
dihydroxy-vitamin D(3) stimulation. Rheumatol Int 29 (2009) 667-672.
[32] Lamghari M., Tavares L., Camboa N., Barbosa M.A.: Leptin
effect on RANKL and OPG expression in MC3T3-E1 osteoblasts.
J Cell Biochem 98 (2006) 1123-1129.

[33] Wang L., Huang Y., Pan K., Jiang X., Liu C.: Osteogenic
responses to different concentrations/ratios of BMP-2 and bFGF
in bone formation. Ann Biomed Eng 38 (2010) 77-87.

[34] Bosetti M., Boccafoschi F., Leigheb M., Cannas M.F.: Effect of
different growth factors on human osteoblasts activities: a possible
application in bone regeneration for tissue engineering. Biomol Eng
24 (2007) 613-618.

[35] Kaewsrichan J., Wongwitwichot P., Chandarajoti K., Chua K.H.,
Ruszymah B.H.: Sequential induction of marrow stromal cells by
FGF2 and BMP2 improves their growth and differentiation potential
in vivo. Arch Oral Biol 56 (2010) 90-101.

[36] Maegawa N., Kawamura K., Hirose M., Yajima H., Takakura Y.,
Ohgushi H.: Enhancement of osteoblastic differentiation of me-
senchymal stromal cells cultured by selective combination of bone
morphogenetic protein-2 (BMP-2) and fibroblast growth factor-2
(FGF-2). J Tissue Eng Regen Med 1 (2007) 306-313.

[37] Marie P.J., Debiais F., Hay E.: Regulation of human cranial
osteoblast phenotype by FGF-2, FGFR-2 and BMP-2 signaling.
Histol Histopathol 17 (2002) 877-885.

[38] Spector J.A., Mathy J.A., Warren S.M., Nacamuli R.P.,
Song H.M., Lenton K., Fong K.D., Fang D.T., Longaker M.T.: FGF-2
acts through an ERK1/2 intracellular pathway to affect osteoblast
differentiation. Plast Reconstr Surg 115 (2005) 838-852.

[39]1Ng F., BoucherS., Koh S., SastryK.S., Chase L., Lakshmipathy U.,
Choong C., Yang Z., Vemuri M.C., Rao M.S., Tanavde V.:
PDGF, TGF-beta, and FGF signaling is important for differentiation
and growth of mesenchymal stem cells (MSCs): transcriptional
profiling can identify markers and signaling pathways important in
differentiation of MSCs into adipogenic, chondrogenic, and osteo-
genic lineages. Blood 112 (2008) 295-307.

[40] Naot D., Chhana A., Matthews B.G., Callon K.E., Tong P.C.,
Lin J.M., Costa J.L., Watson M., Grey A.B., Cornish J.: Molecular
mechanisms involved in the mitogenic effect of lactoferrin in osteo-
blasts. Bone 49 (2011) 217-224.

7

MATERIALS

-

Bl



8

BI® MATERIALS

PREPARATION AND
CHARACTERIZATION

OF DRUG DELIVERY CARRIERS
FOR LOCAL ADMINISTRATION
OF SODIUM ALENDRONATE

UrszuLA Posapowska! ANA MoReIRA"2, RiTA MARTINS'?,
ELzBIETA PAMULA™*

TAGH UNIVERSITY OF SCIENCE AND TECHNOLOGY,

FacuLty oF MATERIALS SciENCE AND CERAMICS,

DEPARTMENT OF BIOMATERIALS,

AL. Mickiewicza 30, 30-059 Krakow, PoLAND

2 UNIVERSITY OF PoRrTO, FACULTY OF ENGINEERING,

Rua DR. RoBeRTO FRIAsS, s/N, 4200-465 PorTo, PORTUGAL
* E-MAIL: EPAMULA@AGH.EDU.PL

Abstract

Osteoporosis is often treated with the use of sodium
alendronate — a drug that inhibits osteoclast-mediated
bone resorption and regulates rate of bone turnover.
However the disadvantage of oral administration of
sodium alendronate is poor drug absorption from the
gastrointestinal track and severe adverse effects.
Therefore we propose local sustained drug delivery
systems based on poly(lactide-co-glycolide) (PLGA)
micro- and nanocarriers, which can be administered
directly by simple injections to the required place
in the body. In this study we encapsulated sodium
alendronate into PLGA micro- and nanospheres via a
double-emulsification technique. Emulsion formation
in different shear rate conditions was used to optimize
the size of the carriers. The prepared microspheres
were observed under an inverted optical microscope
which confirmed their micrometric size. The nanosphe-
res were analyzed by atomic force microscopy, which
allowed visualization of their shape and measurement
of their size. Moreover the hydrodynamic diameter of
the nanospheres, polydispersity index as well as zeta
potential were examined by dynamic light scattering.
The experiments show that drug release does not
depend on the size of the carriers. Analyzed carriers
do not cause cytotoxicity upon contact with osteoblast
like-cells.

Keywords: nanocarriers, microcarriers, poly(lactide-
co-glycolide) (PLGA), osteoporosis, controlled drug
delivery, sodium alendronate

[Engineering of Biomaterials 119 (2013) 8-12]

Introduction

Sodium alendronate (4-amino-1-hydroxybutylidene-1,1-
bisphosphonic acid, sodium trihydrate, SA) (FIG. 1), is a
potent amino-bisphosphonate that has undergone extensive
clinical development for the treatment of osteoporosis and
other skeletal disorders [1]. The four-carbon amino side
chain of alendronate permits effective inhibition of osteo-
clast-mediated bone resorption [2]. Therefore, treatment with
alendronate specifically inhibits increased bone resorption
and thereby normalizes the rate of bone turnover.

HOJCFf (lljl,ONa
“OH

HoN OH

* 3H20

FIG. 1. Chemical formula of sodium alendronate.

Since oral administration is the most preferred for chronic
drug therapy, the major disadvantage of the clinically utilized
sodium alendronate is its poor absorption (less than 1% of
the oral dose) from the gastrointestinal tract. In addition, the
administration of sodium alendronate has been associated
with severe adverse effects such as fever or stomach ulcers
in humans [3]. Hence, it would be advantageous to replace
systemic treatment by a local delivery system.

Drug-delivery systems are one of the most promising
application fields in human health care and represent a con-
tinuously evolving field of biomedical materials science [4].
Generally, there have been two major issues in the fabrica-
tion of drug delivery systems: site specificity for the desired
tissue and the duration time of the circulation of the drug
carrier [5]. The challenge for novel drug delivery systems
is to overcome these limitations in order to achieve optimal
local absorption and bioavailability [6]. Local drug delivery
systems can reduce side-effects, improve the efficacy of
existing drugs and open the possibility of entire classes
of new treatments. Such combined systems are able to
precisely control the timing of drug release by adjusting the
properties of the carriers [7].

Synthetic polymers are often used to produce drug
delivery systems. For example, biodegradable poly(lactide-
co-glycolide) (PLGA) is regarded as one of the most bio-
compatible materials used to prepare drug carriers. Different
drug release profiles can be achieved by varying molecular
weight, copolymer ratio, drug-loading, particle size and po-
rosity and manufacturing conditions [8]. PLGA as a potent
matrix for alendronate local administration has already been
tested e. g. in the form of PLGA/PDLA/methoxyPEG films
[9] or PLGA/hydroxyapatite blends [10].

The aim of this study was to design the method of sodium
alendronate encapsulation in PLGA micro- and nanocarri-
ers for their local delivery and sustained release. To this
end a double-emulsification technique was applied and the
resulting carriers were characterized from the point of view
of their size, morphology, surface properties, drug loading ef-
ficiency and release. Finally, biological tests were conducted
using MG63 osteoblast-like cells to evaluate cell viability,
distribution and morphology in the presence of the produced
particles and the solution into which drugs were released.

Materials and Methods

Materials

Poly(L-lactide-co-glycolide) (PLGA, 85:15, Mn = 80 kDa,
d = 1.9), synthesized by a ring-opening polymerization in
bulk at 100°C with Zr(acac), initiator [11] was kindly provided
by Prof. P. Dobrzynski from the Centre of Polymer and Car-
bon Materials of the Polish Academy of Sciences in Zabrze,
Poland. Sodium alendronate (batch no.: 504041227) was
a gift from Polpharma (Poland).



Preparation of PLGA micro- and nanoparticles

The PLGA particles were fabricated using a double emul-
sification water/oil/water technique. An aqueous solution of
sodium alendronate (0.88 mg/mL) was emulsified in a 10%
(w/v) PLGA polymer solution in dichloromethane, forming
the primary (water/oil) emulsion. The primary emulsion was
then introduced into an aqueous solution with a stabilizer,
4% polyvinyl alcohol (PVA, Mowiol 4-88, Mn = 31 kDa)
in UHQ-water and shear stress was applied, forming the
secondary (water/oil/water) emulsion.

The shearing rate involved during the second emulsifi-
cation stage controlled the size of the formed droplets and
thereby the final size of the polymeric particles. Therefore,
in order to produce nanoparticles, an ultrasonication via
ultrasonic probe (Sonics VibraCellTM, USA, condition: 40%
of the cycle) was used, whereas in the case of microparticles
production a mechanical stirring on electromagnetic agita-
tor at 1000 rpm was used. Afterwards, the emulsions were
kept on an electromagnetic stirrer, in order to evaporate the
dichloromethane. Then sodium alendronate-loaded nano- or
microparticles (depending on the shear rate applied) were
submitted to centrifugation, multistep washing process in
UHQ-water and vacuum-drying.

Surface properties characterization

The dry particles were resuspended in 2 mL of UHQ-
water using the ultrasonic bath (Polsonic® Sonic-3) for 15 min
without heating.

The microparticles’ size and topography were evaluated
using an inverted optical microscope (Axiovert Zeiss) in the
interference mode and with the AxioVision Software the size
of the particles was measured.

Nanoparticles’ shape was observed with atomic force
microscopy (AFM, Thermomicroscopes, Explorer, Veeco).
To achieve a better distribution of the nanoparticles during
the measurements, the samples were 10 times diluted. The
images were recorded in air using Si;N, tips with a nominal
radius of curvature of 30 nm (NanoProbeTM tips) in contact
mode with a spring constant of 0.1 N/m. The proportional,
integral and derivative parameters of the feedback mecha-
nism applied to adjust the tip-to-sample distance, in order
to keep a constant force between the tip and the sample,
were 1, 0.3 and 0, respectively. Scan areas of 2 ym x 2 ym
and of three random places with a 300 resolution (300 x
300 pixels) were recorded at a scan rate of 6 pm/s. All the
images were flattened and treated to remove any artifacts
using the software SPMLab6.0.2 Explorer.

Size distribution, zeta potential and polydispersity of
nanoparticles were analyzed using dynamic light scattering
(Zetasizer Nano ZS - Malvern Instrument).

Drug loading and in vitro release

In order to measure the amount of sodium alendronate
in micro- and nanoparticles, a UV-spectrophotometry tech-
nique (CECIL CE2502, 2000 Series at 332 nm) with the
o-phthaldialaldehyde (OPA) method was used.

The experiments on drug release from the carriers were
carried out by diffusion through semipermeable membrane
and spectrophotometric quantitative analysis of sodium al-
endronate with OPA. In brief, dried particles were introduced
in a membrane with MWCO (molecular weight cut off) of
12 kDa (ZelluTrans/Roth T3 made of regenerated cellulose)
previously washed with UHQ-water. The membranes with
the samples were transferred to the flasks containing 10 mL
of UHQ-water and 1 mM of nitric acid on the electromagnetic
stirrer at 50 rpm. The release samples were collected for 7
days (every 3 h in the first three days, twice on the fourth
day and once on days 5, 6 and 7).

Biological tests

Cell culture studies were performed using MG63 os- ® @ @ e ® @ o

teoblast-like cells (European Collection of Cell Cultures,
Salisbury, UK). These cells were seeded on 24-well plates
(Tissue Culture Plate, Sarstedt, USA) at a density of
1.5-10* cells/cm? and cultured in MEM with Earle’s Salts
(supplemented with 10% FBS, 1% penicilin/streptomicin,
2 mM L-glutamine) at 37°C under 5.0% CO, atmosphere.
One day later, the medium was substituted by 1 mL of new
medium and solution from the sodium alendronate release
assay at a 8:2 v/v ratio. For cell culture studies, the release
solutions were collected after 1, 3 and 7 days. After the fol-
lowing day of cell culture, the supernatants were collected
to assess the nitric oxide (NO) level by the Griess method,
the cells were stained using Hematoxylin and Eosin (H&E)
and their viability was analyzed by the MTT test. Tissue
culture polystyrene (TCPS, i.e. bottom of the well plates)
was used as a control.

Statistics

The results are shown as mean + SEM (standard error
of the mean). Statistical analysis was performed using
a distribution t-test with SPSS (Statistical Package for the
Social Sciences) software. Significant differences were as-
sumed at p* < 0.05.

Results and Discussion

The shape and size of the microparticles were evalu-
ated using an inverted optical microscope with AxioVision
software. FIG. 2 A and 2 B display the morphology of
unloaded and sodium alendronate loaded microparticles.
It can be noticed that all unloaded particles (FIG. 2 A) display
a black color, whereas in FIG. 3 B almost all microparticles
show greater transparency. These results can lead us to
distinguish loaded from unloaded microparticles from their
transparency. Based on the provided software it was pos-
sible to measure the size of the microparticels. Thus, the
sodium alendronate unloaded micropaticles’ average diam-
eterwas 8.7 um £ 1.8 ym, while the loaded particles showed
a significantly higher diameter of 15.3 ym + 6.1 pm.

Sodium alendronate loading efficiency in the micropar-
ticles (which reflects the mass of drug incorporated into
the particles in relation to the mass of drug initially added
to the system), was 50% % 5%. This means that it is desir-
able to improve this parameter, by changing, in the future
experiments for example, concentration of PVA in the ex-
ternal aqueous phase or providing higher ionic strength by
addition of NaCl [12].

The morphology and size distribution, zeta potential and
polydispersity of the nanoparticles were evaluated with the
use of atomic force microscopy and dynamic light scatter-
ing, respectively. FIG. 3 A and B show the 2 pm x 2 ym
three-dimensional AFM pictures of unloaded and loaded
nanoparticles, which confirm their nanometric size and
spherical shape. In FIG. 3 C and D the size distribution of
unloaded and loaded nanoparticles as measured by DLS is
also presented. The results show that particles’ diameter is
in the range of 100 nm to 600 nm, in both cases. TABLE 1
summarizes the results obtained by the DLS method. The
average diameter of unloaded and loaded nanoparticles is
very similar, 252 + 5 nm and 241 + 8 nm, respectively. PLGA
nanoparticles produced have a polydispersity in the standard
range, 0.219 + 0.011 for unloaded and 0.194 + 0.016 for so-
dium alendronate loaded nanoparticles. The results of zeta
potential distribution show negative values in both cases
that are due to the negative charges of the polymer [13].

9
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FIG. 2. Inverted optical microscopy pictures of A — unloaded microparticles and B — loaded microparticles.
Magnification 40x. Scale bar 20 pm.
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FIG. 3. Three dimensional AFM topography pictures (A, B) and size distribution (C, D) of - unloaded nanoparticles
- UJ (A, C) and - loaded nanoparticles (B, D).

TABLE 1. Properties of PLGA nanoparticles unloaded and loaded with sodium alendronate.

Diameter Polydispersity Zeta Potential
o I (nm) (mV)
ﬁ Unloaded 252+5 0.219 £ 0.011 -149+0.4
< E I Loaded 241 +8 0.194 £ 0.016 -16.6 + 0.1 I
(D >
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Zeta potential plays an important role in the chemical proper- 11
ties of the interface between solid and liquid and is character- 000000
ized by the result of an electric double-layer, an electric po-
tential across the surface of the material. The magnitude of
zeta potential reflects the magnitude of charges absorbed by
the solid [14]. Therefore, zeta potential values are negative
due to the negative charge of the PLGA[13] and confirm that
the sodium alendronate is situated inside the carriers and
not on their surface. If this drug was on the surface the zeta ] /" Microspheres
potential value should have been approximately -5 mV [15]. 0.04 L
The absolute value of zeta potential obtained can also 1
indicate that the particles produced have an acceptable 0.02
short-term stability [16]. 1

Spectroscopic evaluations of drug concentration in sur- 0.00 +——— ‘ . . .
rounding medium show sustained linear release of sodium Jordbe s s g o B B
alendronate during the three days of the experiment (FIG. 4). Days
Afterwards the log phase was achieved. Interestingly,
release kinetics was the same for both nano- and micro- FIG. 4. Release of sodium alendronate from PLGA
spheres, what indicates that the size of particles does not nano- and microspheres measured by OPA method.
influence release profile. Further it may be concluded that
drug release from PLGA carriers seems to be Fickian diffu-
sion controlled, not degradation controlled. In other words, #
the drug release is mainly governed by the rate of dissolu- 0 Y 0 mDay1
tion of the alendronate through complex porosities of the ;. 'p 0?27 i Day3
PLGA material [17]. " HEH B By

FIG. 5 shows the absorbance values of MTT test (FIG. ‘
5 A) and nitric oxide concentration (FIG. 5 B) for MG63
osteoblast-like cells cultured for 1, 3 and 7 days in release ‘
solution (R) of micro- (M) and nanoparticles (N), loaded (+)
and unloaded (-) with sodium alendronate and also cultured ‘
for one day with loaded and unloaded nanoparticles (N+
and N-). On day 1, the viability of cells in all conditions of RM+ RM- RN+ RN- N+ N- TCES
culture was similar or higher than on TCPS. After 3 days
of culture, the cell viability increased in almost all condi-
tions (RM+, RM-, RN+) and decreased in RN- sample but
to a similar value as the control. On day 7, in conditions
RM- and RN- the cell viability increased and in conditions
RM+ and RM- decreased. It is worth noting that changes
in cells viability measured in all conditions and for all days
were always similar or higher than the viability on TCPS.
Since this material is probably the most appropriate for
cell culture, it is possible to verify that both release solu-
tions from micro- and nanoparticles, loaded or unloaded,
do not influence negatively cell viability. The presence of | |
nanoparticles also does not influence viability of cells. For RM+ RM- RN+ RN- Nt  N- Mediom TCPS
all materials and culture times studied the concentration of
nitric oxide was similar to that of control TCPS, suggesting
that the nano-and microparticles or release solution do not
have cytotoxic effects on MG63 cells (FIG. 5 B).

FIG. 6 presents the pictures obtained under an inverted
?pttl_call mlzr;)sc%pfe V,:/:'Ch Sty thaft ttr?e N:G63 celllst_ef— nanoparticles (N), loaded (+) and unloaded with
ectively adhered In e presence ot the re‘ease solution sodium alendronate as well as with nanoparticles
or PLGA nanoparticles, WhICh’ were loaded with sodium loaded (N+) and unloaded (N-). TCPS was used as
alendronate or unloaded. Cells’ morphology was the same control. 0 Significant differences as compared with
as that on reference TCPS. TCPS control, * Significant differences between re-

lease solution of nano- and microparticles loaded
and unloaded (p<0.05).
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FIG. 5. Absorbance values of the MTT assay (A)
and nitric oxide concentration (NO) (B) performed
on MG63 osteoblast-like cells cultured for 1, 3 and
7 days in release solution (R) of micro- (M) and
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FIG. 6. Morphology of MG63 osteoblast-like cells
cultured for 1 day in release solution (R) of micro-
(M) and nanoparticles (N), loaded (+) and unloaded
with sodium alendronate as well as with loaded
(N+) and unloaded (N-) Nanoparticles. TCPS was
used as control.

Conclusions

In this study the encapsulation of sodium alendronate into
PLGA micro- and nanoparticles via a double-emulsification
technique and analysis of the particles’ physicochemical and
biological properties were performed. Optical microscopy
and atomic force microscopy evaluations confirmed that by
changing the shear stress applied to the second emulsion of
the particles’ fabrication process it is possible to change the
size of the produced carriers. The results of zeta potential
show that sodium alendronate is incorporated inside the
particles, since loaded and unloaded samples have similar
values of surface charge. Moreover it was found that the
micro- and nanospheres obtained show sustainable release
of the drug during short-term studies. Finally, the biological
tests lead us to conclude that incubation of osteoblast-like
cells in nanoparticles or release solutions from both nano-
and microcarriers has no negative effect on cell morphology,
adhesion and proliferation.
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Streszczenie

Analizie poddano 9 owiec z gatunku owca wrzo-

Abstract

sOéwka — Sredni wiek owiec 5 lat. Zwierzeta podzielone
zostaty na 3 grupy, po 3 w kazdej. U wszystkich owiec
dokonano przeciecia trzonu ko$ci podudzia stabilizu-
jac odtamy stabilizatorem Carboelastofix. W grupie
pierwszej, kontrolnej, nie stosowano ani stymulacji
mechanicznej ani biochemicznej. W grupie drugiej za-
stosowano stymulacje mechaniczng wzbudnikiem pie-
zoelektrycznym mocowanym do no$nika stabilizatora
zewnetrznego. W grupie trzeciej zastosowano stymu-
lacje mechanicznq oraz dodatkowo S$rédoperacyjnie
podane zostato do szczeliny ztamania autogenne 0so-
cze bogatoptytkowe. Analiza zrostu prowadzona byta
na podstawie zdje¢ rentgenowskich wykonywanych
w 2, 5i 8 tygodniu po operacji. Po zakoriczeniu eks-
perymentu zwierzeta zostaty usmiercone, a powstata
wokot szczeliny ztamania kostnina zostata poddana
badaniu histologicznemu oraz analizie w badaniu
mikrotomografii komputerowe.

We wszystkich trzech grupach uzyskano zrost
kostny. Analiza gestoSci tworzacej sie kostniny prowa-
dzona na postawie badar obrazowych nie wykazata
znamiennych réznic pomiedzy badanymi grupami,
Jjednakze gestoSci tworzgcej sie kostniny w grupie ze
stymulacjg mechaniczng byta najnizsza. Autorzy do-
wodzg tym samym, Ze przy zastosowaniu elastyczne-
go stabilizatora umozliwiajgcego mikroruchy poosiowe
w szczelinie ztamania podczas naturalnego obcigzania
konczyny, efekt dodatkowej stymulacji mechanicznej
jest nie istotny dla poprawienia jako$ci formujgcego
sie zrostu kostnego. Osocze bogatoptytkowe w przy-
padku prawidtowo postepujgcego zrostu ztamania nie
wptywa na jakoS¢ tworzgcej sie kostniny.

Stowa kluczowe: gojenie ztamania, czynniki wzrostu,
stabilizator zewnetrzny

[Inzynieria Biomateriatow 119 (2013) 13-20]

9 Wrzosowka sheep were analyzed — average age:
5 years. The animals were divided into three groups,
each with 3 sheep. All the sheep underwent the cutting
of the shin stem and the fractions were stabilized with
the Carboelastofix stabilizer. In the first, control group,
no mechanical or biochemical stimulation was per-
formed. In the second group, mechanical stimulation
was applied, with the use of a piezoelectric inductor,
mounted in the carrier of the external stabilizer.
The third group involved the application of mechanical
stimulation and, additionally, autogenic platelet-rich
plasma was mid-surgically applied in the fracture gap.
The growth analysis was performed on the basis of the
X-ray pictures taken in the 2™, 5 and 8" week after
the surgery. After the experiment had been finalized,
the animals were put to death, and the callus formed
around the fracture was histologically examined and
analyzed in a computer microtomography test.

All the three groups involved bone growth. The
analysis of the density of the forming callus performed
on the basis of the imaging examinations did not exhi-
bit significant differences between the tested groups;
however, the density of the forming callus in the group
involving mechanical stimulation was the lowest. In this
way, the authors prove that, with the application of an
elastic stabilizer enabling axial micromovements in the
fracture during the natural limb load, the effect of the
additional mechanical stimulation is insignificant for the
improvement of the quality of the forming bone growth.
The platelet-rich plasma, in the case of the proper fractu-
re growth, does not affect the quality of the forming limb.

Keywords: fracture healing, growth factors, external
stabilizer

[Engineering of Biomaterials 119 (2013) 13-20]
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Celem projektu byto zbadanie efektéw stymulacji gojenia
kosci dtugich drganiami mechanicznymi o matej amplitudzie
i czestotliwosciach ponizej 100 Hz oraz kliniczne zbadanie
synergicznego efektu rownoczesnie stosowanych stymulaciji
mechanicznej i biochemicznej czynnikami wzrostu. Osteo-
genny efekt roznych oddziatywan mechanicznych, jak i bio-
chemicznych jest poparty dowodami zaréwno eksperymen-
talnymi, jak i klinicznymi [1-3]. Praktyka kliniczna pokazuje,
ze diugotrwate odcigzenie i brak stymulacji mechanicznej
moze prowadzi¢ do opdznienia gojenia ztamania kosci lub
nawet do braku zrostu [4]. Do eksperymentu wykorzystano
nowatorski, zewnetrzny stabilizator weglowy Carboelastofix,
ktory znalazt juz zastosowanie w badaniach klinicznych [5].
Zaletg stabilizatora jest mozliwo$¢ mechanicznego oddzia-
tywania na postepujacy zrost kostny przez dostosowanie
sztywnosci konstrukcji w zaleznos$ci od obcigzania oraz
postepu tworzacej sie kostniny. Konstrukcja umozliwita
tatwy montaz wzbudnika piezoelektrycznego generujacego
deformacje elastycznej ptytki weglowej i w ten kontrolowany
sposo6b dodatkowe obcigzenie strefy gojenia. Przeziernosé
dla promieni rentgenowskich weglowych ptytek umozliwita
ponadto doktadng ocene postepujacego zrostu.

Celem pracy poza eksperckg analizg zrostu w radiogra-
mach jest rbwniez ocena jakosci kostniny w preparatach hi-
stologicznych i w badaniu mikrotomografii komputerowe;.

Materiaty i metody

Analizie poddano 9 owiec z gatunku owca wrzoséwka.
Wszystkie osobniki byty samicami o ukornczonym wzroscie
kostnym — $redni wiek badanych osobnikéw 5 lat. Badanie
przeprowadzono w Katedrze Nauk Klinicznych SGGW
w Warszawie.

Po podaniu srodkéw uspokajajacych i wprowadzeniu
owiec w znieczulenie ogdlne wziewne przy uzyciu par
izofluranu wykonywano zabieg stabilizacji kosci podudzia
stabilizatorem Carboelastofix, a nastepnie przecieciu
poprzecznym w potowie diugosci trzonu. Caty zabieg wy-
konany byt z zachowaniem zasad aseptyki chirurgicznej.
Zwierzeta po zabiegu przebywaty w boksach bez wigzania,
pod statg kontrolg lekarska, az do catkowitego powrotu
Swiadomosci. Owce otrzymywaty ostone antybiotykowa,
oraz przez 4 do 6 dni po zabiegu srodki przeciwbolowe.
Zwierzeta podzielone zostaty na 3 grupy, po 3 owce
w kazdej grupie. W grupie pierwszej - kontrolnej, nie sto-
sowano ani stymulacji mechanicznej ani biochemiczne;j.
W grupie drugiej zastosowano stymulacje mechaniczng
wzbudnikiem piezoelektrycznym mocowanym do nosnika
stabilizatora zewnetrznego. Wzbudnik, po zamontowaniu
na stabilizator, wywotywat przemieszczenia osiowe o am-
plitudzie okoto 70 ym i czestotliwosci 30 Hz. Stymulacja
mechaniczna rozpoczeta sie w dwa tygodnie po zabiegu
i trwata do 6smego tygodnia. W grupie trzeciej zastosowano
stymulacje mechaniczng oraz dodatkowo srédoperacyjnie
podane zostato do szczeliny ztamania autogenne osocze
bogatoptytkowe (PRP).

Stabilizator Carboelastofix jest zbudowany ze stosu
ptytek. Zdejmowanie kolejnych ptytek umozliwia kontro-
lowane zmniejszanie sztywnosci konstrukcji. W przedsta-
wionym badaniu, przez caly okres trwania eksperymentu
wykorzystywano stabilizator sktadajacy sie z dwoch plytek,
z ktérych gérng zdejmowano jedynie na czas stymulacji
mechanicznej (RYS. 1).

Introduction

The aim of the project was the examination of the effect
of bone healing stimulation with long mechanical vibrations
of a low amplitude as well as with frequencies below 100 Hz,
and also a clinical examination of the synergic effect of
the simultaneously applied mechanical and biochemical
(with growth factor) stimulation. The osteogenic result of
various mechanical and biochemical effects is supported
by both experimental and clinical evidence [1-3]. The clini-
cal practice shows that a long-term unloading and the lack
of mechanical stimulation can lead to a prolonged healing
of the fractured bone or even to the lack of its growth [4].
The experiment included the use of an innovative external
carbon stabilizer, Carboelastofix, which has found its ap-
plication in clinical tests [5]. The advantage of the stabilizer
is the possibility of mechanically affecting the proceeding
bone adhesion through the adaptation of the structure ri-
gidity to the load and to the progress of the forming callus.
The construction enables an easy assembly of the piezo-
electric inductor which generates the deformation of the
elastic carbon plate and, in this control manner, it also
enables an additional load of the healing area. The X-ray
transparency of carbon plates also facilitates a detailed
assessment of the progressing growth.

The aim of the work, beside the expert adhesion analysis
in radiograms, is also an evaluation of the callus quality in
histological formulations and in the computer tomography
tests.

Materials and Methods

9 Wrzosowka sheep underwent the analysis. All the
individuals were male, with the completed bone growth.
The average age of the tested individuals was 5 years.
The examination was conducted at the Clinical Sciences
Department of Warsaw University of Life Sciences.

After the application of sedatives and general inhalation
anesthesia with the use of isoflurane vapours, the procedure
of shin bone stabilization with the use of the Carboelastofix
stabilizer was performed and next the stem was cross-cut in
mid-height. All the procedure was performed under aseptic
surgical conditions. After the surgery, the animals were kept
loose in boxes, under constant medical observation, until
they fully regained consciousness. The sheep were given
antibiotic cover and, for the period of 4 to 6 days after the
procedure, also pain-relieving agents. The animals were
divided into 3 groups, 3 sheep per group. In the first, con-
trol, group, no mechanical or biochemical stimulation was
applied. In the second group, mechanical stimulation was
performed with the use of a piezoelectric inductor in the
carrier of the external stabilizer. The inductor, after being
mounted on the stabilizer, caused axial displacements of
the amplitude of about 70 pym and the frequency of 30 Hz.
The mechanical stimulation began two weeks after the
procedure and lasted till week 8. The third group involved
the application of mechanical stimulation and, additionally,
autogenic platelet-rich plasma (PRP) was mid-surgically
introduced into the bone fracture.

The Carboelastofix stabilizer is constructed of a pile
of plates. Removing successive plates makes it possible
to control the reduction of the structure rigidity. In the
presented test, throughout the time of the experiment,
a stabilizer consisting of two plates was used, the upper
one of which was removed only at the time of mechanical
stimulation (FIG. 1).



RYS. 1. Stabilizacja ztamania trzonu kosci pisz-
czelowej owcy systemem Carboelastofix zbudo-
wanym z dwoéch plytek weglowych.

FIG. 1. Stabilization of a sheep’s tibial stem frac-
ture with the use of the Carboelastofix system
made of two carbon plates.

Zwierzeta z grupy stymulowanej mechanicznie oraz
z grupy ze stymulacjg mechaniczng i biochemiczng podda-
wane byty takiej samej stymulacji mechanicznej przez czas
trwania eksperymentu. Stymulacja mechaniczna rozpoczeta
sie w dwa tygodnie po zabiegu i trwata do 6smego tygodnia.
Stymulacja odbywata sie 6 dni w tygodniu i trwata 6 tygodni.
Czestotliwo$¢ wymuszen wynosita 30 Hz, a czas stymulac;ji
340 sekund, aby uzyska¢ 10.000 cykli w kazdorazowej
stymulacji. Amplituda przemieszczen wynosita ok. 70 pm.
Urzadzenie do stymulacji mechanicznej zostato specjalnie
zaprojektowane do wspétpracy ze stabilizatorem Carboe-
lastofix w Instytucie Podstawowych Probleméw Techniki
PAN (RYS. 2). Czesci mocujace urzadzenie do stabilizatora
wykonane zostaty na wymiar ze stopéw aluminium i stali
przez firme Medgal. Mocowanie urzadzenia zostato za-
projektowane w ten sposdb, aby mogto wspotpracowacé ze
stabilizatorami Carboelastofix réznej diugosci. Elementem
wymuszajgcym drgania byt wzbudnik piezoelektryczny.
Wzbudnik pochodzi z firmy Dynamic Structure and Materials
(USA), model FPA-0500C-P-1054-150-SS-1M. Wzbudnik
ten zapewniat mozliwos¢ uzyskania przemieszczenia
rzedu 500 pym, natomiast po zamontowaniu na stabilizator
amplituda przemieszczenia spadta do okoto 300 uym (wraz z
przytozeniem napiecia wzbudnik zmniejsza swojg dlugos¢).
Wzbudnik umozliwit wymuszanie przemieszczen statycz-
nych oraz dynamicznych w szerokim zakresie czestotliwo-
Sci. Do sterowania wzbudnikiem zastosowano wzmacniacz
E-505 firmy Physik Instrumente, ktéry umozliwit wystero-
wanie wzbudnika w zakresie -20 do +120 V, dzieki czemu
uzyskano odpowiednig amplitude wymuszanych drgan.
Do pomiaru sit dziatajgcych w trakcie stymulacji mecha-
nicznej zastosowano czujnik umozliwiajacy pomiar sity
rozciagajacej firmy Wobit, model KMM20, o zakresie po-
miarowym 1 kN. Do pomiaru przemieszczen wykorzystano
urzadzenie firmy Sylvac, model S223, ktére umozliwia
pomiary przemieszczenia z doktadnoscig do 4 ym. Czujnik
przemieszczenia potgczony byt bezposrednio z kompute-
rem, co umozliwito zapisywanie otrzymywanych danych.

Urzadzeniem sterujgcym oraz rejestrujgcym uzyski-
wane dane byta karta cyfrowo-analogowa potaczona
z komputerem osobistym. Karta pochodzi z firmy Advantech,
model USB-4716 z serii PC-LabCard. Umozliwita ona petne
wysterowanie wzmacniacza (zakres -2 do +12 V), dzieki
czemu mozna byto w petni wykorzystac potencjat wzbudnika
piezoelektrycznego.

RYS. 2. Urzadzenie do stymulacji mechanicznej
szczeliny ztamania zamontowane na ptytke we-
glowa stabilizatora Carboelastofix.

FIG. 2. Device used for the mechanical stimulation
of the bone fracture mounted on the carbon plate
of the Carboelastofix stabilizer.

The animals from the mechanically stimulated group
and those form the group with both mechanical and bio-
chemical stimulation were exposed to the same mechanical
stimulation for the time of the experiment. The mechanical
stimulation began two weeks after the procedure and lasted
till week 8. The stimulation was performed 6 days a week
and lasted 6 weeks. The forcing frequency was 30 Hz,
and the stimulation time was 340 seconds, which made
it possible to achieve 10.000 cycles in each stimulation.
The displacement amplitude was about 70 ym. The me-
chanical stimulation device was especially designed to
cooperate with the Carboelastofix stabilizer at Institute of
Fundamental Technological Research Polish Academy of
Sciences (FIG. 2). The elements fixing the device to the
stabilizer were manufactured to size from aluminum and
steel alloys, by Medgal. The element forcing the vibrations
was a piezoelectric inductor. The inductor was produced by
Dynamic Structure and Materials (USA), model FPA-0500C-
P-1054-150-SS-1M. The inductor provided the possibility to
obtain a displacement of the order of 500 um, whereas, after
the assembly on the stabilizer, the displacement amplitude
dropped to about 300 pm (with the application of voltage,
the inductor reduced its length). The inductor enabled
forcing of static and dynamic displacements in a wide fre-
quency range. For the inductor control, an E-505 amplifier
by Physik Instrumente was used, which made it possible to
adjust the inductor to the range of -20 to +120 V. Thus the
proper amplitude of the forced vibrations could be obtained.
For the measurement of the forces operating during the me-
chanical stimulation, a detector measuring the tensile force
was applied, produced by Wobit, model KMM20, with the
measuring range of 1 kN. The displacement measurement
involved the application of a device by Sylvac, model S223,
which makes it possible to measure displacements with the
accuracy of 4 ym. The displacement detector was directly
connected to the computer, which enabled the recording of
the obtained data.

The controlling and data-recording device was a digital-
analogue card connected to a PC. The card, produced by
Advantech, model USB-4716, series PC-LabCard, enables
a full control of the amplifier (adjustment to the range of
-2 to +12 V), and thus it was possible to fully utilize the
piezoelectric inductor’s potential.
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Do prostej obstugi urzadzenia napisany zostat specjalny

® o e o o ® ® program komputerowy umozliwiajacy ustawienie odpowied-
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nich parametréw pracy wzbudnika (czas, czestotliwosé,
amplituda), rejestracje danych (sita oraz przemieszczenie)
oraz przegladanie i modyfikacje danych.

Zrédtem autologicznych czynnikéw wzrostu zastoso-
wanych w grupie trzeciej byly ptytki krwi. Zawierajg one
miedzy innymi: ptytkopochodny czynnik wzrostu (PDGF),
transformujacy czynnik wzrostu beta (TGF beta), do ktérego
rodziny nalezg biatka morfogenetyczne kosci, insulinopo-
dobne czynniki wzrostu | i ll, czynnik wzrostu fibroblastow
(FGF), czynnik wzrostu $rédbtonka naczyn (VEGF), oraz
naskorkowy czynnik wzrostu (EGF). Liczba ptytek w koncen-
tracie jest ok. 3 do 8 razy wieksza niz we krwi obwodowe;j.
To zageszczenie ptytek powoduje zwiekszenie stezenia
czynnikdéw wzrostu i nasilenie proceséw naprawczych.
Osocze bogatoptytkowe zawiera takze leukocyty, dzieki
czemu ma ono dziatanie bakteriostatyczne lub bakterio-
bojcze. Osocze bogatoptytkowe przygotowywane byto
z krwi obwodowej owiec za pomocg gotowego zestawu
firmy Regeneris. Po opracowaniu otrzymywany byt pla-
styczny materiat o konsystencji zelu gotowy do podania
w szczeline ztamania. Osocze przygotowywane byto zgod-
nie z procedurg zalecang przez firme.

Zdjecia RTG badanych czesci kos¢ca owiec wykonywane
byly w 2, 5 i 8 tygodniu po operacji w dwoch projekcjach
(RYS. 3). Zwierzeta podczas wykonywania radiograméw
byly pod wptywem $rodkéw uspokajajacych (medetomidy-
na, 0,4 mg/kg). Zdjecia podobnie jak zabiegi operacyjne
wykonywane byly w Katedrze Nauk Klinicznych SGGW
w Warszawie. Po zakohczeniu eksperymentu zwierzeta
zostaty usmiercone przez przedawkowanie srodkéw aneste-
tycznych (medetomidyna, 0,4 mg/kg, podana domiesniowo;
thiopental, 150 mg/kg, podany dozylnie). Zrost kostny oce-
niany byt w sposdb ekspercki na zdjeciach rentgenowskich
oraz w posmiertnym badaniu mikrotomografi komputerowej.
Ponadto analizowano zrost na podstawie wynikéw badan
histologicznych.

For the basic operation of the inductor, a special computer
program was created, which enabled the setting of the ap-
propriate parameters of the inductor’s work (time, frequency,
amplitude), the registration of data (force and displacement),
as well as data browsing and modification.

The source of the autologous growth factors applied in
the third group were the blood cells. Among others, they con-
tain the following: a platelet-derived growth factor (PDGF),
a beta transforming growth factor (TGF beta), whose family
includes bone morphogenetic proteins, insulin-like growth
factors | and Il, a fibroblast growth factor (FGF), a vascular
endothelial growth factor (VEGF), and an epidermal growth
factor (EGF). The number of plates in the concentrate is
about 3 to 8 times larger than in the circulatory blood. This
plate consolidation causes an increase of the growth factor
concentration and an intensification of the repair processes.
The platelet-rich plasma also contains leukocytes and thus
it has a bacteriostatic and bactericidal effect. The platelet-
rich plasma was prepared from the sheep’s circulatory
blood with the use of a ready-made set by Regeneris.
A plastic gel-consistenced material, ready for the application
into the bone fracture, was obtained after this preparation.
The plasma was prepared according to the procedure rec-
ommended by the producer.

The X-ray pictures of the examined sheep’s skeleton
were taken in the 2", 5" and 8" week after the surgery, in
two projections (FIG. 3). During the radiogram procedure,
the animals were under the effect of sedatives (medetomi-
dine, 0.4 mg/kg). The pictures, as well as the surgical proce-
dures, were performed at the Clinical Sciences Department
of Warsaw University of Life Sciences. After the completion
of the experiment, the animals were put to death by overdos-
age of anesthetics (medetomidine, 0.4 mg/kg, applied intra-
muscularly; thiopental, 150 mg/kg, applied intravenously).
The bone adhesion was expert-assessed on the basis of the
X-ray pictures and in the post-mortem computer microtom-
ography test. Additionally, the bone adhesion was analyzed
on the basis of the histology test results.

RYS. 3. Obraz radiologiczny zespolenia ztamania trzonu kosci piszczelowej u owcy w 8 tyg.
po operacji - widoczny postepujacy zrost kostny (projekcja przednio-tylna i boczna).
FIG. 3. Radiological picture: osteosynthesis of the sheep’s tibial stem fracture in the 8" week
after the surgery. Significant bone adhesion visible (front-back and side projection).



Wyniki

Ze wzgledu na matg liczbe owiec, przeprowadzone ba-
dania nie pozwalajg na wyciagniecie kluczowych wnioskow.
U wszystkich owiec po osteotomii, ktére wziety udziat w ba-
daniu doszio do zrostu kostnego. Analiza gestosci tworzacej
sie kostniny prowadzona na postawie badan obrazowych
(mikrotomografi komputerowej), nie wykazata znamiennych
réznic pomiedzy badanymi grupami, jednakze gestosci
tworzacej sie kostniny w grupie ze stymulacjg mechanicz-
ng byta najnizsza. Autorzy pracy dowodzg tym samym, ze
w przypadku zastosowania elastycznego stabilizatora umoz-
liwiajgcego mikroruchy poosiowe w szczelinie ztamania
podczas naturalnego obcigzania konczyny, efekt dodatkowej
stymulacji mechanicznej jest nie istotny dla poprawienia
jakosci formujacego sie zrostu kostnego.

Sam elastyczny stabilizator, (zgodnie z zatozeniami kon-
struktoréw) umozliwiat korzystne mikroruchy poosiowe, co
prowadzito do gojenia ztamania z towarzyszacq masywng,
kostning wokot szczeliny.

Ocena zdje¢ rentgenowskich jak rowniez badania mikro-
tomograficznego pokazuje, ze zastosowanie bogatoptytko-
wego osocza hie przyspiesza prawidiowo postepujgcego
zrostu kostnego i nie zwieksza gestosci formowanej kostniny
(RYS. 4i5).

Srednia gestosc callusa w jednostkach Hounsfielda [HU]
(Average density of callus in Hounsfield units [HU])

720
700
680 kontrolna

(control)
660 stymulacja

B (stimulation)

640 stymulacja + PDGF
620 (stimulation + PDGF)
600
580

RYS. 4. Analiza gestosci kostniny przeprowadzona
na podstawie badania mikrotomografi kompute-
rowej.

FIG. 4. Analysis of the callus density performed on
the basis of the computer microtomography test.

Dyskusja

Druga potowa XX wieku przyniosta znaczny rozwgj
technik osteosyntezy. Chociaz pierwsze zespolenie ptyt-
kowe opisane zostato juz w 1886 roku przez Hansmanna,
to najwiekszg popularno$¢ metoda ta zyskata w latach
szescdziesiatych i siedemdziesigtych ubiegtego wieku [6,7].
Wzrost zainteresowania nakostng osteosyntezg metalowg
zwigzany byt z powstaniem pod koniec lat piec¢dziesigtych
w Szwajcarii grupy AO, ktéra prowadzita szeroko zakrojo-
ne badania biomechaniczne i stworzyta bardzo popularne
w owych czasach pojecie ,osteosyntezy stabilnej”. Gtéwne
zatozenia metody polegajg na anatomicznym nastawieniu
odtamow i zespoleniu ich w taki sposéb by uniemozliwié¢
jakikolwiek ruch wzgledem siebie [8]. Od poczatku propa-
gowania tej metody obserwowano wiele zjawisk niekorzyst-
nych wynikajacych ze:

- stosowania rozlegtego dostepu operacyjnego z od-
szkieletowaniem odtaméw, ktdre taczyto sie z koniecznoscig
utozenia ptytki bezposrednio na powierzchni kosci, co po-
wodowato uszkodzenie ukrwienia odokostnowego;

Results

Due to the small number of sheep, the performed tests
do not allow to draw the key conclusions. By all of the tested
sheep, after the osteotomy, bone adhesion was observed.
The analysis of the thickness of the forming callus, per-
formed on the basis of the imaging examinations (computer
microtomography), did not exhibit significant differences
between the tested groups; however, the thicknesses of
the forming callus in the group involving mechanical stimu-
lation was the lowest. In this way, the authors prove that,
in the case of the application of an elastic stabilizer, which
enables axial micromovements in the bone fracture during
the natural bone load, the effect of an additional mechanical
stimulation is insignificant for the improvement of the quality
of the forming bone adhesion.

The elastic stabilizer itself (in accordance with the de-
signer’s recommendations) enabled advantageous axial
micromovements, which led to the healing of the fracture,
with the accompanying massive callus around the gap.

The assessment of the X-ray pictures, as well as of the
microtomography test, shows that the application of the
patelet-rich plasma does not properly accelerate the pro-
gressing bone adhesion and does not increase the density
of the forming callus (FIG. 4 and 5).

RYS. 5. Zdjecia z posmiertnej mikrotomografi
komputerowej szczeliny ztamania.

FIG. 5. Post-mortem computer microtomography
picture of the fracture gap.

Discussion

The second half of the 20" century brought a significant
progress in the osteosynthesis technologies. Although
the first plate synthesis was described already in 1886 by
Hansmann, this method gained its biggest popularity in the
60s and 70s of the previous century [6,7]. The increase of
the interest in metal bone osteosythesis was connected
with the creation of the AO group, at the end of the 50s, in
Switzerland, which conducted wide-range biomechanical
research and created the, very popular at that time, concept
of “stable osteosynthesis”. The main assumptions of this
method consist in an anatomical adjustment of the bone
fractions and such their synthesis so as to prevent them
from any movement in relation to each other [8]. From the
beginning of this method’s propagation, many disadvanta-
geous phenomena have been observed, which result from
the following:

- The application of extensive surgical access with the
deskeletonizing of the fractions, connected with the neces-
sity of placing the plate directly on the bone surface, which
caused damage in the periosteal blood flow;
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- wprowadzania masywnych metalowych wszczepow

® o o o o o o wewnetrznych, ktére zwigkszaty ryzyko powstania infekciji
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i odczyndéw kostnych pod postacig metalozy;

- pojawienia sie niefizjologicznych sit skierowanych
gtdbwnie poprzecznie do diugiej osi kosci, powodujgcych
dezorientacje kierunkowg komérek kostnych, osteolize
wokot wkretéw kostnych i atrofie kosci pod plyta;

Podstawowg jednak wadg ptytkowej osteosyntezy na-
kostnej wydaje sie by¢ uzyskana w trakcie zabiegu ,cisza
mechaniczna” w strefie gojenia ztamania, hamujgca natu-
ralne procesy biologiczne uruchamiane przez organizm po
przerwaniu ciggtosci tkanki kostne;j.

Badania doswiadczalne przeprowadzone przez Kotwi-
ckiego w 1990 roku na owcach pozwolity na poréwnanie zro-
stu kosci piszczelowej (po uprzednio wykonanej poprzecznej
osteotomii), powstajacego w wyniku zespolenia dociskowe-
go stabilizatorem ZESPOL i ptytkg ACP (Autokompression-
platte) [9]. Mimo, iz uzyskano zrost kostny w obu typach
zespolenia w tym samym czasie, to réznit sie on obrazem
radiologicznym, wygladem mikro i makroskopowym, oraz
€O najwazniejsze wytrzymatoscig mechaniczng powstatej
blizny kostnej. Sztywne zespolenie dociskowe ACP prowa-
dzito do powstania stabego mechanicznie zrostu kostnego,
bez towarzyszacego zwykle zespoleniom elastycznym
wyksztatcenia kostniny mankietowej. Ponadto stwierdzono
tworzgce sie pod ptyta obszary martwicy kostnej i niepoko-
jace zwezenie jamy szpikowej. Badania wytrzymatosciowe
na zginanie zrostu kostnego powstatego w omawianych
przypadkach pokazaly, ze ko$¢ leczona ptytg ACP ulegata
przetamaniu linijnemu w miejscu uprzedniej osteotomii,
a kosc¢ leczona elastycznym stabilizatorem ptytkowym ta-
mata sie poza strefg zrostu [10].

Powszechnie wiadomo, ze znacznie korzystniejsze od
potaczen ,sztywnych”, zapewniajgcych tzw. ,cisze mecha-
niczng”, sg zespolenia umozliwiajace powstanie naprze-
miennie dziatajgcych sit dociskowych na szpare ztamania
- zespolenia ,elastyczne”.

W piSmiennictwie polskim powiktania osteosyntezy
pltytkowej wahaja sie od 7-43%, w zagranicznym od 4-15%
[11-13]. Niekorzystne zjawiska zwigzane z wewnetrznym
sztywnym zespoleniem kosci zwiekszyto zainteresowanie
chirurgéw stabilizatorami zewnetrznymi, zapewniajacymi
elastycznosc¢ zespolenia.

Od czasu kiedy Malgaigne w 1847 roku pierwszy uzyt ele-
mentarnej budowy stabilizatora zewnetrznego, urzadzenia te
przeszty wiele przemian. Zbudowano wiele modeli aparatéw
do stabilizacji zewnetrznej, od najprostszych klamrowych,
poprzez ramowe, do ztozonych aparatéw wieloptaszczy-
znowych. Wiekszos¢ aparatow do stabilizacji zewnetrznej,
zapewnia elastyczno$¢ zespolenia i pozwala na przeno-
szenie obcigzenh zardwno przez kosc jak i przez elementy
urzadzenia. Wysoka skutecznos¢ w ortopedii i traumatologii
narzadu ruchu wykazujg stabilizatory ramowe, ktére dzieki
swojej wieloptaszczyznowej konstrukcji eliminujg powsta-
nie miedzy odtamami niekorzystnych z punktu widzenia
patofizjologii zrostu, sit zginajacych [14]. Wadg konstrukcji
ramowych jest jednak ich duza waga i rozmiar, co prowadzi
do braku akceptacji ze strony pacjenta. Przy stosowanych
powszechnie, klamrowych metalowych stabilizatorach ze-
wnetrznych, my$lg przewodnig jest zblizenie elastycznosci
stabilizatora do elastycznosci kosci, tak aby konstrukcja po-
zwalata na korzystne z punktu widzenia zrostu odksztatcenia
kosci. Elastycznos¢ stabilizatora zalezy od wtasciwosci jego
elementow: nosnika w postaci np.: ptytki oraz wkretow.
Zwiekszenie elastycznosci obecnie stosowanych konstrukcji
ptytkowych mozna wstepnie uzyska¢ przez zwigkszenie
odlegtosci nosnika od kosci, zwiekszenie rozstawu no$-
nika lub zmniejszenie liczby wprowadzonych wkretéw.

- The introduction of massive metal implants, which
increased the risk of infection and bone reactions in the
form of metallosis;

- The occurrence of non-physiological forces directed
mainly crosswise to the long axis of the bone, causing di-
rectional disorientation of the bone cells, osteolysis around
the bone screws and atrophy of the bone underneath the
plate.

However, the basic flaw of the plate bone osteosynthesis
seems to be the, observed during the procedure, ,mechani-
cal silence” in the fracture healing area, which hinders the
natural biological processes activated by the body after the
fracture of the bone tissue.

The experimental tests performed on sheep by Kotwicki in
1990 provided a possibility to compare the tibial bone adhe-
sion (after the preceding transverse osteotomy), formed as
a result of the clamp synthesis with the ZESPOL stabilizer
and an ACP plate (Autokompressionplate) [9]. Although
the bone adhesion was obtained in both types of synthesis
at the same time, it differed in the radiological image, the
micro- and macroscopic appearance and, most importantly,
the mechanical strength of the formed bone scar. The rigid
ACP clamp synthesis led to the formation of mechanically
weak bone adhesion, without the, usually accompanying
the elastic syntheses, formation of cuff callus. What is more,
areas of bone necrosis were identified underneath the plate,
as well as an alarming narrowing of the marrow cavity. The
bending strength tests of the bone adhesion formed in the
discussed cases showed that the bone healed with the use
of an ACP plate underwent a linear fracture in the area of the
preceding osteotomy and the bone healed with an elastic
plate stabilizer fractured beyond the adhesion area [10].

Itis commonly known that much more advantageous than
the “rigid” connections, providing the, so called, “mechanical
silence”, are those syntheses which enable the occurrence
of alternately operating feed forces on the fracture gap, that
is the “elastic” syntheses.

In the Polish literature, the complications of plate
osteosynthesis vary from 7% to 43%, and in the foreign
sources — from 4% to 15% [11-13]. The disadvantageous
phenomena connected with the internal rigid bone synthesis
has increased the surgeons’ interest in external stabilizers
providing the synthesis with elasticity.

Since the time when Malgaigne was the first to use the
elemental structure of an external stabilizer in 1847, those
devices have undergone many transformations. Numer-
ous models of external stabilization apparatus have been
constructed, from the simplest, clamp toe ones, through the
frame ones, to the multilayer ones. The majority of the exter-
nal stabilization apparatus provide an elastic synthesis and
allows for a transfer of loads from the bone to the elements
of the device. A high effectiveness in orthopedics and motor
organ traumatology are exhibited by the frame stabilizers,
whose multilayer construction eliminate the occurrence of
patophysiologically disadvantageous bending forces be-
tween the fractions [14]. The flaw of the frame constructions
is, however, their heavy weight and the large size, which
leads to the lack of acceptance from the part of the patient. In
the case of the commonly used metal external clamp stabiliz-
ers, the keynote is to make the stabilizer’s elasticity close to
that of the bone, in such a way so as the construction allows
for a bone deformation, advantageous from the point of view
of the adhesion. The elasticity of the stabilizer depends on
the properties of its elements: the carrier, e.g. in the form of
a plate, and the screws. An increase in the elasticity of the
currently applied plate constructions can be preliminarily
obtained through an increase of the distance between the
carrier and the bone, an increase of the carrier’s spacing
or a decrease in the number of the introduced screws.



Obecnie stosowane stabilizatory ptytkowe nie pozwalajg
jednak na kontrolowany dobor sztywnosci zespolenia
w chwili rozpoczecia leczenia oraz uniemozliwiajg regulacje
sztywnosci konstrukcji w miare postepu gojenia.

Osiagniecie izoelastycznego zespolenia jest bardzo
trudne. Podstawowym problemem jest okreslenie wtasci-
wosci biomechanicznych tkanki kostnej oraz parametrow
powstajgcej w trakcie leczenia kostniny. W miare postepu
gojenia sie kosci budowa stabilizatora powinna umozliwi¢
przejmowanie przez ko$¢ réznokierunkowych obcigzen,
dlatego jego elastycznos¢ powinna sie zmniejszac.

Poszukiwania nowego systemu stabilizujgcego ztamania
doprowadzity do opracowania w Klinice Ortopedii i Trauma-
tologii Uniwersytetu Medycznego w Warszawie stabilizatora
wykorzystujgcego ptytki zbudowane z kompozytu wegiel-
zywica epoksydowa. Wybd6r kompozytowych materiatéw
weglowych do budowy no$nika w nowatorskim stabilizatorze
Carboelastofix jest wynikiem wieloletnich badan mechanicz-
nych, prowadzonych nad wykorzystaniem kompozytowych
materiatow weglowych w chirurgii narzadu ruchu [15].

Metalowe implanty powszechnie uzywane w ortopedii
i traumatologii, oprocz zalet, jak wysoka wytrzymatosé
i twardos¢, posiadajg jednak podstawowag wade w postaci
nadmiernej sztywnosci wynikajacej ze zbyt duzej réznicy
miedzy modutem Young’a metalu a kosci [16]. Najwazniej-
sze wiasciwosci widkien weglowych w poréwnaniu z innymi
materiatami to bardzo niski ciezar przy zachowanej wytrzy-
matosci mechanicznej, wysoka wytrzymato$¢ na zmeczenie
i kruche pekanie oraz duza gietkosc.

Dobor charakterystyki nowatorskiego stabilizatora weglo-
wego, okreslonej na podstawie badan eksperymentalnych,
wartosciami sztywnosci wzdtuznej i skretnej, uwzglednit
rozktad sit przenoszonych przez ukfad stabilizatora i do-
puszczalnych obcigzen ksztattujgcego sie zrostu kostnego.
Opracowano tabele umozliwiajgce indywidualny dobér
sztywnos$ci zespolenia w zaleznosci od kata szczeliny zta-
mania i wagi pacjenta.

Odrebnym problemem jest zmniejszanie sztywnosci
zespolenia w miarg zwiekszania przejmowanych obcigzen
przez tworzaca sie blizne kostng. Konstrukcja zaprojekto-
wanego stabilizatora Carboelastofix umozliwia dynamizacje
zespolenia, przez odjecie jednej z ptytek.

Przeprowadzone proby kliniczne, wykazaty przydatno$¢
kliniczng systemu Carboelastofix w gojeniu trzonéw kosci
piszczelowej, a uzyskane wyniki leczenia sg poréwnywalne
z wynikami uzyskiwanymi przy uzyciu innych, powszech-
nie stosowanych w praktyce klinicznej stabilizatoréw
ptytkowych [17].

W przedstawionym badaniu na owcach kontrolowanie
obcigzania operowanej konczyny przez owce z przyczyn
oczywistych jest trudne, stad podczas eksperymentu nie
zdecydowano sie na dynamizacje zespolenia w trakcie
gojenia miejsca po osteotomii.

Oddzielnego komentarza wymaga préba wprowadzenie
do analizy zrostu kostnego metod ilosciowych. Rutynowo
w praktyce klinicznej przebieg zrostu kostnego ocenia sie
wykorzystujac metody eksperckie, takie jak badanie Kli-
niczne i ocena badan obrazowych. Zadna z wymienionych
metod badania nie pozwala na zobiektywizowanie oceny
i przedstawienie wyniku w formie parametrycznej, przydat-
nej do analiz statystycznych oraz do ustalenia wiarygodnej
prognozy, co do wynikow leczenia. Podjeta proba analizy ge-
stosci tworzacej sie kostniny wokét ztamania w mikrotomo-
grafii komputerowej jest jedynie préba ilosciowego pomiaru
jako$ci zrostu wspomagajgcego badania eksperckie.

The currently applied plate stabilizers do not, however, allow
for a controlled selection of the synthesis’s rigidity at the
beginning of the healing procedure and hinder the control
of the construction’s rigidity as the healing proceeds.

The achievement of an isoelastic synthesis is very dif-
ficult. The basic problem is the determination of the biome-
chanical properties of the bone tissue and the parameters
of the callus formed during the healing process. As the bone
recovery proceeds, the structure of the stabilizer should
make it possible for the bone to take over multidirectional
loads and thus the elasticity should decrease.

The search for a new fracture stabilization system has led
the Chair and Department of Orthopedics and Traumatology
of Locomotor System of Medical University of Warsaw to
elaborate a stabilizer utilizing plates constructed of a car-
bon-epoxy resin alloy. The selection of carbon composite
materials for the construction of the carrier in the innova-
tive Carboelastofix stabilizer is a result of many years of
mechanical studies performed on the application of carbon
composite materials in the motor organ surgery [15].

The metal implants commonly used in orthopedics and
traumatology, beside their merits, such as high strength
and hardness, exhibit also a basic flaw, which is the exces-
sive rigidity resulting from a too big difference between the
metal’'s and bone’s Young modulus [16]. The most important
properties of carbon fibres, as compared to other materi-
als, is their very light weight, with the maintained mechani-
cal strength, the high fatigue and brittle fracture strength,
as well as the high flexibility.

The selection of the characteristics of the innovative
carbon stabilizer, described on the basis of the experimental
tests with the longitudinal and torsional rigidity, included the
distribution of the forces transferred by the stabilizer’s sys-
tem and the acceptable loads of the forming bone adhesion.
Tables providing for an individual selection of the synthesis’s
rigidity have been elaborated, depending on the angle of
the fracture gap and the patient’s weight.

A separate problem is the reduction of the synthesis’s
rigidity as the loads accepted by the forming bone scar
increase. The construction design of the Carboelastofix
stabilizer enables a dynamization of the synthesis through
cutting off one of the plates.

The performed clinical tests showed a clinical usefulness
of the Carboelastofix system in the healing of tibial stems,
and the obtained treatment results are comparable to those
obtained with the use of other, commonly applied in clinical
practice, plate stabilizers [17].

In the presented experiments on sheep, the control
of the load of the operated limb by the sheep is, for the
obvious reasons, difficult, and so, the experiment did not
involve dynamic syntheses during the healing of the area
after osteotomy.

A separate comment must be made on the attempt at
introducing quantitative methods to the bone adhesion
analyses. The clinical practice routine includes the as-
sessment of the bone adhesion with the use of expertize
methods, such as the clinical test and the evaluation of the
imaging examinations. Neither of the mentioned test meth-
ods allows for an objectification of the assessment and the
presentation of the result in the parametrical form, which
is useful in the statistical analyses and in the establish-
ment of a reliable prognosis on the effect of the treatment.
The attempt at an analysis of the thickness of the callus
forming around the fracture in computer microtomography
is merely an attempt at a quantitative measurement of the
adhesion quality, supporting the expertize tests.
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1. Stabilizator elastyczny Carboelastofix nadaje sie do
leczenia ztaman trzonéw kosci piszczelowych u owiec.

2. Dodatkowa stymulacja mechaniczna zrostu kostnego
nie poprawia warunkow gojenia w przypadku zastosowania
elastycznego stabilizatora Carboelastofix.

3. Zastosowanie bogatoptytkowego osocza nie zmienia
w sposoOb znaczacy prawidtowo postepujacego procesu
zrostu kostnego.
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Conlusions

1. The elastic stabilizer Carboelastofix is appropriate for
the treatment of the sheep’s tibial stem fractures.

2. An additional mechanical stimulation of the bone adhe-
sion does not improve the healing conditions in the case of
applying the elastic Carboelastofix stabilizer.

3. The use of a platelet-rich plasma does not significantly
change the properly proceeding bone adhesion.
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Streszczenie

Celem badan byta ocena bioaktywnoS$ci i cytotok-
sycznosci in vitro bioszkiet o skiadzie chemicznym
SiO, 70% mas. i CaO 30% mas., wytworzonych
metodq zol-zel. Podczas syntezy do wprowadze-
nia SiO, zastosowano TEOS lub jego mieszaniny
z winylo(trimetoksy)silanem (VS) lub trimetoksysili-
lometakrylanem propylowym (MPS). Bioaktywnos$¢
oceniono z zastosowaniem SEM przez analize obra-
zéw morfologii powierzchni bioszkiet po kontakcie
Z roztworem symulujgcym osocze (SBF). Natomiast
ocene dziatania cytotoksycznego wykonano metodg
bezposrednig i posrednig zgodnie z PN-EN 10993-5
,Biologiczna ocena wyrobéw medycznych — Cze$c¢ 5:
Badania cytotoksycznosci: metody in vitro” po kontak-
cie z komdrkami fibroblastopodobnymi L929. Wyniki
przeprowadzonych badan bioaktywnosci pozwalajg
stwierdzi¢, ze otrzymane bioszkta sg bioaktywne
w kontakcie z roztworem SBF, na co wskazuje obec-
nos$¢ na powierzchni bioszkiet sferycznych struktur
typowych dla morfologii apatytu. Natomiast wyniki
cytotoksycznosci in vitro wykonane metodg posrednig
dla wszystkich wytworzonych bioszkiet wskazujg na
brak efektu toksycznego na komorki L929.

Stowa kluczowe: bioszkto, metoda zol-zel, bioaktyw-
no$c, cytotoksyczosc

[Inzynieria Biomateriatow 119 (2013) 21-26]

Wprowadzenie

Bioaktywne szkta i materiaty szkio-ceramiczne sto-
sowane sg w chirurgii do wypetniania ubytkow kostnych
[1,2]. Dzieki reakcjom fizykochemicznym zachodzacym na
powierzchni bioaktywnego materiatu [3], powstaje warstwa
hydroksyapatytu weglanowego o sktadzie chemicznym
bliskim naturalnej kosci. Warstwa tego hydroksyapatytu za-
pewnia silne wigzanie z zywymi tkankami, zaréwno z tkankg,
kostng jak i tkankami miekkimi, co zapobiega powstawaniu
warstwy tkanki widknistej i izolacji wszczepionego materiatu.
Uwaza sie, ze zastosowanie niektorych silandw jako reagen-
téw do syntezy bioszkiet metodg zol-zel, moze zwiekszaé
bioaktywnosc¢ otrzymanego biomateriatu [4].

STUDY ON BIOACTIVITY

AND IN VITRO CYTOTOXICITY
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Abstract

The aim of this study was to evaluate the bioacti-
vity and in vitro cytotoxicity of bioglass with chemical
composition 70 wt% SiO, and 30 wt% CaO obtained
by the sol-gel method. During the synthesis TEOS
or mixture thereof with vinyltriethoxysilane (VS) or
(trimetoxysilyl)propyl methacrylate (MPS) were used
to introduce SiO, content. Bioactivity was assessed
by SEM observations of bioglass surface morpholo-
gy after contact with a simulated body fluid (SBF).
The evaluation of cytotoxicity was performed accor-
ding to PN-EN 10993-5 “Biological evaluation of
medical devices - Part 5: Tests for cytotoxicity: in vitro
methods” after contact with fibroblast like cells L929.
Results of the study of bioactivity allow to conclude
that the obtained bioglasses are bioactive in contact
with SBF solution, as indicated by the presence on the
surface of spherical structures typical for morphology
of the apatite. Moreover the results of indirect method
in vitro cytotoxicity tests involving all produced bioglas-
ses revealed no toxic effect on L929 cells.

Keywords: bioglass, sol-gel method, bioactivity,
cytotoxicity

[Engineering of Biomaterials 119 (2013) 21-26]

Introduction

Bioactive glasses and glass-ceramic materials are used
in surgery for filling bone defects [1,2]. Due to physical and
chemical reactions occurring on the surface of bioactive
material [3], a carbonate hydroxyapatite layer is formed,
having chemical composition similar to natural bone.
The layer of this hydroxyapatite provides a strong bond
with living tissues, bone as well as soft tissue. This bond-
ing prevents the formation of fibrous tissue and isolation
of the implanted material. It is believed that the use of certain
silanes as reagents for the synthesis of bioglasses accord-
ing to the sol-gel method, can increase the bioactivity of the
resulting biomaterial [4].
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Celem przeprowadzonych badan byto okreslenie bioak-

® o o o 0 @ o tywnosci i cytotoksycznosci bioszkiet z uktadu SiO,-CaO.
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Bioaktywnos$¢ oceniono z zastosowaniem SEM, przez
analize obrazéw morfologii powierzchni po kontakcie
z roztworem symulujgcym osocze (SBF). Natomiast ocene
dziatania cytotoksycznego wykonano zgodnie z PN-EN
10993-5 ,Biologiczna ocena wyroboéw medycznych — Czes¢ 5:
Badania cytotoksycznosci: metody in vitro” po kontakcie z
komadrkami fibroblastopodobnymi L929.

Materiaty i metody badan

Bioszkio o symbolu P-0 zawierajace 70% mas. SiO,
i 30% mas. CaO, stanowigce materiat odniesienia
wytworzono uzywajgc jako zasadniczych substratow
tetraetoksysilan (TEOS) i azotan wapnia czterowodny.
Natomiast w bioszktach PO-VS i PO-MPS, posiadajacych
analogiczny sktad jak P-0, wprowadzono 5% mas. SiO,
innymi silanami. W przypadku bioszkta P0O-VS zastosowano
winylo(trimetoksy)silan (VS), a przypadku PO-MPS inny
silan, a mianowicie trimetoksy-sillometakrylan propylowy
(MPS). Proces wytworzenia bioszkiet metodg zol-zel prze-
prowadzono uwzgledniajgc metodyke [5].

Po obrébce termicznej zelu w 600°C przez 6 h uzyskano
gruboziarniste proszki, ktére rozdrobniono nastepnie w moz-
dzierzu mechanicznym do drobnoziarnistych proszkow.

Dla okreslenia bioaktywnosci in vitro wytworzonych
bioszkiet przeprowadzono ocene oddziatywania z roztwo-
rem symulujgcym ptyn fizjologiczny (SBF). Z otrzymanych
proszkéw uformowano pastylki o wymiarach @ = 7 mm
i h =2 mm przy uzyciu prasy hydraulicznej PYTE, stosujac
prasowanie osiowe o nacisku 5 kN. Nastepnie w szczelnie
zamykanych naczyniach zawierajacych 65 ml roztworu
SBF umieszczono po 5 pastylek kazdego rodzaju bioszkta.
Inkubacje bioszkiet w SBF prowadzono przez 28 dniw 37°C.
Prébki do badan pobierano po 7 i 28 dniach, przemywano
wodg destylowang i suszono. Morfologie powierzchni tak
otrzymanych bioszkiet przed i po kontakcie z SBF badano
z uzyciem wysokorozdzielczego skaningowego mikroskopu
elektronowego Nova NanoSEM 200 firmy FEI. Pomiary
ramanowskie zostaty wykonane za pomoca spektrometru
Nicolet 6700 z modutem NXR FT - Raman Module.

Badanie dziatania cytotoksycznego wykonano metodg
bezposredniego kontaktu przy stezeniu bioszkiet w postaci
proszkow 0,25 mg/ml oraz metodg posrednig czyli poprzez
badanie eluatéw tych materiatéw z jednowarstwowa hodowlg,
komorek fibroblastopodobnych L929. Parametrami do oceny
stopnia cytotoksycznosci byta morfologia komorek oraz ich
zywotnosé. W tescie na wyciggach oceniano zmiany morfolo-
giczne komérek wywotane przez wyekstrahowane substancje
z badanych biomateriatéw.

Komorki otrzymano z podskornej tkanki thuszczowej my-
szy, a hodowle prowadzono w ptynie Eagle’a z dodatkiem
10% inaktywowanej przez 30 min w 56°C surowicy cielecej
oraz 100 U/ml penicyliny, 100 pg/ml streptomycyny i 2 mM/mi
L-glutaminy, w 37°C w atmosferze 5% CO,. Komorki prze-
szczepiano stosujac roztwoér 0,05% trypsyny z 0,02% EDTA
w PBS, o pH 7,2.

W badaniu z bezposrednim kontaktem komorek z bio-
szktami na ptytce 24-dotkowej firmy Costar zaktadano ho-
dowle komérek L929 o gestosci 1x10%ml i inkubowano 24
h w 37°C, w atmosferze 5% CO,. Po tym czasie ptyn znad
komorek usunieto, a jednowarstwowg hodowle komorek
zalano ptynem hodowlanym w ilosci 1 ml z dodatkiem 2%
surowicy cielecej. Na tak przygotowang hodowle komdrek
natozono probki badanych materiatéw i inkubowano przez
24 h oraz 48 h w 37°C i atmosferze 5% CO.,.

The aim of this study was to determine the bioactivity
and cytotoxicity of bioglasses from the SiO,-CaO system.
Bioactivity was assessed using SEM, through analysis of
surface morphology after contact with a simulated body fluid
(SBF). On the other hand the assessment of cytotoxicity was
performed according to PN-EN 10993-5 “Biological evalua-
tion of medical devices - Part 5: Tests for cytotoxicity: in vitro
methods” after contact with fibroblast like cells L929.

Materials and Methods

Bioglass P-0 containing 70 wt% SiO, and 30 wt% CaO
being a reference material was produced using as basic
substrates tetraethoxysilane (TEOS) and calcium nitrate
tetrahydrate. Bioglasses P0-VS and PO-MPS with the same
composition as P-0 were obtained introducing 5 wt% of SiO,
content by other silanes. In the case of bioglass P0-VS
vinyltriethoxysilane was used, and in the case of PO-MPS
different silane, namely (trimetoxysilyl)propyl methacrylate.
The process of preparing bioglasses by sol-gel method was
carried out respecting the earlier reports [5].

After heat treatment of gels at 600°C for 6 h coarse
powders were obtained, which were ground in a mechanical
mortar, in order to obtain fine powders.

To determine in vitro bioactivity of produced bioglasses,
an impact assessment was carried out with a solution of
simulated body fluid (SBF). From the obtained powders,
@ =7 mm and h = 2 mm pellets were formed using a hy-
draulic press PYTE, applying axial pressure 5 kN. Then,
in a tightly closed vessel containing 65 ml of SBF solution
was placed, five pellets of each type bioglass. Immersion
of bioglasses in SBF was carried out for 28 days at 37°C.
Test specimens were taken after 7 and 28 days, washed
with distilled water and dried. The surface morphology of
bioglasses obtained in such a way before and after contact
with SBF were tested in scanning electron microscope
NanoSEM 200 made by FEI. Raman measurements were
performed using a Nicolet 6700 spectrometer with NXR FT
- Raman Module.

The cytotoxicity test was performed by direct contact
with concentration of bioglass powders of 0.25 mg/ml and
by indirect method testing of extracts of these materials with
monolayer growing of fibroblast like cells L929. Parameters
to assess the degree of cytotoxicity were morphology and
cell viability. In the indirect test method, cell morphologi-
cal changes induced by extracted substances from tested
biomaterials were evaluated.

Cells were obtained from subcutaneous fat of a mouse,
and breeding was carried out in Eagle’s liquid supplemented
with 10% inactivated for 30 min at 56°C calf serum and
100 U/ml penicillin, 100 pg/ml streptomycin and 2 mM/ml
L-glutamine, at 37°C in 5% CO,. Cells were transplanted
using a solution of 0.05% trypsin with 0.02 % EDTA in PBS,
pH 7.2.

In the test utilising direct contact of cells with bioglasses
on the 24-well Costar plate, an L929 cell culture was es-
tablished, with density of 1x10%ml, which was incubated
for 24 h at 37°C in 5% CO,. After this time, the fluid above
the cells was removed, and the cell monolayer was cov-
ered with 1 ml of liquid culture with 2% calf serum. On the
cell culture prepared in this manner, samples of the tested
materials were placed and incubated for 24 h and 48 h at
37°C in 5% CO,.



Zywotno$é komorek oceniano metodg barwienia btekitem
trypanu. W tym celu zawiesing komérek L929 i badanego
materiatu pobierano w ilosci 100 pl do probdwki Eppen-
dorf, nastepnie dodawano 100 pl 0,4% btekitu trypanu
i inkubowano przez 15 min w temperaturze pokojowe;.
Po tym czasie krople ptynu nanoszono na kamere Burkera
i pod mikroskopem swietlnym zliczano liczbe zywych komé-
rek. Komérki martwe wybarwity sie na granatowo, co jest
spowodowane wnikaniem barwnika do wnetrza komorki
poprzez uszkodzong btone komérkowa. Zywe komorki L929
pozostaty niezabarwione.

W metodzie posredniej do przygotowania wyciggow
uzyto bioszkiet w postaci proszku, ktére zalano ptynem
hodowlanym Eagle’a bez surowicy cielecej (0%), a z do-
datkiem 100 U/ml penicyliny, 100 ug/ml streptomycyny
i 2 mM/ml L-glutaminy. Tak przygotowane proby o stezeniu
1,0 mg badanych bioszkiet na 1,0 ml ptynu inkubowano
przez 24 godziny w 37°C w atmosferze 5% CO,. Po tym
czasie wyciagi zebrano do jatowych probowek i wykonano
badanie cytotoksycznosci.

Na plytce 24-dotkowej zaktadano hodowle komorek L929
o gestosci 1x10%/ml i inkubowano 24 h w 37°C, w atmosfe-
rze 5% CO, Po tym czasie ptyn znad komoérek usunieto,
a jednowarstwowag hodowle komorek L929 zalano po
1000 pl ptynem znad zawiesiny proszkéw i inkubowano
przez 24 h w 37°C i atmosferze 5% CO,. Dalsze postepo-
wanie jak wyzej opisano przy ocenie zywotnosci komorek.

Ocene kazdego biomateriatu wykonano w trzech powté-
rzeniach i przedstawiono reprezentatywne wyniki badan.

Wyniki i dyskusja

Na powierzchni wszystkich badanych bioszkiet po zanu-
rzeniu w SBF po 7 dniach (RYS. 1) jak i po 28 dniach obser-
wowano sferyczne struktury, ktére wedtug doniesien litera-
turowych [5] sg typowe dla morfologii apatytu uzyskiwanego
w spos6b biomimetyczny, a ktérych obecnosci nie stwier-
dza sie na powierzchni bioszkiet przed inkubacjg w SBF.

Wyniki analizy FTIR powierzchni bioszkiet przed kontak-
tem z SBF oraz po 28 dniach inkubaciji (RYS. 2i 3) potwier-
dzajg obecnos¢ hydroksyapatytu na powierzchni bioszkiet
inkubowanych w SBF. W widmach prébek PO-MPS-SBF
oraz P0-VS-SBF widoczne jest pasmo przy 960 cm™ charak-
terystyczne dla hydroksyapatytu (HA), ktére przypisuje sie
symetrycznym drganiom rozciggajacym grupy PO,* [6,7].
W widmach tych probek wystepujq takze stabe pasma przy
430 cm™ pochodzace od drgan zginajacych PO,*. To $wiad-
czy o tym, ze na probkach P0-VS-SBF i PO-MPS-SBF poja-
wity sie struktury hydroksyapatytu po kontakcie z roztworem
SBF. Pasm charakterystycznych dla hydroksyapatytu nie
ma w widmach probek P0-VS i PO-MPS. Intensywnos$¢
drgan charakterystycznych jest wieksza w przypadku probki
PO-MPS-SBF co wskazuje na wiekszg ilos¢ hydroksyapatytu
na powierzchni probki z dodatkiem MPS.

Wyniki badan in vitro cytotoksycznosci wg kryteriow
normy ISO 10993-5 wykonanych metodg bezposrednig dla
stezenia 0,25 mg/ml po 24 h i 48 h inkubacji (TABELA 1)
wskazujg na nieznaczna cytotoksycznos¢ bioszkiet PO-MPS
i PO-VS oraz tagodng bioszkta P-0. Natomiast wyniki
uzyskane z badan metoda posrednig (TABELA 2) wska-
zujg na brak efektu cytotoksycznego. Bioszkio PO-MPS,
w ktorym zastosowano trimetoksysililometakrylan propylo-
wy wykazato nizszy udziat martwych komérek w hodowli
w poréwnaniu do bioszkta P0-VS, do ktérego wytworzenia
uzyto winylotrietoksysilanu. Najwyzszy udziat martwych
komérek po 24 h i 48 h kontaktu zanotowano dla bioszkta
P-0, odpowiednio 2% i 5%.

Cell viability was assessed by trypan blue staining. For
this purpose, suspension of L929 cells and the tested mate-
rial was collected in quantity of 100 pl to Eppendorf tubes,
then 100 pl of 0.4% trypan blue was added and incubated
for 15 min. at room temperature. After this time, a drop of
the liquid was applied on Burker camera under a light micro-
scope and the number of living cells was counted. Dead cells
changed colour to navy, which is caused by the penetration
of the dye into the cell through the damaged cell membrane.
Viable L929 cells remained not colouring.

In the case of the indirect method obtained bioglasses
in powder form were covered with Eagle culture medium with-
out calf serum (0%), with the addition of 100 U/ml penicillin,
100 pg/ml streptomycin and 2 mM/ml L-glutamine. The
samples prepared in this manner, with concentration of 1 mg
of the tested bioglasses per 1 ml of fluid were incubated for
24 hours at 37°C in 5% CO,. After this time the extracts were
collected into sterile tubes and cytotoxicity was tested.

Using a 24-well plate an L929 cell culture was estab-
lished, with density of 1x10%ml, and was incubated for 24 h
at 37°C in 5% CO,. After this time the fluid was removed from
above the cells, and the L929 cell monolayer was covered
with 1000 ul liquid from above the powder suspension and
incubated for 24 h at 37°C in 5% CO,. Further treatment as
described above in the assessment of cell viability.

The assessment of each biomaterial was performed
using three replicates and representative results were
demonstrated.

Results and Discussions

On the surface of all tested bioglasses after immersion
in SBF for 7 days (FIG. 1) and 28 days spherical structures
were observed, which according to information presented in
the literature [5] are typical of the morphology of the apatite
obtained in a biomimetic manner, and whose presence
was not found on the surface of bioglasses before contact
with SBF.

Results of FTIR analysis of the surface of bioglasses
before contact with SBF and after 28 days of incubation
(FIG. 2 and 3) confirm the presence of hydroxyapatite on
the surfaces of bioglasses incubated in SBF. In the spec-
tra of samples PO-MPS-SBF and P0-VS-SBF the band at
960 cm™' characteristic for hydroxyapatite (HA) is visible,
which is attributed to the symmetric stretching vibrations
of the PO,* group [6,7]. In the spectra of these samples
also weak bands at 430 cm™' originating from the bending
vibration of PO,* could be visible. This indicates that struc-
ture of hydroxyapatite appeared after contact of samples
P0-VS-SBF and PO-MPS-SBF with SBF solution. Bands
characteristic of hydroxyapatite are not in the spectra of
samples P0O-VS and PO-MPS. The intensity of the character-
istic oscillation is higher in the case of sample PO-MPS-SBF
indicating a greater amount of hydroxyapatite on the surface
of sample with MPS addition.

The results of the in vitro cytotoxicity tests according to
the criteria of ISO 10993-5 performed according to the direct
method with concentration of 0.25 mg/ml after 24 h and 48 h
of incubation (TABLE 1) indicate a slight cytotoxicity of
PO-MPS and P0-VS bioglasses and mild cytotoxicity of P-0.
However, the results obtained from tests utilising the indirect
method (TABLE 2) indicate no cytotoxic effect. Bioglass
PO-MPS in which (trimetoxysilyl)propyl methacrylate was
introduced demonstrated a lower share of dead cells in the
culture, compared to bioglass P0-VS, which was produced
using vinyltriethoxysilane. The highest share of dead cells
after 24 h and 48 h of contact was recorded for bioglass PO
- 2% and 5%, respectively.
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RYS. 1. Bioszkta przed zanurzeniem w roztworze SBF i po 7 dniach inkubacji: a) P-0 przed kontaktem z SBF,
b) P-0 po 7 dniach zanurzenia w SBF, c) PO-MPS przed kontaktem z SBF, d) P0O-MPS po 7 dniach zanurzenia
w SBF, e) P0-VS przed kontaktem z SBF, f) P0-VS po 7 dniach zanurzenia w SBF.

FIG. 1. Bioglasses before immersion in SBF solution, and after 7 days of immersion: a) P-0 before contact with
SBF, b) P-0 after 7 days of immersion in SBF, c) PO-MPS before contact with SBF, d) PO-MPS after 7 days of
immersion in SBF, e) P0-VS before contact with SBF, f) P0-VS after 7 days of immersion in SBF.
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TABELA 1. Zmiany cytotoksyczne w hodowli komorek fibroblastopodobnych L929 w bezposrednim kontakcie
z bioszktami.
TABLE 1. Cytotoxic changes in culture of L929 fibroblast cells in direct contact with bioglasses.

Czas zanurzenia Symbol materiatu Liczba lub udziat procentowy komérek Stopien
Immersion time Symbol of material Number or percentage share of cells toksycznosci
[h] Martwe / Dead Zywe / Viable Ogétem / Total ~ Extent of toxicity
[%] [CFU/mI]
P-0 50 50 7.6x10* 2
PO-VS 14 86 2.3x10° 1
24 P0O-MPS 20 80 1.2x10° 1
Kontrola L929 5
Control culture L929 & o S0 v
P-0 46 54 1.2x10°% 2
PO-VS 18 82 3.6x10° 1
48 PO-MPS 18 82 1.4x10° 1
Kontrola L929 1 99 7 5x108 0

Control culture L929

TABELA 2. Zmiany cytotoksyczne w hodowli komérek fibroblastopodobnych L929 w kontakcie z wyciagami
badanych bioszkiet.
TABLE 2. Cytotoxic changes in culture of L929 fibroblast cells in contact with extracts of the tested bioglasses.

Czas zanurzenia Symbol materiatu Liczba lub udziat procentowy komérek Stopien
Immersion time Symbol of material Number or percentage share of cells toksycznosci
[h] Martwe / Dead Zywe / Viable Ogédtem / Total ~ Extent of toxicity
[%] [%] [CFU/mI]
P-0 2 98 5.6x10° 0
PO-VS 1 99 7.5x10° 0
24 PO-MPS 0 100 6.9x10° 0
Kontrola L929 .
Control culture L929 v 12y e v
P-0 5 95 5.9x10° 0
PO-VS 1 99 8.3x10° 0
48 PO-MPS 0 100 7.8x10° 0
Kontrola L929 5
Control culture L929 v o B v
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RYS. 4. Obrazy hodowli komoérek L929 w kontakcie z wyciagami badanych bioszkiet po w I_
48 h inkubacji.
FIG. 4. Images of cultures of L929 cells in contact with extracts of the tested bioglasses =
after 48 h of incubation. =z E
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Obrazy hodowli w kontakcie z wyciggami badanych

® ® @ o @ @ ©® hipszkiet po 48 h inkubacji (RYS. 4) przedstawiajg komorki
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L929 o wrzecionowatym ksztalcie, przylegajace do podtoza
w réwnomiernej, jednolitej warstwie. Komorki sg rozptasz-
czone, co $wiadczy o korzystnym oddziatywaniu badanych
bioszkiet.

Whnioski

Wyniki przeprowadzonych badan bioaktywnosci i cyto-
toksycznosci in vitro bioszkiet z uktadu SiO,-CaO pozwalajg
stwierdzi¢, ze:

1. Otrzymane bioszkta sg bioaktywne w kontakcie
z roztworem SBF, na co wskazuje obecnos$¢ na powierzch-
ni bioszkiet sferycznych struktur typowych dla morfologii
apatytu.

2. Wyniki FTIR potwierdzajg obecnos¢ hydroksyapatytu
na powierzchni bioszkiet po kontakcie z SBF i wskazujg na
wyzszy udziat HA w probce z dodatkiem MPS.

3. Wyniki badan in vitro cytotoksycznosci metoda bezpo-
$rednig, mimo nieznacznej cytotoksycznosci PO-MPS i PO-
VS oraz fagodnej P-0, potwierdzajg zdoIno$¢ komorek L929
do proliferacji w kontakcie z wytworzonymi bioszktami.

4. Badania in vitro cytotoksycznosci metodg posredniag,
wszystkich wytworzonych bioszkiet pozwolity stwierdzic¢
brak efektu toksycznego wyekstrahowanych substancji na
komorki L929.
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Images of cultures in contact with extracts of the obtained
bioglasses after 48 h of incubation (FIG. 4) show L929 cells
being spindle-shaped, adhering to the substrate in an even
and uniform layer. The cells are flattened, which indicates
favourable impact of the tested bioglasses.

Conclusions

Results of the study of bioactivity and cytotoxicity in vitro
of Si0,.Ca0 system bioglasses allow to conclude that:

1. The obtained bioglasses are bioactive in contact with
SBF solution, as indicated by the presence on the surface of
spherical structures typical for morphology of the apatite.

2. FTIR results confirm the presence of hydroxyapatite on
the surface of bioglasses after contact with SBF and show
a higher content of HA in the sample with MPS addition.

3. Test results of in vitro cytotoxicity by the direct method,
although showing slight cytotoxicity PO-MPS and PO0-VS
and mild P-0, confirm the ability of cells L929 to proliferate
in contact with produced bioglasses.

4. Indirect method in vitro cytotoxicity tests involving all
produced bioglasses revealed no toxic effect of extracted
substances on L929 cells.
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Streszczenie

Oddziatywanie nanotopografii biomateriatow
na biozgodnosc¢ z krwig jest nadal stabo poznane.
Wiadomo, ze azotowane warstwy powierzchniowe
Z zewnetrzng strefg azotku tytanu (TiN) charakte-
ryzujgq sie dobrymi witasciwosciami i biozgodnoscig
zarowno w kontakcie z krwig, jak i koscig. Dlatego tez
modyfikacje wiasciwos$ci powierzchni dla zastosowan
w kardiologii sq nadal przedmiotem zainteresowania
i byty celem naszych badan. W pracy przedstawiono
wyniki badan wtasciwosci warstw azotowanych wytwa-
rzanych w warunkach wytadowania jarzeniowego na
stopie tytanu Ti6Al4V w niskotemperaturowym proce-
sie, na potencjale katody i na potencjale plazmy. Uzy-
skane warstwy miaty rézng topografie i chropowato$¢
powierzchni w skali nano. Zewnetrzna strefa warstwy
typu TiN+Ti,N+aTi(N) wytworzonej na potencjale
katody (TiN-K) charakteryzowata sie wyzszg chro-
powatoscig w poréwnaniu z warstwg wytworzong na
potencjale plazmy (TiN-P) (Ra = 0,177 um dla TiN-K
vs. Ra=0,019 um dla TiN-P). Ponadto przeprowadzo-
ne badania zwilzalnos$ci wykazaty wysoka zwilzalno$¢
powierzchni TiN-K (38° dla TiN-K vs 89° dla TiN-P).
Badania biologiczne sktadu biofilmu wykazaty nizszg
adsorpcje fibrynogenu oraz adhezje, agregacje i ak-
tywacje ptytek krwi na TiN-K w poréwnaniu do TiN-P.
Uzyskane wyniki wskazuja, ze adhezja ptytek krwi,
jak i ilos¢ zaadsorbowanego fibrynogenu koreluje
z topografig powierzchni warstwy TiN. Zatem poprzez
zmiane topografii powierzchni mozna wptywac na
oddziatywania ptytek krwi z biomateriatem.

Stowa kluczowe: powierzchniowe warstwy azotowane,
chropowatosc, zwilzalnos¢, hemozgodnos$c

[Inzynieria Biomateriatow 119 (2013) 27-32]

Wprowadzenie

Warstwy azotowane produkowane w warunkach wytadowa-
nia jarzeniowego maja charakter dyfuzyjny i wykazujg dobra bio-
zgodnos¢ z réznymi ludzkimi komérkami [1,2]. Modyfikacje to-
pografii powierzchni, ktére moga odpowiednio do specyficznych
zastosowan (w tym dla sztucznego serca, stentéw) zwiekszaé
biozgodnos¢ biomateriatéw nie sg nadal dobrze poznane [3].
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NANOTOPOGRAPHY ON
PLATELETS ADHESION

AGNIESZKA SowiINsSKA'*, MicHAL TARNOWSKI?,
WitoLb JakuBowskKi®, JuSTYNA OLEKSIAK',
Tabeusz WIERzcHON?, ELZBIETA CZARNOWSKA'

" CHILDREN’'S MEMORIAL HEALTH INSTITUTE,

PatHoLogY DEPARTMENT.,

AL. Dzieci PoLskicH 20, 04-730 WaRsAw, PoLAND

2 WaRsAaw UNIVERSITY OF TECHNOLOGY,

FacuLTY oF MATERIALS ENGINEERING,

uL. Woroska 141, 02-507 WaRrsaw, PoLAND

3 TecHNIcAL UNIVERSITY OF Lobz, DEPARTMENT OF BIOPHYSICS,
uL. B. STEFANowskIEGO 1/15, 90-924 Lobpz, PoLAND

* E-MAIL: A.SOWINSKA@CZD.PL

Abstract

The effect of different topographies of biomaterials
at the nanoscale on biocompatibility is still poorly
known. It is known that nitrided surface layers with
external titanium nitride (TiN) zone exhibit good
properties and biocompatibility with blood and bone.
However, the surface properties of biomaterials dest-
ined for cardiological applications are still a subject of
interest for further improvement. Thus, the aim of our
investigations was modification of the external zone
of the nitrided surface layers produced under glow
discharge conditions for cardiological applications.
The layers were produced at low temperature using
cathode potential and plasma region. These layers
exhibited different surface topography and roughness.
The external zone of the layer produced on cathode
potential (TiN-K) is characterized by higher roughness
compared to the layer produced in plasma region
(TiN-P) (Ra=0.177 um vs. Ra = 0.019 um) and higher
surface wettability (contact angle 38° vs. 89°). Fibri-
nogen showed its lower adsorption followed also by
lower subsequent platelets adhesion, aggregation and
activation on TiN-K compared to TiN-P. These suggest
that the amount of adsorbed fibrinogen and platelets
adhesion correlate with topographical characteristics
of TiN surface. Thus, altering surface topography the
platelets-biomaterial interactions can be reduced.

Keywords: nitrided surface layers, roughness, wet-
tability, haemocompatiblity

[Engineering of Biomaterials 119 (2013) 27-32]

Introduction

Nitrided surface layer produced under glow discharge
conditions form diffusion layers with good biocompatibili-
ties with various human cells [1,2]. Modification of surface
topography is a strategy which can be applied to increase
the biocompatibility of materials destined for specific appli-
cations (among others for artificial hearts and stents) [3].
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Wiadomo, Zze warunki procesu majg znaczacy wpltyw na
strukture i topografie zewnetrznej strefy wytwarzanej war-
stwy, od ktérej zalezy oddziatywanie biomateriat - komérka/
tkanka. Badania wskazuja, ze chropowatos¢ powierzchni
wplywa na jej zwilzalnosé, a to z kolei na sktad biatek ad-
sorbowanych na powierzchni biomateriatu w pierwszych se-
kundach kontaktu ze Srodowiskiem biologicznym [4]. Biatka
te decyduja o adhezji i agregacji lub proliferacji komorek,
w tym zaadsorbowany fibrynogen jest czynnikiem zwigk-
szajagcym trombogennos$é powierzchni biomateriatu [5].
Wyniki badan prezentowane w literaturze wskazuja, ze
obecnos¢ znacznych ilosci fibrynogenu na powierzchni
warstw wytworzonych w warunkach wytadowania jarzenio-
wego prowadzi do adhezji ptytek krwi [6].

Modyfikujac proces azotowania jarzeniowego mozna wy-
tworzy¢ warstwy typu TiN+Ti,N+aTi(N) o réznych wtasciwos-
ciach powierzchni, w tym strukturze, topografii powierzchni
i zwilzalno$ci, ktore beda zmniejszaty adhezje komdrek krwi.
Dlatego celem naszych badan byta weryfikacja wtasciwosci
powierzchni warstw azotowanych wytworzonych na stopie
tytanu Ti6AI4V w niskotemperaturowym procesie azotowa-
nia jarzeniowego w celu poprawy ich hemozgodno$ci.

Materialy i metody

Prébki stopu tytanu Ti6Al4V o Srednicy 8 mm z po-
wierzchniowg warstwg azotowang typu TiN+Ti,N+aTi(N)
wytwarzano w warunkach wytadowania jarzeniowego
w temperaturze 680°C na potencjale katody lub plazmy.
Materiaty sterylizowano plazmowo (Sterrad 100, atmosfera
H,0,, temp. 54°C, ci$nienie 7 mbar).

Mikrostrukture warstw badano z zastosowaniem ska-
ningowego mikroskopu elektronowego (Hitachi S-3500N)
z EDS. Wiasciwosci zewnetrznej powierzchni materiatu
oceniano w zakresie morfologii (SEM Hitachi S-3500N),
chropowatosci (optyczny profilometr skanujacy WYKO
NT9300), mikrostruktury (mikroskop sil atomowych, AFM,
Veeco) oraz zwilzalno$ci wodg dejonizowang (aparat foto-
graficzny Nikon Coolpix 4500, analiza zdje¢ z zastosowa-
niem programu DROP3).

Dla oceny adsorpcji fibrynogenu préobki materiatdw
inkubowano przez 2 godziny w temperaturze 37°C z oso-
czem krwi zdrowych dawcéw. Biofilm wytworzony na tych
powierzchniach utrwalano w 4% paraformaldehydzie i 70%
metanolu. Fibrynogen oznaczano przy uzyciu przeciwciata
anty-ludzki fibrynogen znakowanego FITC (1:100, Millipore)
i badano w mikroskopie konfokalnym (Olympus, Japonia).
W badaniach adhezji i aktywacji ptytek krwi zastosowano bo-
gatoptytkowe osocze (PRP) otrzymywane z krwi zdrowych
dawcow, ktére nanoszono na prébki biomateriatéw (150 pl/
probke) i inkubowano przez 5 i 30 minut. Po zakohczonej in-
kubacji probki ptukano w celu usuniecia niezadherowanych
ptytek. Zadherowane komorki utrwalano w 4% buforowanym
glutaraldehydzie i odwadniano w wodnych roztworach eta-
nolu o rosngcym jego stezeniu, a nastepnie napylano cienka,
warstwa ztota (Fine coater JFC-1200 Jeol) i wizualizowano
w mikroskopie skaningowym (Jeol JSM — 7600F). Adsorpcije
fibrynogenu i adhezje ptytek krwi mierzono morfometrycznie
z zastosowaniem programu Cells®"¢ (Olympus, Japonia).
Wyniki pomiaréw przedstawiono jako $rednie arytmetyczne
+ odchylenie standardowe.

Wyniki i dyskusja

Wiasciwosci powierzchni

Badania sktadu chemicznego i rozmieszczenia pierwiast-
kéw wykazaty, ze obie wytworzone warstwy azotowane
miaty charakter dyfuzyjny i byty typu TiN+Ti,N+aTi(N).

It is known, that conditions of the process influence the
surface structure and topography which further modu-
late interactions between biomaterials and cells/tissues.
Observations show that surface roughness affect surface
wettability, which influences protein adsorption occurring
during the first seconds upon exposure of biomaterial to
biological environment [4]. These proteins influence cell
adhesion, aggregation and proliferation, whereas fibrinogen
increases the thrombogenicity of biomaterial surface [5].
Data presented in literature reveal platelet adhesion due
to fibrinogen adsorption on surface layers produced under
glow discharge conditions [6].

Modifying the glow discharge nitriding process, differ-
ent surface structures, topography and wettability of the
TiN+Ti,N+aTi(N) layer can be produced and these surface
properties might regulate platelet adhesion. Therefore, the
aim of our investigations was to analyze nitrided surface lay-
ers with different nanoscale topographies of the TiN external
zone produced at low temperature plasma process and its
effects on haemocompatibility.

Materials and Methods

Samples of Ti6AI4V alloy with nitrided TiN+Ti,N+aTi(N)
type surface layers of 8 mm diameter were produced un-
der glow discharge conditions at temperature of 680°C on
cathode potential or in plasma region. Samples produced
were sterilized in plasma (Sterrad 100, atmospheric H,0,,
temp. 54°C, pressure 7 mbar).

Microstructure of the layers was analysed using scanning
electron microscope (Hitachi S-3500N) with EDS. Charac-
teristics of the external surface were investigated for mor-
phology (SEM Hitachi S-3500N), roughness (profilometer
WYKO NT9300), microstructure (atomic force microscopy,
AFM, Veeco) and wettability by deionised water (imaging
by Nikon Coolpix 4500 and measurement with the use of
DROP3 program).

For fibrinogen adsorption samples were incubated with
fresh human plasma for 2 hours at 37°C. Biofilm produced
on the surface was fixed in 4% paraformaldehyde and
70% methanol. Fibrinogen was stained with specific anti-
human FITC-conjugated antibody (1:100, Millipore) and
investigated using confocal microscope (Olympus, Japan).
For determination of platelets adhesion and activation
platelets rich plasma (PRP) generated form fresh human
blood was applied on biomaterial samples (150 ul/sample)
and incubated by 5 and 30 min followed by rinsing of the
non-adherent platelets. Adhered platelets were fixed in 4%
buffered glutaraldehyde and dehydrated in ethanol series,
then fine coated with gold (Fine coater JFC-1200 Jeol) and
visualized using scanning microscope (Jeol JSM — 7600F).
Percent of material surface area occupied by fibrinogen and
platelets adhesion were quantified on images with morpho-
metric program Cell**™¢ (Olympus, Japan). Results of all
measurements were expressed as mean = SD.

Results and Discussions

Surface characteristics

Investigations of the chemical composition and distribu-
tion demonstrated that nitrided surface layers produced on
cathode potential and in plasma region were both diffusion
and TiN+Ti,N+aTi(N) type. Investigations of the sample sur-
face using optical profilometer revealed higher roughness of
TiN in the external zone of the layers produced on cathode
potential (TiN-K) compared to those produced in plasma re-
gion (TiN-P) (Ra=0.177 um, Rq = 0.229 um, Rt = 3.244 uym
vs.Ra=0.019 ym, Rq=0.025 ym, Rt=0.913 ym) (FIG. 1).
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RYS. 1. Topografia powierzchni warstw azotowanych wytworzonych w procesie azotowania jarzeniowego na
potencjale plazmy (A) i katody (B). Parametry chropowatosci powierzchni probek uzyskane przy pomocy pro-
filometru optycznego; Ra - srednie odchylenie profilu od linii sSredniej, Rq - srednie kwadratowe odchylenie
profilu od linii Sredniej wzdluz odcinka pomiarowego lub elementarnego, Rt - odlegtos¢ najwyzszego punktu
profilu do najnizszego na odcinku elementarnym Rt = Rp + Rv.

FIG. 1. Surface topography of nitrided layers produced under glow discharge conditions on plasma (A) and
cathode (B) potential. Roughness parameters of surface layers (optical profilometer); Ra - average arithmetic
deviation of the roughness profile, Rq - average square deviation of the roughness profile, Rt - distance between

the highest and lowest point of the profile Rt = Rp + Rv.

Wyniki badan powierzchni probek przy pomocy profilometru
optycznego pokazaly, ze zewnetrzna strefa TiN warstwy
wytworzonej na potencjale katody (TiN-K) charakteryzowata
sie wyzsza chropowatoscia (Ra = 0,177 pm, Rq = 0,229 ym,
Rt = 3,244 pym) w poréwnaniu do warstwy wytworzonej na
potencjale plazmy (TiN-P) (Ra = 0,019 ym, Rq = 0,025 ym,
Rt = 0,913 um) (RYS. 1). Jak wskazywaty wyniki badan
morfologii powierzchni uzyskane za pomocg AFM, war-
stwe wytworzong na potencjale katody charakteryzowata
bardziej rozwinieta powierzchnia w skali nano niz warstwe
wytworzong na potencjale plazmy. Warstwa TiN-K miata
takze wiekszg zwilzalnos¢ (kat zwilzalnosci wodg dejonizo-
wang = 38°) niz warstwa TiN-P (kat zwilzania wodg = 89°).
A zatem, powierzchnia TiN warstwy wytworzonej na po-
tencjale katody wykazywata wtasciwosci hydrofilowe, a na
potencjale plazmy hydrofobowe. Wiele badan prezentowa-
nych w literaturze wskazuje, ze hydrofobowos$¢ powierzchni
zwieksza interakcje biomateriatu ze Srodowiskiem, co moze
prowadzi¢ do wiekszej adhezji komdrek, podczas gdy
hydrofilowo$¢ powierzchni jest korzystna dla materiatow
kontaktujacych sie z krwig [7].

Adsorpcija fibrynogenu

Wizualizacja fibrynogenu w mikroskopie konfokalnym
pokazata, ze biatko to tworzy drobne agregaty jednorodnie
rozmieszczone na TiN-K i wieksze agregaty nieregularnie
rozmieszczone na powierzchni TiN-P. Pomiary obszaréw
zajetych przez fibrynogen wykazaty mniej biatka na po-
wierzchni TiN-K w poréwnaniu z TiN-P (RYS. 2). Z badan
prezentowanych w literaturze wynika, ze ze wzrostem
stopnia rozwiniecia powierzchni oraz jej hydrofobowo-
$ci rosnie adsorpcja fibrynogenu [8]. Innymi czynnikami
charakteryzujacymi biomateriat, ktére odgrywaja wazna,
role w zwiekszonej adsorpcji biatek sg wysoka energia
powierzchniowa materiatu, elektrostatyczne oddziatywanie
miedzy czasteczkami biatek i powierzchnig [8]. Biorac pod
uwage wszystkie badane przez nas wtasciwosci TiN — strefy
zewnetrznej wytworzonych warstw, to warstwa wytworzona
na potencjale katody prezentowata duzy potencjat biozgod-
nosci z krwig.
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RYS. 2. Adsorpcja fibrynogenu na powierzchni
1 mm? probek z warstwa azotowana na potencjale
katody (TiN-K) i plazmy (TiN-P).

FIG. 2. Fibrinogen adsorption on 1 mm?of surface
layers nitrided on cathode (TiN-K; C) and plasma
(TiN-P; D) potential.

The AFM surface analyses showed more developed nano
- scale TiN layer produced on cathode potential than in
plasma region. The TiN-K exhibited higher wettability (con-
tact angle with deionized water = 38°) compared to TiN-P
layer (contact angle = 89°). Thus, the TiN surface produced
on cathode potential was hydrophilic, while the TiN surface
produced in plasma region was hydrophobic. Numerous pa-
pers have presented that surface hydrophobicity increases
interactions at biomaterial - environment interface leading
to increased cell adhesion, while surface hydrophilic feature
was advantageous for biomaterials in contact with blood [7].

Fibrinogen adsorption

Fibrinogen visualization demonstrated that this protein
forms fine aggregates homogenously spread on TiN-K and
significant aggregates irregularly spread on TiN-P. Meas-
urements of areas occupied by fibrinogen revealed lower
covered surface area on TiN-K than on TiN-P (FIG. 2).
Some of literature data have documented increased fi-
brinogen adsorption with surface development and hydro-
phobicity [8]. Others factors which play a significant role in
protein adsorption are high surface energy and electrostatic
interaction between proteins and biomaterial surface [8].
All properties of the TiN layers analysed in our study suggest
that the layer produced on cathode potential might exhibit
increased potential as blood biocompatible surface.

29

®© 0 0000000000000 0000006000000000000000000 000  =umm

Ll



30

150

100 —a - TiN-K

—&— TiN-P

l\

liczba ptytek krwi /
number of platelets
(3]
o
A

Smin 30 min

czas [ time

>

S
59 |2
g€g 0
=
SEL 2 = TiN-K
§%§ q / == TiN-P
583 y
eos 2
-_—- 0
> 0 /
e 5min 30 min
B czas / time

5.0xV SEI

—
15.0kV SEI

RYS. 3. Liczba ptytek krwi (A) i agregatéow ptytkowych (B) w mikroobszarach 1,42 mm?warstw azotowanych na

potencjale katody (TiN-K) i plazmy (TiN-P).

Morfologia ptytek krwi zadherowanych na warstwach azotowanych na potencjale katody (C) i plazmy (D).
FIG. 3. Number of blood platelets (A) and platelet aggregates (B) in microregions 1.42 mm? of layers nitrided on

cathode (TiN-K) and plasma (TiN-P) potential.

Morphology of blood platelets adhered on surface layers nitrided on cathode (TiN-K; C) and plasma (TiN-P; D)

potential.

Adhezja ptytek krwi

Analizy morfometryczne wskazywaty na mniejszg adhe-
Zje i agregacje ptytek krwi na powierzchni TiN-K w poréw-
naniu z TiN-P (RYS. 3A, B). Wynik ten pozostaje w zgodzie
zmniejszg adsorpcja fibrynogenu na warstwie TiN-K oraz jej
wiasciwosciami hydrofilowymi. Wiadomo, ze fibrynogen jest
jednym z gtéwnych biatek posredniczacych w adhezji i akty-
wacji ptytek krwi [6]. Nie mozna jednak wykluczy¢ znaczenia
dla adhezji komorek krwi obecnosci innych rodzajow biatek
na powierzchni biomateriatu, m.in. albuminy, ktéra hamuje
adhezje ptytek [9]. Jednak na tym etapie prowadzonych
przez nas badan nie analizowaliSmy adsorpcji albuminy.
Ponadto, badania innych autoréw wskazuja, ze wzrost
chropowatosci powierzchni w skali nano moze przyczynia¢
sie do zmian konformacyjnych w strukturze biatek, co takze
moze modyfikowac stopien adhezji komoérek [10,11]. Takiego
zjawiska nie mozna wykluczy¢ w odniesieniu do prezento-
wanych przez nas warstw azotowanych.

Populacje ptytek zadherowanych na warstwie TiN-K
charakteryzowat ksztatt dendrytyczny (RYS. 3C), podczas
gdy na TiN-P wiekszo$¢ komérek byta silnie rozptaszczona
i zaokraglona (RYS. 3D). Jednoczesnie, liczba agregatow
ptytkowych, sktadajacych sie z 2-4 komérek, byta wieksza na
TiN-P (RYS. 3B). Na podstawie wielu badar poréwnawczych
wyrdznia sie 5 kategorii morfologicznych ptytek krwi od
dysko-podobnych przez dendrytyczne do rozptaszczonych,
odzwierciedlajacych rosngcy stopien ich aktywacji [12].

Platelets adhesion

Morphometric analyses showed significantly lower
platelet adhesion and aggregation on TiN-K compared
with TiN-P (FIG. 3A, B). Since it is known that fibrinogen is
one of the major proteins mediating platelet adhesion and
activation [6], these results are in agreements with lower
fibrinogen adsorption and wettability of TiN-K. It cannot be
excluded that other proteins present on biomaterial sur-
face, e.g. albumin, might also inhibits platelet adhesion [9].
However, the relative adsorption of albumin and fibrinogen
has not been analysed in this stage of our investigations.
Further, increased surface nano-roughness can lead to
conformational changes of proteins, which can modify cell
adhesion [10,11].

In our study platelets adherent on TiN-K displayed
spread-dendritic morphology as shown in FIG. 3C, while
spread or fully spread on TiN-P (FIG. 3D). Simultaneously,
platelets aggregates consisting of 2-4 cells were more
numerous on TiN-P (FIG. 3B). Morphology of activated
platelets is classified into 5 categories from disc-like via
dendritic to spread platelets, reflecting increasing cell
activation [12]. The morphology of platelets on TiN-K sug-
gests low activation state, while platelets on TiN-P were
highly activated. These results are in agreement with
lower expression of fibrinogen on TiN-K surface [6]. It is
suggested that platelets are fully spread only when fibrino-
gen concentration reaches a proper threshold value [13].
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Prezentowane w naszych badaniach komarki na warstwach
TiN-K odpowiadaty kategorii morfologicznej ptytek stabo
aktywowanych, a na TiN-P silnie aktywowanych. Wynik
ten pozostaje w zgodzie z mniejszg ekspresja fibrynogenu
na powierzchni TiN-K, ktory jak wiadomo rowniez posred-
niczy w aktywacji ptytek [6]. Sugeruje sie, ze do silnego
rozptaszczenia ptytek na powierzchni implantu dochodzi
gdy stezenie fibrynogenu osigga odpowiednig wartos¢ [13].
Nasze badania wykazaty, ze warstwa azotowana TiN
o wiekszej chropowato$ci wytworzona na potencjale ka-
tody jest bardziej hemozgodna niz warstwa o mniejszej
chropowatosci wytworzona na potencjale plazmy, bowiem
adsorbuje mniegj fibrynogenu, a towarzyszy temu mniejsza
adhezja i aktywacja ptytek krwi. Efekt biologiczny kontaktu
powierzchni TiN-K z osoczem i ptytkami krwi jest zgodny ze
zwilzalnoscig tej powierzchni. Chociaz nie mozna wykluczyc,
ze wysoka chropowatos¢ powierzchni TiN-K moze zmieniaé
konformacje zaadsorbowanych biatek, przez co receptory
komérek krwi nie moga potaczy¢ sie z odpowiednimi ele-
mentami sktadnikow macierzy biofilmu.

Zjawisko mniejszej adhezji i aktywacji ptytek na po-
wierzchni TiN-K o wiekszej chropowatosci niz na gtad-
szej stwierdzony w naszych doswiadczeniach pozostaje
w zgodzie z obserwacjami hemozgodnosci azotku tytanu
przez innych badaczy [14-16]. Podkreslali oni znaczenie
rozwiniecia powierzchni warstwy w skali nano dla ha-
mowania odpowiedzi ptytek krwi. Wystepuje zgodnosé
wynikow badan uzyskanych przez Karagkiozaki i wsp.
dla nad-stechiometrycznego TiN z naszymi wynikami dla
TiN-K, ktory jest niestechiometryczny [14]. Nalezy ponadto
podkresli¢, ze badania innych badaczy dotyczyty warstw
wytwarzanych metodami PVD i CVD, podczas gdy nasze
warstwy zostaty wytworzone w warunkach wytadowania
jarzeniowego. Warstwy prezentowane przez nasza grupe sg
dyfuzyjne, a wiec o mniejszych naprezeniach wtasnych niz
warstwy adhezyjne. Skoro kliniczne obserwacje wskazuja,
ze stenty z gtadszg powierzchnig moga sprzyjaé tworzeniu
skrzepow krwi [17,18], to tym samym warstwy wytworzone
w warunkach wyftadowania jarzeniowego moga by¢ bardziej
perspektywiczne dla protez naczyniowych.

WhioskKi

W prezentowanych badaniach wykazano, ze adhezja
i aktywacja ptytek krwi zalezy od witasciwosci powierzchni,
w skali nanometrycznej, warstwy azotku tytanu wytworzone-
go w niskotemperaturowym procesie azotowania jarzeniowe-
go. Chociaz nasze poprzednie badania wykazaty, ze dyfuzyj-
ne warstwy azotku tytanu charakteryzuje mate wykrzepianie
krwi, mniejsze niz na stopie tytanu Ti6Al4V [2], to odpowied-
nio modyfikujac proces azotowania jarzeniowego mozna w
wiekszym stopniu zmniejszy¢ adhezje i agregacje ptytek krwi.
Wytworzona warstwa typu TiN+Ti,N+aTi(N) w procesie
niskotemperaturowego azotowania jarzeniowego stopu
tytanu na potencjale katody ma duzy potencjat zastosowania
praktycznego dla modyfikacji biomateriatéw stosowanych
w kardiologii. Wiasciwosci powierzchni tak otrzymanych
warstw sg przedmiotem dalszych badan.

Podziekowania
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Our investigations showed that nitride surface layer with
higher roughness produced on cathode potential is more
haemocompatible because its expressed less fibrinogen
and therefore less platelet adhesion and activation. These
biological effects are consistent with the surface wettability.
However, it cannot be excluded, that the roughness of TiN-K
can cause protein conformational changes so that the recep-
tors of blood cells cannot adhere to such biofilm matrix.

Decreased platelets adhesion and activation on TiN-K
surfaces with higher nanoroughness in our experiments
are in agreement with observations of other investigators
of titanium nitride haemocompatibility [14-16]. Those inves-
tigators have underlined significance of surface roughness
in nano-scale on inhibition of platelets response. There is
convergance of Karagkiozaki et al. data obtained for over-
stoichiometric TiN with our data for TiN-K, which is non-stoi-
chiometric [14]. It should be pointed however that investiga-
tions presented in literature by others authors have related
to surface layers produced with PVD and CVD methods
while our to the layers produced in the process under glow
discharge conditions. Thus nitride surface layers presented
by our group are diffusion layers with lower residual stresses
than adhesive layers. Since clinical observations suggest
that stents with smoother surfaces may promote thrombo-
sis [17,18] thus the layers produced under glow discharge
conditions seem to be more perspective for application in
medical vascular prosthesis.

Conclusions

In this study it is shown that platelets adhesion and
activation are influenced by nano - properties of titanium
nitrided surface layer of TiN+Ti,N+aTi(N) type. Our previ-
ous investigations have shown that nitrided surface layers
produced under glow discharge conditions are less throm-
bogenic than Ti6Al4V titanium alloy surfaces [2], but proper
modification of the process conditions allows production
of surface layers with properties which decrease platelet
adhesion and activation. Thus, topographical manipulation
is a significant approach for reduction of thrombogenicity
of nitride surface layers. The layer of TiN+Ti,N+aTi(N) pro-
duced under glow discharge conditions at low temperature
on cathode potential might have significance for practical
application in cardiology. The surface properties of nitrided
surface layers produced on cathode potential or in plasma
region are a subject of further research.
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Abstract

Praca podejmuje tematyke modyfikacji powierzchni
tytanu, stosowanego jako biomateriat w implantach
tkanek twardych. Tytan pomimo doskonatych wiasci-
woSsci uzytkowych, w zastosowaniach implantacyjnych
wymaga przygotowania powierzchni o okreslonej
morfologii, parametrach oraz biozgodnosci. Celem
niniejszej pracy byto poréwnanie komercyjnie stoso-
wanych powierzchni tytanu, poddanych procesowi
piaskowania proszkiem HA/TCP (HA — hyroksyapatyt,
TCP — fosforan tréjwapniowy), w zastosowaniach
implantacyjnych. Proces piaskowania miat na celu
zwiekszenie chropowato$ci powierzchni i jednoczes-
nie zmiane jej sktadu chemicznego tak, aby sprzyjata
wzrostowi i proliferacji komoérek kostnych oraz byta
bardziej biozgodna. W badaniach wykorzystano
polerowang powierzchnie Ti 99,6% piaskowanag nie-
uzywanym ($wiezym) proszkiem oraz proszkiem
uzywanym (po zakonczonym cyklu produkcyjnym,
tzn. wypiaskowaniu 300 elementéw/implantéw denty-
stycznych). Uzyskane w ten sposob probki zbadano
z wykorzystaniem mikroskopii SEM oraz profilometru
optycznego, w celu okreslenia morfologii i geometrii
powierzchni. Wyznaczono 11 parametréow 2D/3D,
charakteryzujqcych powierzchnie i jej przydatno$c
w implantach. Odpornos$c¢ korozyjng zbadano
w ptynie Ringera. W wyniku przeprowadzonych
badan stwierdzono, ze na powierzchni piaskowanej
nieuzywanym proszkiem HA wystepuje wieksza liczba
trwale umocowanych w niej czagstek HA, w poréwnaniu
do powierzchni piaskowanej proszkiem uzywanym.
Powierzchnia taka charakteryzuje sie korzystniejszymi
parametrami geometrycznymi przy niewielkim spadku
odpornosci korozyjnej, w poréwnaniu do niepiasko-
wanej powierzchni Ti 99,6%. Implant piaskowany
nieuzywanym proszkiem HA, w ktérym proszki HA
sg white w powierzchnie, posiada potencjalnie lepszg
powierzchnie do zaj$cia proceséw osteointegracji
i trwatego potgczenia z tkankq kostna.

Stowa kluczowe: tytan, hydroksyapatyt, piaskowanie,
implant

[Inzynieria Biomateriatow 119 (2013) 33-39]

In this work we describe surface modification pro-
cess of titanium, which is used in hard tissue implant
applications. Titanium, although has excellent and
useful properties, in the implant applications requires
preparation a respective surface morphology. The
aim of this work was to compare Ti 99.6% surfaces,
used in implant applications, after HA/TCP (HA —
hydroxyapatite, TCP — tricalcium phosphate) powder
sandblasting. The aim of sandblasting is to increase
the surface roughness, together with changing its
chemical composition. So, after the treatment the
sandblasted surface should enhance cells growth
and proliferation and should be more biocompatible,
respective for medical applications. For the sand-
blasting of the polished Ti surfaces we have used one
fresh/new hydroxyapatite powder (first time used) and
the second one used before in the implant production
(after 300 sandblasting series of dental implants).
The morphology and geometrical properties of surfa-
ce were investigated using SEM and optical profiler,
respectively. Taking into account surface topography
and usefulness in implants, the 11 2D/3D surface
geometrical and hybrid parameters were determined.
The corrosion potentiodynamic tests were done in
Ringer solution. We have found that in the surface,
sandblasted with fresh HA particles, were embedded
more HA inclusions, and the surface is very rough in
comparison to surface sandblasted with old HA par-
ticles. The corrosion resistance was slightly worse for
sandblasted surfaces in comparison to mechanically
polished one. Implants sandblasted with using of
fresh HA (with embedded and strongly bonded with
titanium HA particles) give potentially better surface
for osseointegration process and stable bonding with
the bone tissue.

Keywords: titanium, hydroxyapatite, sandblasting,
implant

[Engineering of Biomaterials 119 (2013) 33-39]
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Implanty wykonane z biomateriatéw sg coraz powszech-
niej stosowane przez wspotczesne spoteczenstwo. Mozemy
wyrozni¢ grupy implantow ortopedycznych, dentystycz-
nych, kosmetycznych, okulistycznych, kardiologicznych,
laryngologicznych itp. Kazda z grup charakteryzuje sie
specyficznymi wymaganiami mechanicznymi, fizycznymi
i chemicznymi, ktore stawia sie biomateriatom w danym
zastosowaniu. Ponadto, z uwagi na szkodliwo$¢ wielu
pierwiastkow i zwigzkow, grupa mozliwych do zastosowania
materiatow jest znacznie ograniczona i tylko nieliczne mogg,
przebywac przez dtugi czas w organizmie [1,2].

W przypadku implantow zastepujacych tkanki kostne,
stosowane sg biomateriaty metalowe takie jak: stale austeni-
tyczne, stopy kobaltu, tytanu, oraz spieki ceramiczne. Tytan
z uwagi na swoja wyjatkowg zdolnos¢ do osteointegracji
oraz biozgodnosc jest jednym z najczesciej stosowanych
biomateriatow metalowych. Pomimo dobrych witasciwosci
CP Ti (tytanu technicznego), wcigz sg prowadzone badania
nad jego udoskonaleniem. Z uwagi na wtasciwosci mecha-
niczne oraz biozgodnos¢ tworzy sie liczne stopy z pierwiast-
kami takimi jak Al, V, Nb, Zr, Ta, Mo, Ni, Pd. Z uwagi na
zdolnos¢ i szybkos¢ osteointegracji implantu w organizmie
prowadzi sie liczne procesy modyfikacji konstrukcji oraz
jakosci powierzchni takie jak: modyfikacja ksztattu implantu,
zwiekszanie chropowatosci powierzchni, modyfikowanie
skladu chemicznego poprzez osadzanie czgstek innych
materiatdw badz implantacji jonow [3-7].

Zastosowanie procesu piaskowania biomateriatow
hydroksyapatytem (HA) przynosi podwdjna korzysc.
Powierzchni implantu zostaje w ten sposéb nadana wtasci-
wa topografia, ktdra sprzyja rozwojowi i utrzymaniu komérek
osteoblastow w poczatkowym okresie po implantacji oraz
mechanicznej stabilizacji implantu [8]. Dodatkowo na po-
wierzchni implantu zostajg mechanicznie osadzone czastki
HA, ktory jako minerat stanowi ponad 90% budulca kosci.
HAw znaczacym stopniu przyspiesza proces osteointegraciji
i jest szeroko stosowany w praktyce na pokrycia implantow
[9]. Piaskowanie z uwagi na prostote procesu jest najczes-
ciej stosowang w praktyce metodg uzyskiwania HA na
powierzchni implantéw. Do innych metod mozna zaliczy¢
osadzanie biomimetyczne, rozpylanie termiczne, rozpylanie
jonowe, laserowg ablacje, elektroforetyczne osadzanie oraz
metode zol-zel [10]. Powierzchnie modyfikowane hydroksy-
apatytem sg szeroko stosowane i zapewniajg blisko 100%
skutecznos¢ prawidtowego przyjecia implantu oraz jego
osteointegracji w ciele ludzkim.

Aby moc prawidtowo oceni¢ wptyw zastosowanej metody
modyfikacji powierzchni biomateriatu na jego potencjalne
zachowanie w organizmie, konieczne jest przeprowadzenie
cyklu badan pozwalajacych na wyznaczenie sktadu che-
micznego i fazowego powierzchni, morfologii powierzchni,
odpornosci korozyjnej oraz biozgodnosci [11].

W ponizszej pracy przedstawiono wyniki badan piaskowa-
nego hydroksyapatytem tytanu zrealizowane we wspotpracy
z Fundacjq Uniwersytetu Medycznego w Poznaniu, produ-
kujacego system implantéw dentystycznych Osteoplant.

Materialy i metody

Piaskowanie przeprowadzono na podfozu tytanu o czy-
stosci 99,6% wycietym z preta 10 (Goodfellow). Powierzch-
nie czotowg spolerowano do uzyskania chropowatosci
R, =3 nm, a nastepnie piaskowano HA w wytwdrni implan-
tow Fundacji Uniwersytetu Medycznego, z wykorzystaniem
parametrow procesu systemu Osteoplant. Ziarno uzyte
podczas piaskowania byto mieszaning HA/TCP o wymiarach
300+600 pm. Cisnienie robocze piaskarki wynosito 6 atm.

Introduction

In the last time, implants made with proper biomaterials
are more commonly used by the modern people. We can
divide implants into few groups, i.e.: orthopedic, dental, cos-
metic, optical, cardiologic and laryngological implants. Each
of this group is characterized of specific mechanical, physical
and chemical properties, respective for given applications.
Taking into accounts negative effect of many elements and
compounds, a (bio)materials number, which can be long
time used in living body, is very limited [1,2].

In the case of hard tissue implants usually metallic bio-
materials are used, i.e. stainless steels, cobalt and titanium
alloys as well as ceramic materials. Among all metallic ma-
terials titanium has the best biocompatibility and provides
best osseointegration of the implant within the human body.
Although the commercially pure titanium (CP Ti) has very
good properties, alloys with additives of Al, V, Nb, Zr, Ta,
Mo, Ni, Pd are composed, which provide highest strength,
good corrosion resistance and biocompatibility. Taking into
account implant osseointegration ability, their few modifica-
tions are required, related to construction as well as surface
state (roughness, chemical composition — particles deposi-
tion or ions implantation) [3-7].

Application of sandblasting with using of hydroxyapatite
(HA) particles results in double benefit. The implant after
the treatment has required topography, which results in
better bone cells adhesion, proliferation as well as better
mechanical fixation in the bone [8]. Additionally on the im-
plant surface are mechanically deposited HA particles, which
states more than 90% of substance of the natural bone.
Hydroxyapatite (as well as TCP) accelerate osseointegration
process and hence it is commonly used as the surface layer
(coating) material in hard tissue implant applications [9],
providing almost 100% efficiency of implant acceptation by
human body.

The sandblasting, due to its simplicity, is the most prom-
ising in HA deposition on the implant surface. The other
methods of HA deposition are: biomimetic, thermal and ion
spraying, laser ablation, electrophoretic and sol-gel [10].

Many research methods must be applied before proper
biomaterials applications in the human body. So, the chemi-
cal and phase composition, surface morphology, corrosion
resistance and biocompatibility tests are required before
introduction new biomaterials into production [11].

In this work we present results of HA particles sandblast-
ing of the mechanically polished Ti surface. The research
was done with cooperation with Foundation of the Poznan
University of Medical Sciences, producer of the Osteoplant
dental system.

Materials and Methods

Sandblasting was done on the Ti surface with 99.6% pu-
rity (Goodfellow, 210 mm rod). The samples were polished
up to roughness R, = 3 nm and then sandblasting was done
using HA powder. The sandblasting process was realized in
Foundation of the Poznan University of Medical Sciences.
The particles used for the surface roughening were a mix-
ture of HA/TCP with size in the range 300+600 ym. The
applied sandblasting pressure was equal to 6 atm. We have
prepared surfaces with fresh/new (unused) as well as used
(after blasting of 300 implants) HA/TCP particles.

The surfaces after sandblasting were investigated using
stereoscopic microscope and morphology with VegaTescan
SEM. Veeco Wyko® NT1100 optical profiler was applied for
the surface geometry characterization at 3 different magni-
fications. The following 2D standard roughness parameters
were estimated:



Piaskowanie przeprowadzono stosujac nieuzywany (Swiezy)

oraz uzywany (po wypiaskowaniu 300 elementow) HA.
Powierzchnie piaskowang zbadano makroskopowo

mikroskopem stereoskopowym, natomiast morfologie po-

wierzchni mikroskopem SEM VegaTescan. Stosujac profilo-

metr optyczny Veeco Wyko®NT1100 przy trzech powieksze-

niach, wyznaczono nastepujace parametry powierzchni 2D:

- R, - $rednie arytmetyczne odchylenie profilu od linii Sredniej,

- R,- $rednie kwadratowe odchylenie profilu (RMS),

- R, - wysoko$¢ najwyzszego wzniesienia profilu,

- R, - gtebokos$¢ najnizszego wgtebienia profilu,

- R, - najwieksza wysokos$¢ profilu,

- R,- catkowita wysokos$¢ profilu,

- Ry - wspotczynnik asymetrii profilu,

- Ry - wspotczynnik sptaszczenia profilu.

oraz parametry hybrydowe powierzchni 3D:

- S, - wspotczynnik rozwinietego pola miedzyfazowego,

- 84, - parametr nachylenia sredniokwadratowego,

- S, - $rednie arytmetyczne krzywizny wierzchotka.
Badania korozyjne przeprowadzono metodg potencjody-

namiczng w ptynie Ringera w temperaturze 21°C z szybko-

$cig skanowania 0,5 mV/s w zakresie potencjatow od -1 do

3V, wzgledem potencjatu obwodu otwartego (OCP).

Wyniki i dyskusja

Przeprowadzona obserwacja makroskopowa z uzyciem
mikroskopu stereoskopowego, uwidocznita bardziej rozbu-
dowang powierzchnie probki piaskowanej nieuzywanym HA.
Zaobserwowano réwniez wigkszg liczbe silnie umocowa-
nych wtrgcen czastek HA na powierzchni piaskowanej nie-
uzywanym HA w stosunku do piaskowanej uzywanym HA.

Topografia powierzchni zaobserwowana przy uzyciu
mikroskopu SEM s$wiadczy o ré6znym zachowaniu sie cza-
stek podczas piaskowania nieuzywanym i uzywanym HA.
Nieuzywane czgstki HA podczas procesu wbijaty sie w tytan
a nastepnie kruszyly pozostawiajac odtamki na piaskowanej
powierzchni (RYS. 1a,b). Piaskowanie przeprowadzone
z uzyciem uzywanego HA nie naruszyto powierzchni tytanu
w takim samym stopniu, zaobserwowano duzo mniej rozwi-
nieta morfologie, brak réwniez wyraznie widocznych wiracen
na powierzchni (RYS. 1c,d). Powodem tego zjawiska jest fakt,
iz czastki po wypiaskowaniu odpowiedniej liczby elementow
(300) zmniejszajg swojg wielkos¢ na skutek kruszenia,
w wyniku czego sita oddziatywania mechanicznego na po-
wierzchnie jest mniejsza. W praktyce problem ten czesciowo
rozwigzano poprzez wydtuzenie czasu piaskowania.

Powierzchnia Ti piaskowana nieuzywanym HA jest
bardziej rozwinieta i korzystna w zastosowaniach bio-
medycznych, o czym Swiadczg parametry powierzchni
zamieszczone w TABELI 1. Powierzchnia taka ma wyzszg
warto$¢ chropowatosci (R,) i jest bardziej symetryczna
(Ry), co $wiadczy o duzej liczbie regularnie wystepujacych
zagtebien. Wyzsza wartosci parametru R,dla powierzchni
piaskowanej uzywanym HA przy powiekszeniu 5x i 20x
wynika z faktu, iz podczas procesu wbijaty sie w tytan cate
ziarna nie ulegajac dalszemu wykruszaniu. llos¢ wbitych
ziaren jest jednak za matla aby efekt ten byt korzystny.
Efekt opisanego zjawiska wida¢ na RYS. 2c. Na zdjeciach
SEM (RYS. 1) oraz na obrazach topografii powierzchni
3D z profilometru optycznego (RYS. 2), réwniez widaé
bardziej rozwinietq morfologie powierzchni piaskowanych
nieuzywanym HA. Wykonanie profili obydwu powierzchni
piaskowanych potwierdzito uzyskane dane (RYS. 3, 4)
— w powierzchni piaskowanej nieuzywanym HA widac¢
wyrazniejsze i wieksze wzniesienia oraz zagtebienia. Profil
powierzchni piaskowanej uzywanym HA posiada réowniez
dostatecznie rozwinieta morfologie powierzchni dla prawid-
towego przebiegu osteointegrac;i.

- R, - arithmetical mean roughness,

- R, - root mean squared (RMS),

- R, - maximum peak height,

- R, - maximum valley depth,

- R, - ten point mean roughness,

- R;- maximum height of the profile,

- Ry - skewness,

- Ry, - kurtosis,

and hybrid 3D parameters were estimated, too:
- S, - RMS surface slope,

- 84, - developed interfacial area ratio,
- S,.- mean summit curvature.

The corrosion resistance of the samples was investigated
in Ringer’s solution (21°C) using Solartron 1285 poten-
tiostat working in potentiodynamic mode with scan speed
0.5 mV/s in the potential range from -1 to +3 V vs. open
circuit potential (OCP).

Results and Discussions

Stereoscopic microscope observations (not shown here)
gave us information, that surface blasted with unused fresh
HA is more modified in comparison to surface blasted with
used HA. Additionally in the surface blasted with fresh HA,
the particles (HA/TCP) were more strongly embedded in
the surface in comparison to surface blasted with used
many times HA.

The surface morphology observed by SEM clearly shows
differences after blasting with different HA particles. Unused
fresh HA particles during the blasting process stick into the Ti
surface. The HA particles crushed into smaller ones leaving
a small pieces on the surface (FIG. 1a,b). The blasting with
300 times used HA particles did not affect the surface in the
same way and surface has significantly much less developed
morphology, without clearly visible HA inclusions on the
surface (FIG. 1c,d). The reason for this phenomenon is the
fact, that during sandblasting of 300 implants, the particles
reduce their size as a result of crushing. So, the force ex-
erted through particles on the surface is significantly lower
in comparison to new unused particles. In the practice the
problem can be solved by sandblasting in extra time.

Surface sandblasted with using fresh HA is more modi-
fied and more accurate for biomedical applications, which
is clearly shown in TABLE 1. The surface after using fresh
HA has higher roughness parameters (for example R,) and
is more symmetric (R,), which means that the surface is
composed from the large number regularly distributed pits
and valleys. The higher R, parameter for the surface sand-
blasted with 300 times used HA (see 5x and 20x magnifica-
tions) is a consequence of a whole grains hitting onto the
surface without crushing. The number of included particles
is too small for significant surface improving. In FIG. 1 and
FIG. 2 there is clearly visible, that surface sandblasted with
fresh HA powder results in more modified morphology in
comparison to sandblasted one with many times used HA.
The results are confirmed on the surfaces profiles (FIGs. 3
and 4) — in the surface sandblasted using fresh HA we can
see more visible and bigger hillocks and valleys. For this
surface, we believe that the evaluated morphology is quite
accurate for proper osseointegration process.

The polarization curves recorded during corrosion tests
in Ringer solution are shown in FIG. 5. The corrosion cur-
rent density |, and corrosion potential E.,, values of the
sandblasted and polished surfaces are shown in TABLE 2.
Both sandblasted surfaces have comparable corrosion
resistance — the recorded differences are within the
standard deviation and are the consequence of increase
(evaluation) of the true surface area after the process.
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RYS. 1. Zdjecia SEM powierzchni piaskowanej nieuzywanym HA (a, b — ré6zne powigkszenia) oraz uzywanym
HA (c, d — r6zne powiekszenia).

FIG. 1. SEM pictures of the sandblasted surface after using fresh unused HA (a, b — different magnifications)
and after using old 300 times used HA (c, d — different magnifications).

TABELA 1. Parametry powierzchni piaskowanej nieuzywanym (a) oraz uzywanym (b) HA; wartosci srednie z 3
pomiaréw.

TABLE 1. Roughness and topography surface parameters for surface sandblasted of fresh (a) and used (b) HA;
the average values of 3 measurements.

Powigkszenie

Magnification 2 (™) Ra(um) Ry (m) R, (um) R, (km) Si(deg) S (mm-)
a: 5x 1.53 210 | 1813 | -1540 | 2827 | 3352 | 0.26 694 | 4737 | 4676 | 722.01
a: 20x 1.43 196 | 10.90 | -13.01 | 2119 | 2391 | 056 551 | 27764 | 7038 | 6.28
a: 100x 1.44 1.90 854 | -1049 | 1628 | 1903 | 0.3 398 | 208516 | 82.84 | 82.16
b: 5x 1.17 169 | 2752 | -588 | 4584 | 5815 | -0.88 | 2318 | 2960 | 3859 | 45552
b: 20x 1.17 1.61 13.09 | -11.74 | 1979 | 2483 | 053 694 | 18651 | 66.18 | 555
b: 100x 0.91 1.20 468 | -699 | 1066 | 1168 | -035 | 454 | 95902 | 79.13 | 5863




301.1

c)

-13.2

RYS. 2. Topografia 3D powierzchni piaskowanej nieuzywanym HA — pow. 20x (a), nieuzywanym HA — pow. 100x (b),
uzywanym HA - pow. 20x (c) oraz uzywanym HA — pow. 100x (d).

FIG. 2. Optical profiler 3D topography of the surface sandblasted with using fresh HA — magn. 20x (a), magn.
100x (b), and with using 300 times used HA — magn. 20x (c), magn. 100x (d).

Krzywe polaryzacji uzyskane podczas badania odpor-
nosci korozyjnej w ptynie Ringera zostaty zamieszczone
na RYS. 5. Wyniki pomiaru gestosci pradu korozyjnego
oraz potencjatu korozyjnego powierzchni piaskowanych
oraz polerowanej zamieszczono w TABELI 2. Powierzchnie
piaskowane majg zblizong do siebie odpornos¢ korozyjng
— zmierzone réznice sg na poziomie btedu wynikajacego ze
zwiekszenia powierzchni prébek na skutek zastosowanej
obrébki. Odpornosé korozyjna prébek piaskowanych HA
jest nieznacznie gorsza od odpornosci korozyjnej Ti 99,6%
— charakteryzujg sie one wyzszym pradem oraz nizszym
potencjatem korozyjnym, jednakze powierzchnia czyste-
go tytanu po polerowaniu mechanicznym charakteryzuje
sie mniejszg chropowatoscia, co ma wplyw na uzyskane
wyniki.

The corrosion resistance of the both HA sandblasted sur-
faces is slightly worse in comparison to the initial polished
surface — the both have higher corrosion current density and
more negative corrosion potential. On the other hand, the
surface of polished titanium is more smooth with significantly
lower roughness, which can affect better corrosion results.

Conclusions

Sandblasting of the Ti surface with using of fresh HA
particles gives better results (in comparison to 300 times
used HA) with respect to biomedical applications in different
hard tissue implants (for example dental). In the sandblasted
(fresh HA) surface we observed more embedded HA par-
ticles and surface morphology is more modified. Surface
after sandblasting with using HA particles should support
bone cells to growth and give a better implant integration
with bone. Sandblasting with different HA particles does
not significantly affect the corrosion resistance. The slight
deterioration of the corrosion resistance of the sandblasted
surfaces in comparison to polished one can be related to
increase in surface area and presence of HA particles which
have different electrochemical potential.
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RYS. 3. Topografia powierzchni piaskowanej nieuzywanym HA wraz z trzema profilami przy powiekszeniu 20x

(a) oraz 100x (b).

FIG. 3. Optical profiler 3D topography of the surface sandblasted with fresh HA with respective 3 profile lines

at 20x (a) and 100x (b) magnification.
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RYS. 4. Topografia powierzchni piaskowanej uzywanym HA wraz z trzema profilami przy powigkszeniu 20x (a)

FIG. 4. Optical profiler 3D topography of the surface sandblasted of 300 times used HA with respective 3 profile




o TABELA 2. Wartosci gestosci pradu korozyjnego

Nl | S l..r i potencjatu korozyjnego E_,, dla tytanu przed

0 AN \ AT i po piaskowaniu.

) N T g TABLE 2. Corrosion current density I, and
T0E Y T corrosion potential E_,, Ti before and after HA
= /! st sandblasting.

T 10 il“ \M‘" a
o
F |
10°F |
10%F by
B ? oo 8.97-10° 6.63-10° 1.87-10°
E(V) (A/cmz) . . .
RYS. 5. Krzywe polaryzacji dla Ti 99,6% pias- Ecor -0.932 -1.00 -0.716
kowanego swiezym HA (a), piaskowanego (V)
uzywanym HA (b) oraz niepiaskowanego (c).
FIG. 5. Corrosion polarization curves for the Ti Acknowledgments

99.6% sandblasted with using fresh HA (a), sand-
blasted with using old 300 times used HA (b) and
for comparison for polished one (c).

WhioskKi

Piaskowanie powierzchni Ti nieuzywanym proszkiem
HA daje lepsze efekty, biorac pod uwage zastosowania
biomedyczne w systemach implantacyjnych, w poréwnaniu
do powierzchni piaskowanej proszkiem uzywanym. Na takiej
powierzchni znajduje sie wiecej czastek HA, a morfologia
powierzchni jest bardziej rozwinieta. Powierzchnie takie
stanowig lepsze podtoze dla rozwoju i utrzymania komérek
kostnych — osteoblastow, oraz pozniejszejszej integracji
z koscia. Rdéznice w materiale uzytym do piaskowania nie
wplywajg znaczaco na odpornos¢ korozyjna. Spadek odpor-
nosci korozyjnej w poréwnaniu do czystego Ti jest niewielki
i wynika gtéwnie z powodu zwigkszenia powierzchni wias-
ciwej oraz obecnos$ci czastek HA o odmiennym potencjale
elektrochemicznym.

Podziekowania

Badania wykonano przy wspotpracy z Fundacjg Uniwer-
sytetu Medycznego w Poznaniu — producentem systemu
implantacyjnego Osteoplant. Prace wykonano w ramach
Dziatalno$ci Statutowej Instytutu Inzynierii Materiatowej PP.
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Streszczenie

Warstwy wegloazotku krzemu posiadajg szereg
interesujgcych wtasciwosci, w tym mechanicznych
i biologicznych. Jednak synteza tego typu warstw na
podfozach polimerowych jest bardzo trudnym zada-
niem, ze wzgledu na niskg energie powierzchniowg
polimeréw oraz ich wrazliwo$¢ na dziatanie podwyz-
szonych temperatur. W tej pracy pokazujemy, zZe jest
to mozliwe poprzez zastosowaniem metody chemicz-
nego osadzania z fazy gazowej ze wspomaganiem
plazmy generowanej falami o czesto$ci radiowej
(RFPACVD, 13,566 MHz, 400 W). Strukture otrzymanych
warstw analizowano przy uzyciu spektroskopii w pod-
czerwieni z transformatq Fouriera (FTIR). Wykazano
obecnos¢ ugrupowan typu Si-C, Si-N, C-N, C=N, C=C,
C=N, Si-H i C-H. Badania tribologiczne i biologiczne
pokazaty, ze warstwa SiC,N,(H) ma dobre wiasciwoSci
Slizgowe, a otrzymany materiat kompozytowy, podtoze
PEEK-warstwa a-C:N:H/SiC,N,(H), charakteryzuje sie
nizszym wspoétczynnikiem tarcia, wyzszgq odpornosciq
na zuzycie oraz lepszq biozgodnoscig w poréwnaniu
do niemodyfikowanego polieteroeteroketonu. Wyso-
kg adhezje warstwy do podifoza uzyskano poprzez
odpowiednie przygotowanie osadzanej powierzchni
na drodze trawienia w plazmie argonowej. Trawienie
Jjonowe powoduje bowiem wzrost chropowatosci oraz
energii powierzchniowej modyfikowanych podfozy.
Roéwniez wytworzenie warstwy posredniej, nie zawie-
rajgcej krzemu (a-C:N:H), przyczynito sie do osiggnie-
cia wysokiej adhezji pomiedzy warstwg a-SiC,N,(H)
a polimerowym podfozem.

Stowa kluczowe: warstwy SiC,N,(H), polieteroetero-
keton, PACVD, biomateriaty

[Inzynieria Biomateriatow 119 (2013) 40-44]

Wprowadzenie

Odpowiedz organizmu na zaimplantowany biomateriat
stanowi podstawowe kryterium decydujace o mozliwych
zastosowaniach. Biozgodnosc¢ i biotolerancja biomate-
riatu jest przy tym w duzej mierze zalezna od fizykoche-
micznego stanu powierzchni kontaktu. Dlatego jeden
z obszarow badanh nad poszukiwaniem bezpiecznych
i niezawodnych materiatéw do zastosowan w implantologii
dotyczy mozliwosci modyfikowania warstwy wierzchniej
materiatu poprzez stosowanie technologii warstwowych.

SYNTHESIS AND PROPERTIES
OF SILICON CARBONITRIDE
LAYERS ON POLYETHER-
ETHERKETONE
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Abstract

Silicon carbonitride layers have many interesting
properties, including mechanical and biological ones.
However obtaining such layers on polymeric substrate
is very difficult due to low surface energy of polymers
and their sensivity to elevated temperatures. In this
work it is shown that it is possible by application of
plasma assisted chemical vapour deposition, where
plasma is generated by radiowaves (RF PACVD,
13.56 MHz, 400 W). The structure of the layers was
analyzed by Fourier transform infrared spectroscopy
(FTIR). The presence of Si-C, Si-N, C-N, C=N, C=C,
C=N, Si-H and C-H bonds was shown. Tribological and
biological studies revealed that the SiC,N,(H) layer has
good sliding properties and obtained composite ma-
terial PEEK/a-C:N:H/SiC,N,(H) exhibits lower friction
coefficient, higher wear resistance and better biocom-
patibility compared to the unmodified polyetherether-
ketone. Good adhesion between the layer and the
Substrate has been achieved by a proper preparation
of the substrate surface by subjecting it to the Ar plas-
ma etching. Such pre-treatment caused increasement
of surface energy and roughness parameters of mo-
dified polymers. Formation of the intermediate carbon
nitride layer also contributed to ensuring high adhesion
between a-SiC,N,(H) layer and polymeric substrate.

Keywords: SiC,N,(H) layers, polyetheretherketone,
PACVD, biomaterials

[Engineering of Biomaterials 119 (2013) 40-44]

Introduction

A response of living tissues to the implanted biomate-
rial is particularly crucial in terms of its future applica-
tions. Biocompatibility and biotolerance depend, in large
part, on the physicochemical state of the contact surface.
This is why the studies aimed at searching safe and reli-
able biomaterials often concern layer technologies. This
research direction appears particularly successful when
the materials for contact with blood are designed, in the
case of which high nontrombogenity, hemocompability and
good tribological properties are needed [1]. At present,
good effects are obtained by application of carbon lay-
ers [2-5]. Unfortunately, such layers often exhibit poor
adhesion to the substrate and a tendency to cracking and
spalling caused by internal compressive stresses [6,7].



Ten kierunek badan przynosi dobre efekty szczegodlnie
w odniesieniu do materiatdw przeznaczonych do kontaktu
z krwiag, w przypadku ktérych pozadana jest nie tylko wy-
soka atrombogennos$¢ i hemozgodnosé, ale rowniez dobre
wiasciwosci tribologiczne [1]. Obecnie efekty takie uzyskuje
sie przez stosowanie warstw weglowych [2-5]. Jednak na
skutek naprezen wiasnych, tego typu warstwy wykazujg
stabg przyczepnos$¢ do podioza, ulegaja spekaniu i w koncu
odpadajag [6,7]. Zmniejszenie naprezen mozna wprawdzie
uzyska¢ poprzez modyfikacje warstw weglowych azotem,
jednak wprowadzenie tego pierwiastka do struktury warstwy
weglowej powoduje jej rozluznienie, czemu towarzyszy
obnizenie odpornosci na korozje [7,8]. Drugi rodzaj warstw,
stosowanych w przypadku materiatéw do kontaktu z krwig,
stanowig uwodornione amorficzne warstwy weglika krzemu
[9,10]. Warstwy te wykazujg wysokg atrombogennosc¢ i bio-
zgodnos¢ z krwig oraz sg odporne na korozje biologiczna.
Ich wadg jest wysoka twardos¢ i kruchosé, ktére czesto
ograniczajg ich zastosowanie [5,10].

Celem tej pracy jest wykazanie, ze amorficzne warstwy
uwodornionego wegloazotku krzemu, ktérych wtasciwosci
sg pofgczeniem wiasciwosci warstw weglowych, azotku
wegla i warstw weglika krzemu, osadzone na polieteroete-
roketonie, modyfikujg jego wtasciwosci biologiczne i tribo-
logiczne, w aspekcie zastosowan w roli atrombogennego
biomateriatu. Przedstawione zostang warunki formowania
tego typu warstw w procesie chemicznego osadzania z fazy
gazowej ze wspomaganiem plazmy (PACVD).

Materiat i metody

Warstwy wegloazotku krzemu, a-SiC,N,(H), otrzymano

z zastosowaniem metody chemicznego osadzania z fazy
gazowej ze wspomaganiem plazmy generowanej falami ra-
diowymi o czestotliwosci 13,56 MHz, 400 W. Synteze prowa-
dzono w reaktorze RF PACVD firmy Elettrorava. Jako pod-
tozy uzyto krazki z polieteroeteroketonu (PEEK) o $rednicy
15 mm i grubosci 2 mm. Przed procesem osadzania probki
przemyto alkoholem izopropylowym i poddano trawieniu w
plazmie argonowej. Wasciwe osadzanie warstwy prowadzo-
no w dwoch etapach. W pierwszym wytworzono warstwe
przejsciowa typu a-C:N:H, charakteryzujaca sie bardzo do-
brg adhezjg do podtoza. W drugim etapie osadzona zostata
warstwa a-SiC,N,(H). Warunki procesu trawienia i osadza-
nia przedstawiono w TABELI 1. Dodatkowo, na potrzeby
badan strukturalnych, otrzymano warstwe a-SiC,N,(H) na
monokrystalicznym krzemie Si (001). Zastosowano te same
warunki, co w przypadku warstw na PEEK (z pominieciem
pierwszego etapu). Badania strukturalne oparto na analizie
widma transmisyjnego FTIR, zarejestrowanego w zakresie
400-4000 cm™'. Pomiar wykonano przy uzyciu spektrofo-
tometru Bio-Rad FTS 60V (rezolucja 2 cm™, 1024 skany).
Ocene efektéw trawienia podioza PEEK dokonano
poprzez pomiar energii powierzchniowej wyjsciowych i tra-
wionych probek. Zastosowano metode opartg o0 znajomosé
katéw zwilzania dla dwéch wzorcowych cieczy o réznej
polarnosci (woda, dijodometan). Dodatkowo za pomocg pro-
filometru T500 Hommelwerke wyznaczono parametry profilu
chropowatosci: Ra — $rednig arytmetyczng profilu chropo-
watosci, Rt— maksymalng wysoko$¢ pomiedzy najwyzszym
szczytem a najnizszg doling oraz Rz -arytmetyczna srednig
wysokosci pieciu najwyzszych wzniesien i pieciu najnizszych
wgtebien profilu chropowatosci dla wyjsciowego PEEK oraz
trawionego w plazmie argonowej. Pomiary wykonano dla
trzech prébek z kazdej serii, trzykrotnie dla kazdej z nich.
Adhezje dwuwarstwowego uktadu a-C:N:H/a-SiC,N,(H)
do PEEK poddano ocenie w tescie zarysowania, przepro-
wadzonym przy pomocy urzadzenia Micro-Combi-Tester.

Areduction of the stresses can be achieved in carbon layers
doped with nitrogen, but the nitrogen addition relaxes the
structure and decreases corrosion resistance [7,8]. Latter
type of layers designed for contact with blood includes hydro-
genated amorphous silicon carbide layer. These layers are
known for their high anti-thrombogenicity, blood compatibility
and good resistance to biological and chemical corrosion
[9,10]. Ause of silicon carbide layers is often limited because
of their high hardness and fragility [5,10].

A purpose of this work is to show that amorphous lay-
ers of silicon carbonitride, which join properties of carbon,
carbon nitride and silicon carbide layers, when deposited on
polyetheretherketone, modify its tribological and biological
properties. We present the results concerning technology
of such layers. Itis shown that high adhesion of the layer to
the substrate can be achieved by plasma assisted chemical
vapor deposition (PACVD).

Materials and Methods

Silicon carbonitride layers, SiC,N,(H), were obtained
by plasma assisted chemical vapor deposition method in
which plasma was generated by radiowaves (13.56 MHz,
400 W). The synthesis was carried out in RF PACVD reac-
tor, produced by Elettrorava. The layers were deposited on
polyetheretherketone discs (PEEK) of the diameter equal
to 15 mm and the thickness 2 mm. Before the deposition,
the substrates were cleaned with isopropyl alcohol and
then subjected to argon plasma etching. In the first stage
of deposition, the intermediate carbon nitride layer, a-C:N:
H, was synthesised to enhance the adhesion of the layer to
the polymer substrate. In the second stage, the silicon car-
bonitride layer, a-SiC,N,(H), was deposited. The processing
conditions are given in TABLE 1. Additionally, for structural
studies, the single a-SiC,N,(H) layers were deposited on
monocrystalline silicone Si(001). The same processing
conditions as in the case of the layers on PEEK were applied
(excluding stage 1). Structural studies were based on FTIR
transmission spectrum registered within wavenumbers 400-
4000 cm'. The measurements were made with application
of Bio-Rad FTS 60V spectrophotometer with the resolution
2 cm™. 1024 scans were taken for the sample.

The effect of PEEK etching was evaluated by the
surface-energy measurements. For this purpose con-
tact angles for water and diiodomethane on PEEK were
determined. Additional information concerning surface-
etching effects was derived from roughness profile meas-
urements made with T500 Hommelwerke profilometer.

TABELA 1. Warunki otrzymywania warstw
SiC,N,(H) w uktadzie RFCVD.

TABLE 1. Conditions of SiC,N,(H) layer’ formation
in RFCVD system.

Przeptyw gazow
Gas flow [sccm]
Ar CH, N, SiH,
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Pomiary parametrow tribologicznych wykonano zgodnie
z normg ASTM G 99-05, ISO 20808:2004, na tribotesterze
typu kula — tarcza. Jako przeciwprobke zastosowano kulke
o $rednicy 6 mm, wykonang ze stali tozyskowej o polero-
wanej powierzchni. Wiasciwosci biologiczne oceniono na
podstawie analizy ilosciowej ptytek krwi oraz w badaniach
ekspresji markera aktywacji ptytek — P-selektywny (CD62).
Wykorzystano metode cytometrii przeptywowej. Testy tri-
bologiczne i biologiczne wykonano dla niemodyfikowanego
PEEK oraz dla otrzymanego materialu kompozytowego
PEEK_a-C:N:H/a-SiC,N,(H). Do badan wybrano po jednej
prébce z kazdej serii poniewaz wczesniej przeprowadzone
badania nie wykazaly istotnych réznic pomiedzy probkami
w obrebie jednej serii.

Wyniki i dyskusja

Widmo FTIR warstwy a-SiC,N,(H) na krzemie (RYS. 1)
potwierdza obecnos$¢ wegla, azotu, krzemu oraz wodoru w
réznych ugrupowaniach, natomiast poszerzenie i naktada-
nie sie pasm dowodzi, ze otrzymano warstwy amorficzne.
Szczegodtowe przypisanie pasm absorpcji do drgan okreslo-
nych wigzan przedstawiono na RYS. 1.
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RYS. 1. Widmo FTIR warstwy a-SiC,N,(H) osadzo-
nej na (001)Si.

FIG. 1. FTIR spectrum of a-SiC,N,(H) layer depos-
ited on (001)Si.

Adhezje warstw do podtoza okreslono za pomocg scra-
tch testu. Test wykonano stosujac wgtebnik diamentowy
Rockwella o promieniu zaokraglenia 200 pm, przy liniowo
narastajgcym obcigzeniu od 0 do 20 N. Badania wykazaty,
ze warstwa SiC,N,(H) jest bardzo dobrze przyczepna do
podtoza PEEK. Nawet maksymalne obcigzenie nie powodo-
wato catkowitego usuwania warstwy z podtoza. Tak wysokg
adhezje miedzy warstwa a podtozem polimerowym udato
sie osiggnac¢ dzieki odpowiedniemu przygotowaniu probki
przed procesem osadzania. Polimery charakteryzujg sie
bowiem niska energig powierzchniowa i niewielkim steze-
niem miejsc aktywnych na powierzchni. To powoduje, ze
osadzenie dobrze przyczepnej warstwy bezposrednio na
takiej powierzchni jest bardzo trudne. Zastosowanie tra-
wienia jonowego powoduje zaréwno zwigkszenie energii
powierzchniowej podtoza, jak i zwiekszenie jego chropo-
watosci (TABELA 2). Towarzyszy temu zwielokrotnienie
liczby miejsc aktywnych, w ktérych moga tworzy¢ sie silne
wigzania chemiczne pomiedzy atomami warstwy i podtoza.
Poprawe adhezji uzyskano réwniez poprzez wytworzenie
przejsciowej warstwy a-C:N:H. Tego typu warstwy sa dobrze
przyczepne do polimerdw, co wykazano we wczesniejszych
badaniach [11]. Ich stosowanie w roli warstwy przejsciowej
pomiedzy polimerem i warstwg powoduje redukcje naprezen
na granicy warstwa-podtoze.

Three roughness parameters, Ra - arithmetic average of
the roughness profile, Rt - maximal difference between the
highest peak and lowest valley, and Rz - average height of
the roughness profile determined from five highest peaks
and five lowest valleys, were measured both for unmodified
and etched PEEK. The adhesion of the a-C:N:H/a-SiC,N,(H)
layer to PEEK was evaluated in the scratch test performed
with Micro-Combi-Tester. The tribological parameters, fric-
tion coefficient and wear resistance, were measured using
“sphere - shield” type tribotester, in accordance with ASTM
standards G 99-05, ISO 20808:2004. A counterpart made
of bearing steel of the diameter equal to 6 mm was used.
Biological properties were evaluated from the number of
platelets and analysis of CD62 expression after incubation
in blood under shear stress. The tests were performed by
flow cytometry technique. The samples of unmodified PEEK
and PEEK with a-C:N:H/a-SiC,N,(H) layer were subject of
tribological and biological studies.

Results and Discussions

The FTIR spectrum recorded for hydrogenated silicon
carbonitride deposited on Si(001) (FIG. 1) reveals a pres-
ence of Si, C, N and H in various environment. Broaden-
ing and overlapping of the bands associates with varying
lengths of the bonds and various angles between them
(typical for amorphous structure). A detailed assignment of
the absorption bands to the vibrations characteristic for the
bonds between various atoms is given in FIG. 1.

Adhesion between the layer and PEEK was determined
from the scratch test. Rockwell diamond indenter (with a
radius of 200 um) was used. The load linearly increased
from 0 N to 20 N. The results confirmed high adhesion of the
layer to the substrate. Even the maximum load did not cause
total removal of the layer from the substrate. Such high
layer adhesion was achieved due to the appropriate sample
preparation prior to the deposition. It should be emphasized
here that because of low polymer surface energy and low
concentration of active sites at the surface, obtaining high
adhesion between a layer and polymer is difficult. The more
that the process cannot be conducted at elevated tempera-
tures. Therefore ion etching is of crucial meaning for enhanc-
ing the adhesion. During etching, both the surface energy
and roughness of the substrate are increased (TABLE 2).
A change of physicochemical parameters of the substrate
surface is accompanied by an increase of a number of ac-
tive sites, where strong chemical bonds between the atoms
from the layer and the substrate atoms can be formed.
The present results also confirm that the formation of the
transition a-C:N:H layer additionally improves the adhesion,
in agreement with our previous research on deposition of
carbon nitride on polymers [11].

TABELA 2. Parametry chropowatosci i energia
powierzchniowa niemodyfikowanego i trawionego
PEEK.

TABLE 2. Roughness parameters and surface
energy for unmodified and etched PEEK.

PEEK trawiony
FEEK PEEK etched
a + +
5 § Ra [um] 1404022 | 1.55+0.16
g 25 Rzum 10.41 + 1.63| 11.68 £2.02
; >

=g Rt [um] 12.93+2.23| 13.76 + 2.44
Energia powierzehniowa | 15 74 , o 84| 50.48 + 0.92
Surface energy [mJ/m?]
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Badania wtasciwosci tribologicznych prébek obejmo-
waly wyznaczenie wspotczynnika tarcia podczas slizgania
w ruchu obrotowym oraz odpornosci na zuzycie przez tar-
cie. Wyniki przedstawione na RYS. 2 potwierdzaja, ze ze
wzrostem obcigzenia kulki wspétczynnik tarcia dla probki
z warstwg rosnie. Odwrotny efekt zaobserwowano dla
niemodyfikowanego PEEK. Przy najmniejszym obcigzeniu,
réwnym 1 N, najwiekszy wplyw na site tarcia ma oddzia-
tywanie adhezyjne, ktére dla niepokrytego polimeru jest
szczegolnie duze. Warstwa a-SiC,N,(H) ma bardzo dobre
wiasciwosci slizgowe i dobrze rozdziela wspotpracujace
powierzchnie stalowej kulki i PEEK, w efekcie wspdétczyn-
nik tarcia przy obcigzeniu 1 N maleje od wartosci 0,18 dla
niemodyfikowanego PEEK do 0,05 dla uktadu PEEK_a-C:
N:H/SIC,N,(H). Coraz wigksze obcigzenie powoduje wzrost
skladowej deformacyjne;j sity tarcia, ktéra dla niemodyfiko-
wanego PEEK ogranicza oddziatywanie adhezyjne, a dla
PEEK z warstwg powoduje niszczenie powtoki. Odpornosé
na zuzycie wyznaczono na podstawie pomiaréw wielkosci
profilu bruzdy powstatej po tarciu kulkg stalowg. Wyniki
zebrane w TABELI 3 potwierdzaja, ze zuzycie prébek
z warstwag jest dwukrotnie mniejsze niz probek niemodyfi-
kowanych.

0,20
= | [_1PEEK
2 0-13-‘ | PEEK_a-C:N:H!SiCXNy(H)
% 0,16
8
S 0,144
= n,12-_
,E 0,10
e
r;“ 0,08
=
S, 0,06
]
g n,oa-_
= 0024 _
1N ‘ 25N I SN
QObcigzenie / Load [N]

RYS. 2. Wspoétczynnik tarcia w funkcji obcigzenia
mierzony dla niemodyfikowanego PEEK i PEEK
z warstwa a-C:N:H/SiC,N (H).

FIG. 2. Friction coefficient measured under various
load for unmodified PEEK and PEEK with a-C:N:
HI/SiC,N,(H) layer.

Wiasciwosci biologiczne otrzymanych materiatow
okreslono na podstawie analizy liczby ptytek krwi i oceny
ekspresji markera aktywaciji ptytek — P-selektyny (CD62), po
inkubacji w krwi poddanej dziataniu naprezen $cinajacych.
Wyniki badan biologicznych przedstawiono na RYS. 3.
Liczba ptytek krwi krazacych po tescie w przypadku prébki
PEEK z warstwg a-SiC,N,(H) jest wigksza w poréwnaniu
do probki niemodyfikowanej (RYS. 3a). Oznacza to, ze
znacznie mniej ptytek ulegto adhezji i agregacji w kontakcie
z probkg PEEK_a-C:N:H/SiC,N,(H). Ponadto liczba ptytek
aktywowanych w wyniku kontaktu z probka PEEK modyfi-
kowang warstwg jest mniejsza niz po kontakcie z czystym
polieteroeteroketonem (RYS. 3b). Mozna zatem stwierdzi¢,
ze modyfikacja powierzchni PEEK warstwami SiC,N,(H)
poprawia wiasciwosci biologiczne podioza i obniza jego
trombogenicznos¢.

Tribological studies of the PEEK_a-C:N:H/a-SiC,N,(H)

composite and unmodified PEEK were design to evaluate ® @ e o @ @ o

the friction coefficient at sliding during rotation and the
resistance to wear by friction. The results presented in
FIG. 2 show the variation of the friction coefficient of PEEK
with and without the layer changes with the load. The fric-
tion coefficient of PEEK_a-C:N:H/SiC,N,(H) increases
with increasing load. For unmodified PEEK, the reverse
dependence is observed. Under low load (here 1 N), the
largest contribution into friction force comes from adhe-
sive interactions, which are characteristic for unmodified
PEEK. The a-C:N:H/SiC,N,(H) layer has very good sliding
properties and well separates cooperating surfaces of the
steel ball and the polymer. Hereby, the friction coefficient
measured under 1 N of least load decreases from 0.18 for
unmodified polyetheretherketone to 0.05 for the synergic
PEEK-layer system. Increasing load causes an increase
of the deformation component of the friction force, which
for unmodified PEEK reduces the adhesive interaction.
Inthe case of PEEK_a-C:N:H/SiC,N,(H) composite the layer
destruction is accelerated. The results of the comparative
measurements of the wear resistance of unmodified PEEK
and PEEK with the layer are given in TABLE 3. The data
confirm that wear index decreases from 51.4-10° mm3/Nm
for unmodified PEEK to 21.7:10° mm?*Nm for the PEEK
— layer composite.

TABELA 3. Srednie pole przekroju poprzecznego
bruzdy oraz wskaznik zuzycia dla niemodyfikowa-
nego PEEK i PEEK _a-C:N:H/SiC,N,(H).

TABLE 3. The average groove cross-sectional area
and wear index for unmodified PEEK and PEEK
_a-C:N:H/SiC,N (H).

Pole przekroju

Wskaznik zuzycia

5 poprzecznego Wear index
SP;?rt])klae bruzdy / Groove .
P cross-sectional Wv'3 10
area [um?] [mm%Nm]
PEEK 257 51.4
PEEK_a-C:N:
I H/SIC,N,(H) 136 27.2 I

Biological studies were dedicated to the analysis of the
number of platelets and CD62 expression after material
incubation in blood under shear stress. The results are
given in FIG. 3. The number of platelets after the test in
the case of PEEK_a-C:N:H/a-SiC,N,(H) samples is higher
compared to the unmodified sample (FIG. 3a). It means that
level of platelet adhesion and aggregation in contact with
coated sample was lower than in contact with the unmodi-
fied PEEK. Furthermore, the deposited layers decreased
the level of platelet activation (FIG. 3b). Such results con-
firm that the modification of the PEEK surface with silicon
carbonitride layer improves the biological properties of the
substrate and decreases danger of blood clotting and the
thrombogenicity.
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RYS. 3. Wiasciwosci biologiczne:
a) liczba ptytek krwi krazacych
po inkubacji w krwi poddanej
dzialaniu naprezen scinajacych;
b) liczba plytek aktywowanych
wyznaczona na podstawie eks-
presji P-selektyny.

FIG. 3. Biological properties:
a) the number of platelets after
incubation within blood under
shear stress;

b) the number of activated
platelets based on P-selectin
expression.
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Whioski

Opracowano warunki otrzymywania amorficznych warstw
uwodornionego wegloazotku krzemu, dobrze przyczepnych
do podtoza polieteroetroketonowego. Trawienie jonowe
prébek, przeprowadzone przed wtasciwym procesem
osadzania warstw, pozwolito nie tylko na usuniecie za-
nieczyszczenh powierzchniowych, ale przede wszystkim,
poprzez zwiekszenie energii powierzchniowej i chropowa-
tosci podtoza, przyczynito sie do osiggniecia dobrej adhez;ji.
Dodatkowy wzrost adhezji uzyskano poprzez wytworzenie
przejsciowej warstwy a-C:N:H pomiedzy wtasciwg warstwg
SiC,N,(H) a podtozem.

Wyniki badan tribologicznych i biologicznych potwier-
dzajg, ze modyfikacja podtozy PEEK warstwami wegloa-
zotku krzemu zapewnia poprawe wtasciwos$ci uzytkowych
polimeru: zwieksza jego odpornos¢ na zuzycie i obniza
niebezpieczenstwo trombogenicznosci.
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Conclusions

The hydrogenated silicon carbonitride layers were depos-
ited on polyetheretherketone. The process was conducted
by PA CVD method and conditions were optimized in view
of obtaining good adhesion of the layer to the substrate. It is
shown that adhesion may be improved (despite the process
was run at room temperature) by proper preparation of the
substrate surface. In this work the Ar plasma etching was
applied and additionally the transition layer was deposited
directly on the PEEK, followed by the proper a-SiC,N,(H)
layer.

Our tribological and biological measurements reveal
that the application of the two-layer a-C:N:H/a-SiC,N,(H)
system improves PEEK operational parameters. The layer
increases wear resistance and reduces thrombogenicity of
unmodified PEEK and make it attractive material for contact
with blood.
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Abstract

Celem prowadzonych badan byto okres$lenie
wtasnosci wytrzymatosciowych wieprzowych i wo-
towych kosci udowych. Warto$ci te sq niezbedne
w numerycznych i do$wiadczalnych analizach ukta-
du kos¢ — implant, ktére przeprowadza sie podczas
projektowania ich nowych postaci konstrukcyjnych.
W ostatnich latach implanty stosowane sq do lecze-
nia ztaman koSci nie tylko u ludzi, ale coraz czeSciej
u zwierzat. Dlatego tez wiedza dotyczgca wtasnosci
wytrzymato$ciowych kosci umozliwia optymalny dobor
wtasnosci biomateriatu metalowego oraz implantu
w celu zapewnienia prawidfowej stabilizacji zrostu
kostnego. W warunkach fizjologicznych na kosci
udowe najczesciej dziatajg sity $ciskajqce i zgina-
jace, z tego wzgledu w pracy przedstawiono wyniki
Jjednoosiowej proby Sciskania i trojpunktowego zgi-
nania prébek pobranych z kosci o r6Zznej wilgotnosci.
Do badanh wytypowano 3 grupy probek: | — probki
Swieze, Il — probki suszone przez 24 dni i Ill — probki
suszone przez 30 dni. W wyniku przeprowadzonych
prob wyznaczono wartosci modutu Younga, wytrzy-
matos$ci na $ciskanie i zginanie probek ze wszystkich
grup badawczych. Na podstawie uzyskanych wyni-
kéw i analiz literaturowych stwierdzono, ze najwiek-
szymi warto$ciami wtasnosci wytrzymatosciowych
charakteryzujg sie kosci zwierzat o wiekszej masie.
Dla zwierzat o kosciach dtugich mniejszych mozna
wiec zastosowac implant o mniejszym umocnieniu,
a tym samym mnigejszej sztywnosci. Przeprowadzone
badania stanowig pierwszy etap analiz | w dalszym
etapie zostang uzupetnione i rozszerzone o kolejne
badania wytrzymatosciowe w tym twardoSci probek po
kontrolowanym sposobie i czasie suszenia.

Stowa kluczowe: kosci zwierzece, badania wytrzy-
matos$ciowe, wtasnosci mechaniczne

[Inzynieria Biomateriatow 119 (2013) 45-50]

The aim of this study was to determine the mecha-
nical properties of pig and ox femoral bones. Those
values are necessary for numerical and experimental
analyses of the bone-implant system, conducted du-
ring designing new structural solutions for the system.
In recent years implants have been used not only
to treat bone fractures in humans, but also, increasin-
gly often, in animals. Therefore, knowledge of mecha-
nical properties of bones allows for optimal selection
of the metallic biomaterial and the implant properties
in order to provide adequate stabilisation for the bone
union. In physiological conditions, femoral bones are
usually subjected to compressive and bending forces,
therefore, the paper presents the results of a uniaxial
compressive test and a three-point bending test on the
samples obtained from bones with different moisture
content. Three groups of samples were selected for
the research: | — fresh samples, Il — samples dried
for 24 days and Ill — samples dried for 30 days.
As a result of the tests conducted, Young’s modulus
values were determined, as well as ultimate compres-
sive strength and bending strength for the samples
from all the groups tested. On the basis of the results
and literature data it was concluded that the highest
values of mechanical properties are revealed in the
bones of animals with higher mass. For animals with
smaller long bones an implant with less reinforcement,
therefore less rigid, can be used. The tests conducted
constitute the first stage of analysis, and at future sta-
ges they will be supplemented with and extended by
further tests on the mechanical properties, including
hardness of the samples after drying with the use of
a controlled method and time.

Keywords: animal bones, mechanical test, mecha-
nical properties

[Engineering of Biomaterials 119 (2013) 45-50]
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W ostatnich latach zaznacza sie wzrost liczby urazéw
w obrebie uktadu kostnego. Do leczenia ztaman stosowane
sg implanty odpowiednio dostosowane pod wzgledem geo-
metrii oraz wtasnosci mechanicznych i fizykochemicznych
powierzchni do rodzaju kosci i typu ztamania. Wprowadzajac
nowe postaci implantéw o zmodyfikowanym skfadzie che-
micznym biomateriatu oraz wiasnosciach fizykochemicznych
powierzchni zaleca sie przeprowadzenie zgodnie z zale-
ceniami normy ,Biologiczna ocena wyrobow medycznych”
PN-EN 1SO10993-1 badan przedklinicznych ,in vivo” na
organizmach zwierzecych [1]. Badania te przeprowadza
sie sg na dwoch grupach zwierzat - z implantami i bez, jako
grupie kontrolnej. Badania powinny by¢ prowadzone w po-
réwnywalnych warunkach z wykorzystaniem zwierzat tego
samego gatunki, ptci, wieku i w poréwnywalnych miejscach
anatomicznych. Czas badania musi by¢ dostosowany do
przewidywanego okresu uzyskania wiarygodnej i powtarzal-
nej reakcji wokét tkanek implantu. Uzyskanie pozytywnych
wynikéw badan na zwierzetach umozliwia przeprowadze-
nie badan klinicznych na wytypowanej grupie pacjentow.
Prowadzone sg réwniez badania nowych postaci konstruk-
cyjnych w uktadzie zwierzeca tkanka kostna —implant w celu
wyznaczenia charakterystyk biomechanicznych, a nastepnie
optymalizacji cech wymiarowych, jak réwniez wtasnosci
mechanicznych biomateriatu [2,3].

Zastosowanie implantéw do leczenia ztaman kosci zwie-
rzecych wymaga takze doboru cech konstrukcyjnych stabi-
lizatora, jak i wlasnosci mechanicznych biomateriatu. Coraz
czesciej ztamania kohczyn koni, psow, kotow czy krolikéw
stabilizuje sie implantami wytwarzanymi z biomateriatow me-
talowych [4-7]. Wprowadzenie implantu do zespolenia odta-
mow kostnych powoduje, ze najczesciej przejmuje on catosé
przenoszonych obcigzen. Z kolei niedocigzenie kosci powo-
duje powstanie procesu osteolizy. Dlatego tez bardzo istotne
jest dopasowanie odpowiednich wtasnosci mechanicznych
implantu do wiasnosci danej struktury kostnej [8-10].

W dostepnej literaturze temat dotyczacy oceny wiasnosci
mechanicznych kosci zwierzecych jest rzadko podejmo-
wany. Dlatego tez wedtug autoréw celowym wydaje sie
przeprowadzenie badan wytrzymatosciowych kosci w celu
doboru optymalnych wiasnosci biomateriatu metalowego
stosowanego na implanty do leczenia ztaman kosci zwierze-
cych, jak réwniez poszukiwanie zwierzecia o wtasnosciach
kosci, w jak najwiekszym stopniu zblizonych do wiasnosci
tkanki kostnej ludzkiej. Wyniki uzyskanych badan, moga
postuzy¢ jako dane do numerycznych i doswiadczalnych
analiz uktadu kos$¢ — implant na etapie projektowania
i optymalizacji cech geometrycznych oraz materiatowych
wszczepu, a w dalszej kolejnosci jego wytworzenia i badania
przedklinicznego prowadzonego na zwierzetach.

Materialy i metody

Do badan wytypowano wotowe oraz wieprzowe kosci
udowe, ktére poddano mechanicznemu oczyszczaniu z tka-
nek miekkich, a nastepnie zdezynfekowano powierzchniowo
alkoholem. Przed przystapieniem do badan przy uzyciu
przecinarki precyzyjnej firmy Struers Secotom-15, przy-
nasady kosci odcieto i przygotowano probki ze srodkowej
czesc trzonu w kierunku wzdtuznym (RYS. 1). Materiat po-
dzielono na trzy grupy pomiarowe: | — prébki z kosci swiezej,
Il — prébki z kosci suszonej przez 24 dni oraz Il — prébki
z kosci suszonej przez 30 dni. Badania podzielono na kilka
etapow. Pierwszym z nich bylo przygotowanie prébek do
proby jednoosiowego Sciskania o $rednich wymiarach
10 x 4 x 4 mm (18 probek) i do proby tréjpunktowego zgi-
nania o wymiarach 40 x 10 x 2 mm (12 probek).

Introduction

In recent years an increase in skeletal systems injuries
has been observed. For the treatment of fractures implants
are used, adequately selected for a given type of bone and
fracture, considering geometry, as well as mechanical,
physical and chemical properties of the surface. Introduc-
ing new forms of implants which contain biomaterial with
modified chemical composition and physical and chemical
properties of the surface, it is recommended to conduct an
in vivo pre-clinical study on animal organisms, according
to the PN-EN 1ISO10993-1 “Biological assessment of medi-
cal devices” standard [1]. Such study involves two groups
of animals - with and without the implant, the latter being
a control group. The study should be conducted in compa-
rable conditions, using animals of the same species, sex
and age, and in comparable anatomic sites. The length
of the study needs to be adjusted to the expected time
of reliable and replicable reaction around the implant site
tissue. Positive animal study results enable conducting a
clinical study involving a chosen group of patients. Studies
on new structural solutions in the animal bone tissue-implant
system are carried out, in order to determine the biome-
chanical characterisations, and, consequently, to optimise
the dimensional characteristics, as well as the mechanical
properties of biomaterial [2,3].

Using implants in the treatment of animal bone fractures
requires also selecting adequate structural characteristics
of the stabiliser, as well as the mechanical properties
of biomaterial. Increasingly often limb fractures in horses,
dogs, cats or rabbits are stabilised with implants made of
metallic biomaterials [4-7]. Introducing the implant in the
anastomosis of bone fragments usually results in transmis-
sion of all the loading forces to the implant. On the other
hand, insufficient loading leads to the process of osteolysis.
Thus the choice of adequate mechanical properties of the
implant, adjusted to the characteristics of a given bone
structure, is essential [8-10].

The assessment of mechanical properties of animal
bones is rarely present in the available literature. Therefore,
the authors believe it is expedient to conduct a study testing
mechanical properties of bones, in order to select optimal
characteristics of the metallic biomaterial used to make im-
plants for the treatment of animal bone fractures, and also
to find an animal whose bone properties closely resemble
those of a human bone tissue. The test results can be used
for numerical and experimental analyses of the bone-implant
system during design and optimisation of the geometrical
and material-related characteristics of the implant, as well
as at the subsequent stages of its manufacturing and the
pre-clinical study on animals.

Materials and Methods

Bones selected for testing were the ox and pig femoral
bones, mechanically cleaned from the soft tissue, and
surface disinfected with alcohol. Before testing, the meta-
physis of each bone was cut off with the use of a precise
cutting-off machine by Struers Secotom-15, and samples
were prepared from the central part of the stem in longitu-
dinal direction (FIG. 1). The material was divided into three
measurement groups: | — fresh bone samples, Il — samples
from bone dried for 24 days and Ill — samples from bone
dried for 30 days. The study was divided into stages. The first
one involved preparing the samples for uniaxial compres-
sive test, whose average dimensions were 10 x 4 x 4 mm
(18 samples), whereas for the three-point bending test the
dimensions were 40 x 10 x 2 mm (12 samples).



Sciskanie /
compressive

Zginanie /
bending

RYS. 1. Materiat do badan: a) kos¢ wotowa, b) kos¢ wieprzowa - linie ciagte przedstawiaja miejsce odciecia nasad.
FIG. 1. Research material: a) ox bone, b) pig bone — the continuous lines present where the metaphysis were cut off.

RYS. 2. Stanowisko pomiarowe: maszyna wytrzymatosciowa MTS Criterion: a) strefa zginania, b) strefa sciskania.
FIG. 2. Test station: MTS Criterion testing machine: a) bending area, b) compression area.

W drugim etapie badan wyznaczano wtasnosci mecha-
niczne kosci. Badania przeprowadzono na stanowisku po-
miarowym zawierajgcym maszyne wytrzymatosciowg MTS
Criterion, model 45. Sciskanie realizowano w czesci dolnej
maszyny, natomiast zginanie w czesci gornej (RYS. 2).
Catos¢ zintegrowana byta z komputerem, na ktéorym za-
instalowano program MTS TestSuite, dzieki, ktéremu dla
kazdej z probek uzyskano charakterystyki naprezeniowo-
odksztatceniowe. Probki do badan byty Sciskane i zginane
z predkoscig 4 mm/min. Préby przeprowadzono w tempe-
raturze pokojowej do momentu pekniecia materiatu.

W przeprowadzonych badaniach wyznaczono wartosci
wytrzymatosci na $ciskanie R, i zginanie R, oraz moduty
Younga (E. i E;) dla maksymalnych obcigzen.

Wyniki i dyskusja

Dla wszystkich badanych prébek uzyskano charakterysty-
ki naprezeniowo-odksztatceniowe (RYS. 3i5). Na podstawie
otrzymanych wartosci naprezen wszystkich probek obliczo-
no $rednie wartosci wytrzymatosci na sciskanie R, zgina-
nie Ry, oraz moduty Younga E,, oraz E,, (TABELA 1i2).
Wartosci te uzyskano z trzech badan dla kazdej z grupy
w prébie jednoosiowego Sciskania i dwoch badan w probie
tréjpunktowego zginania.

In the second stage of the study the mechanical proper-
ties of bones were determined. The tests were conducted
in a test station equipped with a MTS Criterion, model 45
testing machine. Compression took place in the lower part
of the machine, whereas bending in the upper part (FIG. 2).
Everything was integrated with a computer equipped with
MTS TestSuite software, which enabled establishing of
strain and stress characteristics for each sample. The tested
samples were compressed and bent with the speed of
4 mm/min. The testing was conducted at room temperature
until the material broke.

As a result of the tests, values for compressive strength
R., bending strength R, and Young’s modulus (E, and E,)
were found. The strength values were defined by maximum
load whereas bone deformation was measured from the
machine crosshead displacement.

Results and Discussions

Strain and stress characteristics were received for all the
samples tested (FIG. 3 and 5). On the basis of stress values
for all the samples mean compressive (R,,) and bending
(Rqm) strength values were calculated, as well as Young’s
modulus E,, and Eg, (TABLE 1 and 2). The values were
received as a result of three uniaxial compression tests, and
two three-point bending tests for each group.
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RYS. 3. Przykladowe charakterystyki naprezeniowo-
odksztalceniowe (proba sciskania): a) kos¢ woto-
wa, b) kos¢ wieprzowa.

Fig. 3. Examples of strain and stress characteristics
(compression test): a) ox bone, b) pig bone.

RYS. 4. Poréwnanie wartosci modutu Younga E_,
(préba sciskania) - a), i wytrzymatosci na sciskanie
R.. - b) kosci wotowych i wieprzowych.

FIG. 4. Comparison of values — Young’s modulus E,,
(compression test) - a) and compressive strength
R...- b) of ox and pig bones.
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RYS. 5. Przyktadowe charakterystyki naprezeniowo-
odksztalceniowe (proba zginania): a) ko$¢ wotowa,
b) kos¢ wieprzowa.

FIG. 5. Examples of strain and stress characteris-
tics (bending test): a) ox bone, b) pig bone.

RYS. 6. Poréwnanie wartosci modutu Younga E,
(proba zginania) - a), i wytrzymatosci na zginanie
R, - b) kosci wotowych i wieprzowych.

FIG. 6. Comparison of values —Young’s modulus E,,
(bending test) - a), and bending strength R, - b)
of ox and pig bones.
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TABELA. 1. Wiasnosci mechaniczne wyznaczone w probie Sciskania. ©000000

TABLE 1. Mechanical properties marked out in bending tests.

Srednia warto$¢
wytrzymatosci
na Sciskanie
Compressive
strength
Rcér/ Rcm [Mpa]

Odchylenie
standardowe
Standard
deviation
[MPa]

Odchylenie
standardowe
Standard
deviation
[MPa]

Srednia warto$é
modutu Younga

Czas suszenia
Length of drying

[dni / days] Young’s Modulus

Ecsr/ Ecm [MPa]

1-3 Wotowa / Ox 30 5988 313 235 12
6-8 | Wieprzowa / Pig 30 2922 370 122 21
11-13 | Wotowa / Ox 24 6224 2735 185 93
16-18 | Wieprzowa / Pig 24 4062 2071 189 73
21-23 | Wolowa / Ox Swieza / Fresh 6474 242 229 12
26-28 Wieerzowa / Pig Swieza / Fresh 7278 24 237 20 |

TABELA 2. Wiasnosci mechaniczne wyznaczone w probie zginania.
TABLE 2. Mechanical properties marked out in bending tests.

Srednia warto$é
wytrzymatosci
na zginanie
Bending
strength

Odchylenie
standardowe
Standard
deviation

Odchylenie
standardowe
Standard
deviation

Srednia warto$é
modutu Younga
Young’s modulus
E« ! Egn [MPa]

Czas suszenia
Length of drying
[dni / days]

[MPa] [MPa]

Rys/ Ryn [MPa]

4-5 Wotowa / Ox 30 13287 864 127 75
9-10 | Wieprzowa / Pig 30 9687 2256 150 23
14-15 Wotowa / Ox 24 23413 14174 216 7
19-20 | Wieprzowa / Pig 24 13110 1600 284 70
24-25 Wotowa / Ox Swieza / Fresh 10992 2008 216 86
29-30 Wiegrzowa / Pig Swieza / Fresh 11515 - 94 -

Na podstawie uzyskanych wynikéw badan mozna stwier-
dzi¢, ze w wiekszosci przypadkow kosci wotowe charaktery-
zowaly sie prawie dwukrotnie wiekszym modutem Younga
w stosunku do kosci wieprzowych w kazdej z badanych
grup. Najwiekszg srednig wartoscig modutu E , zaobser-
wowano dla kosci $wiezych, zaréwno wieprzowych E . =
7278 MPa, jak i wotowych E, = 6474 MPa. Srednie wartosci
wytrzymatosci na Sciskanie R, réwniez byly wieksze dla
kosci wotowych i malaty wraz ze wzrostem czasu suszenia
kosci (RYS. 4 i 6). Uzyskane wyniki badan uzaleznione
sg w duzym stopniu od sposobu przygotowania prébek.
Ze wzgledu na przenoszony wigkszy ciezar ciata czes¢ koro-
wa kosci udowej wotu charakteryzuje sie wiekszg gruboscig
niz czesc¢ korowa kosci wieprzowej. Dlatego tez w tym przy-
padku tatwiej byto uzyska¢ poréwnywalng geometrie pro-
bek. W kosciach wieprzowych czes$¢ korowa jest znacznie
ciensza, co powodowato problemy w uzyskaniu geometrii
probek poréwnywalnej do kosci udowych wotowych.

Prébe zginania dla kosci wieprzowej $wiezej przeprowa-
dzono na jednej probce. Uzyskane podczas préby wartosci
wytrzymatosci na zginanie R, oraz modutu Younga E, kosci
wotowych i wieprzowych zmniejszaty sie wraz ze wzrostem
czasu wysuszenia prébek. Srednia wytrzymatosé na zgina-
nie kosci wolowych suszonych przez 30 dni Ry, = 127 MPa
i byta okoto 58% mniejsza od wytrzymatosci R, = 216 MPa
kosci Swiezych. Poréwnujac wartosci Srednie dla poszcze-
goélnych grup prébek zauwazono, ze kosci wieprzowe
wykazujg w wiekszosci przypadkéw wiekszg wytrzymatosc
na zginanie niz kosci wotowe. Sredni modut Younga Ey dla
wszystkich grup byt wiekszy niz modut Younga E_, uzyskany
w probie Sciskania kosci. Na przyktad dla kosci wotowej
Swiezej Ey, = 10992 MPa, natomiast dla tej samej kosci
w prébie Sciskania E, = 6474 MPa. Wartosci Sredniego mo-
duty Younga dla obu rodzajoéw kosci byty do siebie zblizone
w grupach o tym samym stopniu wysuszenia.

Test results reveal that in most cases ox bones were
characterised by nearly two times higher Young’s modu-
lus compared to pig bones in each of the groups tested.
The highest average values for modulus E_, were found
with relation to fresh bones, both pig bones E,, = 7278 MPa
and ox bones E_,, = 6474 MPa. Mean values in compressive
strength R, were also higher for ox bones, and were de-
creasing with the increase in the length of drying time (FIG. 4
and 6). The obtained test results are highly dependent on
the method of sample preparation. Due to transmission of a
greater body weight, cortical part of femur in oxen is wider
than that of a pig. Therefore, in this case it was easier to
obtain comparable geometry of samples. In pig bones the
cortical part is much more narrow, which caused problems
in obtaining geometry of samples comparable to that of ox
femoral bones.

One bending test was performed on a fresh pig bone.
The values for bending strength R, and for Young’s modulus
E,nOf ox and pig bones obtained as a result of the test were
decreasing with the increase in the length of drying. Mean
bending strength of the ox bones dried for 30 days R,,,= 127
MPa, and was ca. 58% lower than the bending strength R,
=216 MPa in fresh bones. Comparing mean values for dif-
ferent groups of samples it was found that pig bones in most
cases reveal higher bending strength than ox bones. Mean
Young’s modulus E, for all the groups was higher than the
Young’s modulus E, observed in the compression test. For
instance, for fresh ox bone E,, = 10992 MPa, whereas for
the same bone the compression test shows E = 6474 MPa.
Mean Young’s modulus values for both types of bones were
similar in groups with the same level of dryness.
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Poréwnujac wiasnosci wytrzymatosciowe badanych kosci

® o o o o o o zwierzecych mozna stwierdzi¢, ze wartosci wytrzymatosci na

BI® MATERIALS

Sciskanie i zginanie roéznia sie od wiasnosci ludzkiej kosci udo-
wej. Ich srednie wartosci odpowiednio dla kosci wieprzowych
i wotowych $wiezych, suszonych 24 dni i suszonych 30 dni
przedstawiono w TABELACH 1i2 w poréwnaniu do wartosci
wytrzymato$c¢ na Sciskanie R, = 159 MPa i wytrzymatosci na
zginanie R, = 160 MPa wysuszonej ludzkiej tkanki kostnej
[10]. Jednoosiowe Sciskanie kosci udowych wieprzowych
prowadzili rowniez autorzy [11]. Dla tkanki zbitej trzonu ko-
Sci udowej wyznaczyli wartos¢ wytrzymatosci na Sciskanie
okoto R, = 118 MPa. Natomiast autorzy [11] na podstawie
przeprowadzonej trojpunktowej proby zginania kosci udowych
szczurdéw wyznaczyli warto$¢ modutu Younga E = 3440 MPa,
co wskazuje na mniejsze wartosci w stosunku do modutu
Younga dla kosci wotowych i wieprzowych — TABELA 2.

Whioski

Na jakosc¢ i powtarzalnos¢ uzyskanych wynikéw badan
miaty wplyw: cechy osobnicze zwierzecia, rodzaj kosci,
geometria prébek, miejsce ich pobrania oraz warunki ich
przechowywania. Przeprowadzona analiza literatury w
odniesieniu do prezentowanej pracy wskazuje na réznorod-
nosc¢ przygotowania probek pod wzgledem ich geometrii, co
sprawia trudnos¢ w bezposrednim poréwnywaniu wynikéw
uzyskanych przez rézne zespoty badawcze. Jednakze
mozna stwierdzi¢, ze sposréd analizowanych materiatow
badawczych najwieksze wartosci wtasnosci wytrzymatos-
ciowych wykazujg kosci zwierzat o najwigkszej masie.

Przeprowadzane badania majg charakter wstepny. Na ich
podstawie autorzy przeprowadzg kolejne serie badanh wytrzy-
matosciowych tkanki kostnej prébek o kontrolowanym spo-
sobie i czasie suszenia. Dodatkowo, analizy zostang uzupet-
nione wynikami pomiaréw twardosci preparatow kostnych.

Podziekowania

Praca zostata sfinansowana ze Srodkéw Centrum
Inzynierii Biomedycznej Politechniki Slgskiej.
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Comparing mechanical properties of the tested animal
bones revealed that their compressive and bending strength
values differ from those of human femur. Their respective
mean values, for fresh ox and pig bones, for bones dried
for 24 days and those dried for 30 days were presented in
TABLES 1 i 2 compared to the compressive strength value of
R;= 159 MPa, and the bending strength value of R, = 160 MPa
for dried human bone tissue [10]. Uniaxial compression of ox
and pig femoral bones was conducted also by the authors [11].
The calculated value of compressive strength for dense
tissue of the femoral stem is about R, = 118 MPa. Whereas
the authors [11] on the basis of conducted three-point bend-
ing test performed on the rat femurs determined the value of
Young’s modulus as E = 3440 MPa, which indicates lower
values with respect to the Young’s module for ox and pig
bones — TABLE 2.

Conclusions

Quality and reproducibility of the study results was
influenced by: animal’s individual characteristics, type of
bones, geometry of samples, the site they were obtained
from, and storage conditions. The analysis of literature re-
garding this paper indicates variety of sample preparation
methods considering their geometry, which complicates
direct comparison of the results from different research
teams. However, it has been found that among the analysed
research materials, bones of animals with the higher mass
have the higher mechanical properties values.

The conducted tests are preliminary. The authors will
conduct further series of studies on mechanical properties
of bone tissue dried using controlled method and time.
Moreover, the analyses will be supplemented with the results
of the bone preparation density.
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