G

E ER

|® MATERIALS

N BI OMATER AL OWwW

JOURNAL OF PoLisH SocIETY FOR BIioMATERIALS AND FacuLty oF MATERIALS ScieENceE aAND Ceramics AGH-UST

CzasopisMo PoLskiEGo Stowarzyszenia BiomaTERIALOW | WYDzIALU INZYNIERI MATERIALOWEJ | CERAMIKI AGH

Number 114 ® 0000000000000 000000000000 00000000 0000000000000 0000 0000

Numer 114
Volume XV
Rok XV

JULY 2012
LIPIEC 2012

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: 200 copies
Naktad: 200 egz.

Scientific Publishing
House AKAPIT
Wydawnictwo Naukowe
AKAPIT

e-mail: wn@akapit.krakow.pl




ENGINEERI

ececcccccccscccs BI”MATER'ALS evecccccscccccee

INTERNATIONAL EDITORIAL BOARD
MIEDZYNARODOWY KOMITET REDAKCYJNY

lulian Antoniac
UNIVERSITY POLITEHNICA OF BUCHAREST, ROMANIA

Lucie Bacakova
Acapemy oF SciENCE oF THE CzecH RepusLic, PracUE, CzecH REPuBLIC

Romuald Bedzinski

PovimecHNIKA WRoctAwskA / WRoctAw UNIVERSITY OF TECHNOLOGY

Marta Btazewicz
AkaDEMIA GORNICZO-HUTNICZA, KRAKOW / AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW

Stanistaw Btazewicz
AxaDEMIA GORNICZO-HUTNICZA, KRAKOW / AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW

Maria Borczuch-taczka
AkaDEMIA GORNICZO-HUTNICZA, KRAKOW / AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW

Wojciech Chrzanowski
UNIVERSITY OF SYDNEY, AUSTRALIA

Jan Ryszard Dabrowski

PoLITECHNIKA BiatosTocka / BiatysTok TECHNICAL UNIVERSITY

Matthias Epple

UNIVERSITY OF DuISBURG-ESSEN, GERMANY

Andrzej Gérecki
Warszawski UNIWERSYTET MEDYCZNY / MeDicAL UNIVERSITY oF WARSAW

Robert Hurt
BrowN UNiVERsITY, PRoVIDENCE, USA

James Kirkpatrick
JOHANNES GUTENBERG UNIVERSITY, MAINZ, GERMANY

Wojciech Maria Kus
Warszawski UNIWERSYTET MEDYCZNY / MeDicAL UNIVERSITY oF WARSAW

Matgorzata Lewandowska-Szumiet
Warszawski UNIWERSYTET MEDYCZNY / MEDicAL UNIVERSITY oF WARSAW

Jan Marciniak
POLITECHNIKA SLASKA / SILESIAN UNIVERSITY OF TECHNOLOGY

Sergey Mikhalovsky

UNIVERSITY OF BRIGHTON, UNITED KINGDOM

Stanistaw Mitura
POLITECHNIKA £ODZKA / TECHNICAL UNIVERSITY OF Lobz

Roman Pampuch
AxaDEMIA GORNICZO-HUTNICZA, KRAKOW / AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW

Stanistaw Pielka
AkaDEMIA MEDYCZNA WE WROCLAWIU / WRoOCLAW MEDICAL UNIVERSITY

Vehid Salih

UCL EastmaN DENTAL INsTITUTE, UNITED KINGDOM

Jacek Sktadzien
UNIWERSYTET JAGIELLONSKI, CoLLEGIUM MEDICUM, KRAKOW / JAGIELLONIAN UNIVERSITY, CoLLEGIUM MEDICUM, KRAKOW

Andrei V. Stanishevsky

UNIVERSITY OF ALABAMA AT BIRMINGHAM, USA

Anna Slésarczyk
AxapEMIA GORNICZO-HuTNICZA, KRAKOW / AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW

Tadeusz Trzaska

AxapEmiA WYcHowANIA Fizyczneco, Poznak / UNIVERSITY ScHooL oF PHysicAL EpucaTioN, PoznaN
Dimitris Tsipas

ARISTOTLE UNIVERSITY OF THESSALONIKI, GREECE



E NG

NEER

eeeccccccsscscce B ”MATER'ALS e0ccccccccccccee

Wskazowki dla autorow

1. Prace do opublikowania w kwartalniku ,Engineering of
Biomaterials / Inzynieria Biomateriatow” przyjmowane bedg
wylgcznie z thumaczeniem 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 * Streszczenie (100-200 stéw) « Stowa
kluczowe « Wprowadzenie « Materiaty i metody « Wyniki
i dyskusja * Wnioski * Podziekowania * PiSmiennictwo
5. Materiaty ilustracyjne powinny znajdowac sie poza teks-
tem w oddzielnych plikach (format .jpg, .gif., .tiff, .bmp).
Rozdzielczo$¢ rysunkéw min. 300 dpi. Wszystkie rysunki
i wykresy powinny by¢ czarno-biate lub w odcieniach
szaro$ci i ponumerowane cyframi arabskimi. W tekscie
nalezy umiesci¢ odnosniki do rysunkow i tabel. W tabelach
i na wykresach nalezy umiescic opisy polskie i angielskie.
W dodatkowym dokumencie nalezy zamiescic spis tabel i
rysunkow (po polsku i angielsku).
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 czasopi$mie. Zmiany i uzupetnienia
merytoryczne bedg dokonywane w uzgodnieniu z autorem.
8. Opinia lub uwagi recenzenta bedg przekazywane Autoro-
wi do ustosunkowania sie. Nie dostarczenie poprawionego
artykutu w terminie oznacza rezygnacje Autora z publikacji
pracy w naszym czasopismie.
9. Za publikacje artykutow redakcja nie ptaci honorarium
autorskiego.
10. Adres redakg;ji:

Czasopismo

»Engineering of Biomaterials / Inzynieria Biomateriatow”
Akademia Goérniczo-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 przesyfac¢ 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 (100-200 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 presented in
separate electronic files (format .jpg, .gif., .tiff, .omp) and
not incorporated into the Word document. High-resolu-
tion 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 Biomateriatow”
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



XXTI Conferenceon

BIOMATERIALS
IN MEDICINE

AND

VETERINARY
MEDICINE

11-14 October 2012
Hotel “Perta Potudnia”
Rytro, Poland.




1

O BI@MATER'ALS ®cecccccscccsces *00 0000

SPIS TRESCI

NOVEL STRATEGIES FOR AMINOGLYCOSIDE
ANTIBIOTIC DELIVERY IN SKELETAL TISSUES

-A REVIEW

URrszuLA Posabowska, ELZBIETA PAmura 3

SHAPE MEMORY PROCESS IN RESORBABLE
POLYMERS: EFFECT ON SURFACE

PROPERTIES AND CELL ADHESION

ANA M. CosTa, ANA S. FERREIRA, URSZULA POSADOWSKA,
MALGORzATA KROK, ANNA SMoLA, PioTR DoBRzYNSKI,
ELzBIETA PAMULA 8

GROWTH OF ANIMAL CELLS ON FLEXIBLE
INTERFACE OF LIQUID FLUOROCARBON
MAcieJ PiLAREK, IWONA GRABOWSKA 1 2

SYNTEZA | CHARAKTERYSTYKA
BIORESORBOWALNYCH TERPOLIMEROW
L-LAKTYDU/GLIKOLIDU/BURSZTYNIANU BUTYLU
WYKAZUJACYCH PAMIEC KSZTALTU

NATALIA SmiGIEL, ANNA SmoLA, HENRYK JANECZEK,

JaNusz KAsPERCZYK, P10TR DOBRZYNSKI 1 5

UWALNIANIE GENTAMYCYNY
Z NOSNIKOW POLIMEROWYCH
ANNA MoRrRAWSKA-CHOCHOL, JAN CHLOPEK 21

OCENA HISTOLOGICZNA | RADIOLOGICZNA

KOSCI KROLIKOW PO IMPLANTACJI

KOMPOZYTU CHAP-GLUKAN

Leszek Borkowski, MARTA Pawrowska, IzABELA

PoLkowskA, MiRostAw KARPINSKI, TYMOTEUSZ SLOWIK,
Tomasz PIERSIAK, LuKAsz MATUSZEWSKI,

ANNA SLOSARCZYK, GRAZYNA GINALSKA 28

MODEL MATEMATYCZNY DO WYZNACZANIA
PARAMETROW FORMOWANIA NANORUREK TiO,
PODCZAS ANODOWANIA

ELzBiETA KRASICKA-CYDZIK, KATARZYNA ARKUSZ,

AGNIESZKA KACZMAREK 34

CONTENTS

NOVEL STRATEGIES FOR AMINOGLYCOSIDE
ANTIBIOTIC DELIVERY IN SKELETAL TISSUES

- A REVIEW

URszuLA PosabowskaA, ELZBIETA PAMuLA 3

SHAPE MEMORY PROCESS IN RESORBABLE
POLYMERS: EFFECT ON SURFACE

PROPERTIES AND CELL ADHESION

ANA M. CosTa, ANA S. FERREIRA, URSZULA POSADOWSKA,
MALGORZATA KROK, ANNA SmoLA, PioTR DoBRzYNSKI,
ELzBIETA PAMULA 8

GROWTH OF ANIMAL CELLS ON FLEXIBLE
INTERFACE OF LIQUID FLUOROCARBON
MAcieJ PILAREK, IWONA GRABOWSKA 1 2

SYNTHESIS AND CHARACTERIZATION

OF BIORESORBABLE L-LACTIDE/GLYCOLIDE/
BUTYLENE SUCCINATE TERPOLYMERS

WITH SHAPE MEMORY BEHAVIOR

NATALIA SmiGIEL, ANNA SmoLA, HENRYK JANECZEK,

JaNusz KasPERCzYK, P10TR DOBRzYNSKI 1 5

GENTAMICIN RELEASE FROM
POLYMERIC CARIERRS
ANNA MoRAWSKA-CHOCHOL, JAN CHLOPEK 21

HISTOLOGICAL AND RADIOLO-GICAL ANALYSIS

OF RABBIT BONES AFTER IMPLANTATION

OF CHAP-GLUCAN COMPOSITE

Leszek Borkowski, MARTA PAWLOWSKA, |ZABELA

PoLkowskA, MiRostAaw KARPINSKI, TYMOTEUSZ SLowIK,
TomAsz PIERSIAK, LukAsz MATUSZEWSKI,

ANNA SLOSARCZYK, GRAZYNA GINALSKA 28

A MATHEMATICAL MODEL FOR SELECTION

OF FORMATION PARAMETERS OF

TiO, NANOTUBE BY ANODIZING

ELzBIETA KRASICKA-CYDZIK, KATARZYNA ARKUSZ,

AGNIESZKA KACZMAREK 34

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

STRESZCZANE W APPLIED MECHANICS REVIEWS

EDITION FINANCED BY THE MINISTER OF SCIENCE AND HIGHER EDUCATION
ABSTRACTED IN APPLIED MECHANICS REVIEWS

BI® MATERIALS



2

BI® MATERIALS

WSTEPNA OCENA CYTOTOKSYCZNOSCI
BIOMEDYCZNEGO POLI(e-KAPROLAKTONU)
OTRZYMANEGO W OBECNOSCI OKTANIANU CYNY
KAROLINA ZorTOWsKA, MARCIN SOBCZAK,

GRzeGORz NALECZ-JAWECKI, EWA OLEDZKA,

ANDRzEJ JAKLEWICZ, WACLAW LECHOStAW KoLODZIEJSKI 41
CHARAKTERYSTYKA USIECIOWANYCH
MATERIALOW KOLAGENOWYCH

JOANNA SKoPINSKA-WISNIEWSKA, NINA LuczYNsKA,
ANNA BaJEK, ALDONA RYNKIEWICZ, ALINA SIONKOWSKA 46
OCENA STRUKTURY, MODULU YOUNGA
ORAZ CYTOTOKSYCZNOSCI KOMPOZYTOW
NA BAZIE CHITOZANU

AGATA PRZEKORA, KRzYSZTOF PALKA,

BEATA MACHERZYNSKA, GRAZYNA GINALSKA 52
WPLYW REAKTYWNOSCI JONOWEJ BIOMATERIA-
LOW NA ZYWOTNOSC KOMOREK IN VITRO
AGATA PRZEKORA, DOROTA KOLODYNSKA,

GRAZYNA GINALSKA, ANNA SLOSARCZYK

59

PRELIMINARY EVALUATION OF CYTOTOXICITY
OF THE BIOMEDICAL POLY(e-CAPROLACTONE)s
OBTAINED IN THE PRESENCE OF TIN OCTANOATE
KAROLINA Z6£TOWSKA, MARCIN SOBCZAK,

GRzeGORz NAtECz- JAWECKI, EWA OLEDZKA,

ANDRZEJ JAKLEWICZ, WActAW LECcHOStAW KotroDzIEJSKI 41
CHARACTERIZATION OF CROSS-LINKED
COLLAGEN MATRICES

JOANNA SkoPINSKA-WISNIEWSKA, NINA L.uczYNSKA,

ANNA BAJEK, ALDONA RYNKIEWICZ, ALINA SIONKOWSKA 46

STRUCTURAL PROPERTIES, YOUNG’S MODULUS
AND CYTOTOXICITY ASSESSMENT
OF CHITOSAN-BASED COMPOSITES
AGATA PRZEKORA, KRZzYSZTOF PALKA,
BEATA MACHERZYNSKA, GRAZYNA GINALSKA 52
THE EFFECT OF BIOMATERIALS ION REACTIVITY
ON CELL VIABILITY IN VITRO

AGATA PRZEKORA, DOROTA KOLODYNSKA,

GRAZYNA GINALSKA, ANNA SLOSARCZYK

59



NOVEL STRATEGIES FOR
AMINOGLYCOSIDE ANTIBIOTIC
DELIVERY IN SKELETAL TISSUES
- A REVIEW

URszuLA Posapowska, ELZBIETA Pamuta*

AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY,
FacuLty oF MATERIALS SciENCE AND CERAMICS,
DEPARTMENT OF BIOMATERIALS,

AL. A. Mickiewicza 30, 30-059 Krakow, PoLAND
* E-MAIL: EPAMULA@AGH.EDU.PL

Abstract

This paper reviews recent advances concerning
antibiotic-loaded microparticles application in osteo-
myelitis treatment. We discuss different methods
utilized for microparticles’ preparation, i.e. double
emulsification, simple emulsification and spray drying.
Materials comprised of sphere-shaped matrices are
also presented. We point out that the most commonly
used microsphere-building components are biodegrad-
able aliphatic polyesters such as poly(lactide-co-gli-
colide) PLGA, poly(sebacic-ricinoleic-ester-anhydride)
P(SA-RA) and poly(lactic-co-hydroxymethyl glycolic
acid) PLHMGA. Biopolymers like gelatin, starch or
chitosan are also applied as antibiotic carriers. Rela-
tionship between preparation method, type of material
and its crosslinking degree, microparticles’ immobili-
zation steps and the amount of loaded antibiotic are
reported as the main factors controlling release rate of
drugs in osteomyelitis treatment. And finally, several
approaches to produce injectable formulations as
well as implantable three dimensional scaffolds with
the use of microparticles are described. All in all, this
proves that antibiotic-loaded microspheres are a ver-
satile form of biomaterials in osteomyelitis therapy.

Keywords: aliphatic polyesters, biopolymers, genta-
micin administration, microparticles, osteomyelitis

[Engineering of Biomaterials 114 (2012) 3-7]

Introduction

Osteomyelitis is thought to be an immediate or chronic
result of microbial residence directly in bone or bone marrow,
which leads to bone loss and spreading of the infections to
surrounding tissues [1-3]. Every year many patients suffer
from infections caused by a variety of microbiological agents,
mostly Staphylococcus aureus and Staphylococcus epider-
midis [4-6]. Usually the localizations at which osteomyelitis
is most often encountered are long bones or a part of the
upper limb, for example the humerus [4]. Unfortunately,
the diagnosis of osteomyelitis is quite complicated, which
is a result of the diversity of symptoms. Additionally, it often
takes more than two weeks after observation of the onset
of signs to firmly identify the origin of bone malfunction as
osteomyelitis [4]. Such a highly serious threat is frequently
encountered when implants are placed via surgical proce-
dures. The risk of infection is high, because materials which
are used for skeletal implant formation demonstrate a strong
tendency to adsorb microorganisms onto their surfaces [7].

Furthermore, patient skin and mucosa are areas densely
occupied with microbes, which generate extreme danger
of implant contamination [7-10]. All in all, risk of serious
infections, causing malignant abscesses formation, are
substantial. In the above fields, there is an extremely strong
attempt to cure and also prevent infections originating from
osteomyelitis.

One of the possible solutions to deal with osteomyeli-
tis is aminoglycoside antibiotic application. Gentamicin
sulphate is the most widely used antyostemyelitic factor.
Currently, there are two main procedures utilized to ad-
minister gentamicin during bone regeneration. The first
method involves intravenous injections using an indwelling
catheter [11] while the second involves local implantation of
bone cement composed of polymethylmethacrylate beads
or calcium phosphate saturated with gentamicin [12,13].
Overall, the role of gentamicin in skeletal tissue regenera-
tion has been in detail reported in the work of Mourino and
Boccaccini [14].

Avery promising solution seems to be gentamicin encap-
sulation, opening the possibility of its local and sustained
administration [15]. Local delivery of antibiotics ensures
significant increase in bactericidal activity, lowers the
extent of bacterial resistance and the allergization quota,
and shows higher biological stability by preventing in vivo
degradation [5,16-19]. Besides, there is a need to control
drug release for the required period of time. Antibiotic ad-
ministration at a proper level must last at least 3-6 weeks
[20,21]. It is believed that this period of time is sufficient
to achieve substantial wound vascularization [22]. Other
authors claim that such a compulsory period should last no
less than 6-8 weeks [23,24]. Fibrin seal coats, PMMA beads
available commercially for the last 10 years and collagen
sponges showed antibiotic release time no longer than
4 days, which is in general not enough achieve sufficient
therapeutic effects [17]. Thus, application of gentamicin-
loaded microspherical particles demonstrating longer
gentamicin release times seems to be an effective method
to treat osteomyelitis.

This paper reviews recent advances in the method of
osteomyelitis treatment using spherical-shaped gentamicin
delivery systems. In detail, different methods, materials as
well as applicative approaches adopted to antibiotic-loaded
spherically shapes implants are discussed. Finally a course
for perspective investigations is proposed to researchers.

Sphere-shaped microcarriers
containing gentamicin

There are different methods to produce microparticles
for drug delivery systems among which the double emul-
sification technique is the most widely used. But simple
emulsification and spray drying can be applied as well.
In general, particles which are characterized as micro-
sized spherical constructs (30-300 um), are capable of
encapsulating gentamicin within its structure up to 6.0%
in relation to overall formulation mass, which can confine
more than 70% of initial drug ratio. The antibiotic in vitro
releases phase reflecting sustained administration in vivo
can last up to 60 days or even longer. An overview of ma-
terials and manufacturing methods to produce gentamicin
loaded microcarriers are discussed in this section and
summarized in TABLE 1.
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TABLE 1. Methods, materials and characteristics of gentamicin loaded microparticles.

PLGA ca. 60 days, 60% relea-
(60/40) 39.0£04 75.7+53 6.40 £0.41 sed, gentle burst release 271
0, -
PLHMGA (35/65)| ca. 23.2 75.4 +12.0 6.92+1.10 | @ 60 days, 60% relea- |,
sed, gentle burst release
0,
DOUBLE (2'6%/3) 370 + 130 ca. 50 1523 |12 d;ysr’;];%gl/"sgezsed' 130]
. | EMULSIFICATION : 9 P
W,/O/W, PLGA (50:50) ca. 22 days, 100%
! - BATCH <20 ca.17.8 ca. 0.18 |release, very sharp burst | [31]
HOMOGENIZED release phase
PLGA (50:50) - ca. 053 ca. 30 days, 100%
BATCH ULTRA- | 20-40 ca.53.0-97.9 _ O é7 released, very gentle | [31]
SONICATED ) burst release
PLGA (65/35), ca. 50 days, 100%
I | sPrAYDRY | PH-A (050) 1450 300 |  ca.26-60 released, sigmoidal or | 5,
PEG, delayed release profile
Methylcellulose (discs)
0, -
lll. | EMULSIFICATION|  Chitosan 60 - 125 ca. 67 -55 ca. 48 | ca. 30 days, 70% relea- | ,,,
-27.1 sed, no burst release

Double emulsification water/oil/water (W,/O/W,)

The W,/O/W, technique in general implies dispersion
droplets of water/oil (W/O) primary emulsion into an external
aqueous phase, which is thought to constitute the second
emulsification step [25]. The primary W/O emulsion, in order
to obtain small droplets, demands quite high-shear conditions
of preparation, while during the secondary emulsification
step, the procedure uses lower shear, necessary to avoid
internal droplet rupture [26]. During microparticle preparation
for bone tissue regeneration, a primary emulsion is often
composed of gentamicin loaded buffered solution, which is
dispersed in polymer (e.g. PLGA) in a nonpolar solution only
partially miscible or totally immiscible with water, which is
further suspended in an external buffered phase. Organic
solvent evaporation solidifies double walled microcapsules
carrying entrapped antibiotic.

The methodology described here was utilized to obtain
sphere-shaped micro-sized particles by Chaisri et al. [27].
The materials used were (D,L-lactide-co-glyclide) (PLGA)
with a ratio of 60/40 and poly(lactic-co-hydroxymethyl
glycolic acid) (PLHMGA) with a ratio of 35/65. Material
substitution allowed development of a system solubilizing
ca. 60% of initial drug ratio. Authors also noticed a strong
relationship between microparticles’ porosity and cumulative
gentamicin release. Porosity on the other hand was mainly
governed by initial copolymer concentration - increase of
PLGA or PLHMGA amount apparently diminished pores’
volume, which further was a cause of slower release rate.
It was also observed that amount of gentamicin confined to
microparticle hydrophobic core depended mostly on osmotic
pressure of the inner emulsified buffered phase. All to all,
a highly positive effect was achieved when osmotic pressure
of inner hydrophilic phase had been, by changing buffer
osmolarity, reduced in relation to external water phase.

An indubitable correlation between phase compositions
and microparticles fabrication process was also pointed out in
the research paper of Kempen et al. [28], where PLGA 50/50
was used. The microobjects were also obtained by a double
emulsion technique, but the external aqueous phase was
enriched with a little amount of isopropyl alcohol. This step
caused immediate organic solvent (methylene chloride) ex-
traction and instantaneous microsphere solidification, which
overall greatly reduced microparticles’ preparation time.

Shlapp et al. [29,30] on the other hand developed
sphere-shaped microcapsules composed of a mixed system
of PLGA (50/50). More specifically, a blend of Resomers
RG 502H (M,=13,500 Da) and RG 503 (M,,=16,300 Da) was
used. After formation of antibiotic loaded microparticles, the
formulation was immersed in a preswollen (pH=4.5) and
homogenized suspension (pl~7.0) of insoluble collagen.
The mixture obtained was then transferred into polypro-
pylene dishes and freeze dried. By sedimentation studies
authors proved a direct relationship between microparticles’
fast settling rate and dramatic loss of final collagen/micro-
particles’ composite uniformity. This problem was overcome
by viscosity adjustment, which turned out to be a critical
control point. The physical feature was further adjusted by
pH suspension change, temperature of dispersion, rate of
temperature loss during freeze-drying and collagen con-
centration.

What is also worth mentioning is that a relationship be-
tween the details of double emulsification as a microsphere
fabrication method and gentamicin release mechanism
was noticed by Virto et al. [31]. Significant differences were
detected between uniformity of batches obtained when the
emulsion was homogenized (batch 1) and ultrasonicated
(batch 2). A remarkable initial burst of gentamicin from the
homogenized composition (extremely steep slope of cumu-
lative release curve) was noticed, while the ultrasonicated
composition showed a much slower profile (gentle slope
of cumulative release curve). In order to explain the phe-
nomenon authors postulated that oily solvent evaporation
during ultrasonication created a ‘labyrinth’ porosities winding
through the solidifying microstructures. Labyrinth porosities,
facilitated water penetration into microsphere structure that
directly influenced gentamicin release. Greater water avail-
ability through porosities could also cause a greater auto-
catalytic effect of polymer degradation observed to batch
2, which was also pointed out as a reason for slower drug
release. In the case of homogenization this phenomenon
was observed to a lesser extent. It should be mentioned that
in ultrasonicated microparticles it was possible to encapsu-
late more gentamicin than in the homogenized composition,
which was also advantageous.



Spray drying

Spray drying is a technique that can be finely tailored
to produce antibiotic loaded microparticles. The difference
between this method and double emulsification is very small
and concerns the last stage - method of organic solvent
removal. Naraharisetti et al. [32] obtained single-walled
microspheres by spray drying of the suspension made of
gentamicin solution added drop by drop to polymer (PLGA,
PEG or methylcellulose) dissolved in organic solvent (dichlo-
romethane or ethyl acetate) while sonication. A different ap-
proach, based on limited solubility of concentrated polymer
solutions, was used to create double-walled microparticles.
The gentamicin portion was sonicated in organic solution
(dichloromethane) and after the antibiotic had been uniformly
suspended, PLGA was added to dissolve. This was followed

Methodology of microspheres
processing and application

Bone malfunctions resulting from osteomyelitis can be
very complex. Taking into account different types of bone
defects and treatment procedures gentamicin delivery sys-
tems should meet the requirements of individual needs [34].
Spherically-shaped microparticles show great potential in
the prevention and treatment of bone infections, since it is
possible to create injectable implants based on them, bind
them to form semiporous solid structures or immobilize
them into highly porous 3D scaffolds. The approaches of
microspheres processing into drug delivery systems and/or
medical devices are shown in FIG. 1.

by addition of PLLA concentrated solution

(dichloromethane). Finally, the mixture was
transferred to surfactant solution (polyvinyl
alcohol) and stirred until microspheres were

DRUG-LOADED MICRO/NANOPARTICLES J

solidified. Then, the particles were pressed

to form discs. The effect of performed experi- ‘
ment clearly showed biphasic discs degra- I. MIXING W ; i Il
dation curve causing two-step gentamicin Wlth HYDROGEL n & IMMOBILIZATION

release. An initial burst was observed, which

was possibly connected with escape of the
outer portion of antibiotic, followed by a lag
phase and second burst, attributed to bulk
degradation of the polymer. What was also
noticed was that 10% PEG addition to discs
forming material dramatically increased the
pore sizes, which was connected with almost
100% gentamicin release during initial burst
phase. What is more, faster release rates
were obtained in general for smaller micro-
spheres than for bigger objects. Overall as
polylactic acid chains tended to settle as
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a shell of the microparticle (the outer part)
instead of a core (the inner part), antibiotic
escaped also much more easily when it was
initially solubilized in PLLA than in PLGA.

Emulsification

Although the double emulsification appears to be an
effective preparation method, it is not an exclusive option.
In the work of Balmayor et al. [22] a single emulsification
method was proposed to produce microspheres made of
chitosan (poly B-(1-4))N-acetyl-d-glucosamine) and starch.
In order to do this chitosan, oxidized starch and gentamicin
in solutions were added drop-wise and emulsified in a mix-
ture of water, mineral oil and Tween 80. After the emulsion
had completely formed, cold acetone was added which
solidified the spherical particles. As final stage crosslink-
ing of microspheres’ internal structure was performed by
tripolyphosphate (TTP).

In a work of Shi et al. [33] gelatin aqueous solution was
emulsified via a simple W/O emulsification technique in olive
oil, which was followed by crosslinking with glutaraldehyde.
Obtained microparticles were then swollen with buffered
antibiotic solution. Formulation was then manually blended
with poly(methyl methacrylate), supplied with the methacr-
ylate monomer as well until a dough-like paste was obtained.
Interestingly, authors observed a strong link between freeze-
drying the final construct and release parameters. Fact of
freeze-drying operation significantly reduced burst release
and made the sustained release phase much longer. The
relationship between construct porosity and release kinetics
was, as previously mentioned, also described.

FIG. 1. The approaches of microspheres processing into drug delivery
systems and/or medical devices in skeletal tissue therapies.

Injectable formulations containing microparticles

According to work of Balmayor et al. [22] gentamicin-
carrying chitosan microspheres, after being collected and
rinsed with water/acetone mixture, were immersed in sodium
carbonate buffer. It allowed a crosslinking reaction between
aldehyde groups of oxidized starch, placed in emulsion mix-
ture simultaneously with chitozan, and primary amino acid
groups from chitosan. Afterwards, to confer imine bond stabi-
lization as well as reduce excess of aldehyde groups, treat-
ment in NaBH, was applied. So microspheres developed
during this experiments were ‘starch crosslinked’. Authors
made an observation that creation of extra bonds between
biopolymers inside microparticles (described in section 2.3
TTP crosslinking) or within overall microcoposite structures
(imine bonds formation) could serve as a sensitive control
point of gentamicin release rate, since initial burst phase in
crosslinked microcomposites was significantly diminished
in relation to noncrosslinked.

In another work [35] gentamicin was transferred into a bone
defect by injection of polymeric solid suspension obtained by
trituration poly(sebacic-co-ricinoleic-ester-anhydride) 3:7 w/w
ratio (P(SA-RA)) with antibiotic particles (consistency of paste).
Results of a biological assay performed on 10 week male os-
teomyelitis-induced Winstar rats proved the proper applicabil-
ity as well as the therapeutic effect of (P(SA-RA)) blended with
antibiotic. Exactly the same polymer (P(SA-RA)) 2:8 (w/w)
was used by Brin et al. [36] to obtain polymer paste, in which
a gentamicin amount as high as 20% (w/w) was triturated.

5
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Prepared implants were injected intramedullarly into right

® o @ o o o o tbias of rats; into left tibias plain polymer was placed, which
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was thought to constitute a reference. The whole proce-
dure was performed after tibia were infected by S. aureus,
which induced osteomyelitis confirmed after 21 days by
X-ray analysis. Placing polymer paste with gentamicin into
osteomyelitic tibia prevented abscess formation as well as
the presence of microbes, while on the other hand, in the
left tibia abscesses were clearly identified. In the left tibia
bacterial colonies were also detected. These two research
papers confirm the high utility of injectable formulations in
gentamicin administration.

Semiporous solid structures

The second possible route regarding implant formation
is to suspend microspheres in the hydrogel matrix, press or
pack the mixture tightly into shape forming molds and sub-
sequently remove water molecules. The strategy described
here was used for example by Naraharisetti et al. [32] and
Shlapp et al. [29] where chitosan/PLGA microspheres were
suspended in a collagen hydrogel. In brief, microparticles
were mixed with preswollen collagen (enriched with a por-
tion of antiobiotic as well), poured into PP dishes and then
freeze dried. As a result, a porous collagen carrier bearing
tightly packed microparticles was obtained. The manner
described turned out to be successful - microcomposites
altogether resistant to physical separation upon mechani-
cal stress were produced. Process parameter optimization
enabled authors to achieve gentamicin release over 7 days.
Gentamicin external solubilization in the collagen carrier was
sufficient to reach quickly a high level of antibiotic which was
sustained by release from microparticles.

A quite different approach was presented by Jiang et al.
[37]. Microcomposite implant was developed by packing
chitosan/PLGA microspheres into cylindrical stainless steel
molds. Filled molds were then pressed, heated and process
parameters (time, temperature) were optimized in order to
achieve bond formation between touching microspheres,
which sticks them together into a solid implant. Results of
experiments performed clearly showed that such micro-
composites degraded much more slowly than pure PLGA
scaffolds and simultaneously were able to guide new bone
formation during in vivo studies. What is more, enrichment
PLGA with chitosan provided an opportunity to functionalize
the implant surface, which created the possibility of introduc-
ing additional modifications.

Microspheres immobilized into 3D scaffolds

The strategy of microsphere immobilization was demon-
strated by Son et al. [38], who introduced PLGA microparti-
cles into porous calcium phosphate granules. First, hyroxya-
patite and tricalcium phosphate particles were suspended
in alginate solution, poured by syringe into liquid nitrogen
to obtain spherical shape granules and freeze-dried. Then
polymeric microspheres were obtained via double emulsifi-
cation, which was followed by poly(ethylene imine) (cationic
macromolecule) adsorption onto microspheres’ external
surface. This step was applied in order to modify surface
charge so finally it was possible to embed polymeric micro-
particles in the calcium phosphate granules via electrostatic
attractions.

An interesting approach was presented in the work of Shi
etal. [33], where sphericity of antibiotic-loaded microspheres
was utilized as a pore forming factor. The mixture composed
of gelatin microparticles and PMMA was then transferred
into Teflon dishes and left until it completely solidified.
Microparticles were used as a precursor of implant porosity,
which after disruption and gentamicin release left the PMMA
construct highly porous. It was shown that the microparticles,
beside drug delivery function, could be employed as a pore
forming factor.

Kempen et al. [28] on the other hand prepared various
kinds of 3D structures, with internally immobilized micro-
particles. One such structure was a collagen hydrogel,
which was fabricated by mixing a collagen suspension with
a crosslinking agent (glutaraldehyde). For microsphere
immobilization, dried collagen hydrogels were simply
incubated with aliquots containing weighted amounts of
spheres. Microparticles were also immobilized in porous
poly(propylene fumarate) (PPF) scaffolds by transferring
both to a syringe and forced to a cylindrical glass mold.
The polymerization reaction was performed under UV light,
at room temperature. Microparticles immobilized in PPF
scaffolds were subsequently embedded in the collagen
hydrogel. Every additional microparticles immobilization
step (collagen gel, PPF scaffold, PPF scaffold in collagen
gel) significantly reduced burst release effect in drug release
studies.

Conclusions

In summary, it was shown that microspheres can be
prepared via different methods, sharing in every case the
easiness of preparation. Antibiotic agents can be suc-
cessfully incorporated into such materials, with quite high
quantities. The usage of sphere shaped microcarriers seems
to be a perspective procedure and a strategy to deal with
the antibiotic burst release problem, as a multilevel drug
release rate was demonstrated. Drug release can be finely
adjusted, which reflects microparticles’ applicability potential
if it comes to osteomyelitis cure or prevention. On the other
hand, by taking advantage of microparticles sphericity, an
implant suitable to almost every complex case of bone
trauma in various configurations (injectable or implantable)
can be obtained. All in all, microspheres’ application in
implant manufacturing constitutes an innovative approach
and a promising path to solve the problem of infections ac-
companying treatment of defects in skeletal tissues.
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Abstract

The objectives of this study were to confirm the
shape memory behavior of two new bioresorbable
terpolymers (L-lactide, glycolide, and trimethylene
carbonate: L-PLGTMC and B-PLGTMC), to follow
the influence of the shape memory process on their
surface properties and to test their cytocompatibility
using osteoblast-like cells. For this purpose, foils of
both terpolymers were prepared. The terpolymers’
ability to recover up to 92-93% of the memorized
shape within 10 seconds was obtained. The influence
of shape memory process on the surface properties
was assessed by water contact angle (WCA) measu-
rement and atomic force microscopy (AFM) and the
results suggested that both terpolymers preserved the
hydrophilicity after recovery and also that B-PLGTMC
polymer was rougher than L-PLGTMC (about 9 folds
more). The AFM pictures showed the presence of
spherical shape hills on the B-PLGTMC foil surface
which after the stretching procedure became oriented
toward the direction of the applied load. The terpo-
lymers were seeded on both sides (Top and Bottom
faces) with human MGG63 osteoblast-like cells. Cell
viability was assessed after 1, 3 and 7 days, using
MTT assay. Results revealed an increasing number
of metabolically active cells with the incubation time,
suggesting, together with nitric oxide (NO) level de-
termination, the cytocompatibility of both terpolymers.
Cell spreading and morphology were investigated by
H&E staining and obtained results corresponded well
with ones of MTT and NO.

Keywords: shape memory, PLGA, tissue regenera-
tion, foil

[Engineering of Biomaterials 114 (2012) 8-11]

Introduction

Shape-memory materials can change their shape upon
application of an external stimulus. They have been pro-
posed in biomedical device design because they allow for a
minimally invasive surgery and recover to a predetermined
shape in vivo [1,2].

Shape-memory alloys are widely used not only in indus-
try but also in medicine [3], however, they still have some
disadvantages regarding low biocompatibility for long term
applications, corrosion, and high cost of a difficult fabrication
and lack of biodegrability [1]. In this context, shape-memory
polymers (SMPs) arise as an alternative to shape-memory
alloys because they can be bioresorbable, and thus do not
require invasive removal operation [4]. SMPs have been
already proposed for several medical applications including
tissue engineering scaffolds [5], laser-activated vascular
stents [6], dialysis needle adapters for the reduction of he-
modynamic stress within arteriovenous grafs [7].

Concerning the programming method for shape memory
behavior, the activation is most commonly temperature-
induced. At first the polymer is mechanically deformed at
a temperature above glass transition temperature (T,) to
obtain the temporary shape. This shape can be fixed by
cooling the material and then the initial and permanent
shape can be recovered when the polymer is reheated once
again above T, [8]. So, the polymer is able to memorize its
initial shape. This phenomenon results from a dual-segment
system: cross-links that store the permanent shape and
switching segments that fix the temporary shape [9,4,10].
The mechanism involves the reversible freezing and activa-
tion of polymeric chain motion in the switching segments
below and above T, respectively [11].

Polylactide (PLA), polyglycolide (PGA), polytrimethylene
carbonate (PTMC) and their copolymers have been used
in many medical applications due to their biodegradability
and biocompatibility [12]. The two terpolymers studied in this
work are composed of the same three monomers, however
they differ in the co-initiators used. Both polymers seem
to recover the intended and permanent shape when the
temperature is increased up to 37-40°C, which are values
around the normal human body temperature. This fact is
important taking into account that the polymers are designed
to be used as implants [13]. The aims of this study were:
i) to confirm the shape memory behavior of both polymers,
processed into foils by solvent casting, ii) to study the
influence of shape memory process on the surface proper-
ties of the foils and iii) to test their cytocompatibility using
osteoblast-like cells. These cells were chosen because the
ultimate purpose is to use scaffolds produced from these
shape-memory polymers to treat bone tissue defects.

Materials and Methods

Materials

The terpolymers were synthesized by a ring opening
polymerisation of cyclic monomers L-lactide (La), glycolide
(Gl) in the presence of a previously synthesized oligomer of
trimethylene carbonate (TMC) with the use of zirconium (1V)
acetylacetonate as an initiator, according to a procedure ear-
lier described in details [13,17]. The TMC oligomers adopted
as one of the substrates of conducted terpolymerization were
earlier obtained by ring opening polymerization of cyclic
trimethylene carbonate and zinc (Il) acetylacetonate as
initiator with 1,4 butanediol or pentaerythriol as co-initiator.
As a result of this two-step synthesis, two terpolymers were
obtained: L-PLGTMC which has more linear chain struc-
ture, while B-PLGTMC is much more branched. TABLE 1
summarizes the properties of both polymers.



TABLE 1. Monomers composition, co-initiator, theoretical and experimental glass transition temperature of

two terpolymers.

L-PLGTMC 68:11:21

1,4 Butanediol

38.5 41.5

B-PLGTMC 69:12:19

Pentaerythritol

39.9 44.5

* The composition of terpolymers specified with TH NMR spectrometry measurement,
** Theoretical Glass Transition Temperature values calculated using the Fox Equation [2],
*** Glass Transition Temperature determined with DSC method.

Methods

The polymeric foils were prepared by solvent casting: the
terpolymers solutions consisting of 10% (w/v) L-PLGTMC
and 7.5% (w/v) B-PLGTMC in dichloromethane were casted
on glass Petri dishes followed by drying in air and in vacuum
(24 and 48 h, respectively).

The shape memory behavior of the terpolymers was
quantitatively evaluated on stripes (initial size of 4 cm x
0.7 cm x 0.2 cm) obtained from the foils by a two-step pro-
cedure: deformation (at 50°C and 37°C for B-PLGTMC and
L-PLGTMC, respectively, elongation strain (g,) = 75% of
initial length) and recovery (at 40°C and 37°C for B-PLGTMC
and L-PLGTMC, respectively), both in a water bath. The
temporary shape was fixed at 26°C by removal of the strips
from the water bath.

The atomic force microscope (AFM) was used to study
terpolymers surface topography in contact mode (Thermo-
microscopes, Explorer, Vecco) for scan areas of 100 um x
100 um and 300 x 300 data point. For each terpolymer on
study there were six samples: top (i.e., air-cured) and bottom
(i.e., glass-cured) faces for the three possible states: initial,
stretched and recovered.

The water contact angles (WCA) were measured by
the sessile-drop method (average UHQ-water volume of
0.25+0.02 pl) at room temperature using an automatic drop
shape analysis system (DSA 10 MK2, Kruss, Germany) and
expressed as mean of at least 8 individual droplets.

For cell culture studies, terpolymers discs (1.5 cm in
diameter and 0.2 cm in thickness) obtained from the pre-
pared foils were washed in 70% ethanol, rinsed in sterile
PBS and sterilized with UV radiation (20 min). MG63 os-
teoblast-like cells (European Collection of Cell Cultures,
Salisbury, UK) were seeded on both sides of the foils (top
and bottom face) with a concentration of 25 000 cells/mL
and cultured in Dulbecco’s Modified Eagle Medium (PAA,
Austria) supplemented with 10% Fetal Bovine Serum, 1%
penicilin/streptomicin, 2 mM L-glutamine (PAA, Austria)
at 37°C in 5.0% CO, atmosphere. The bottom of 24-wells
plate (Tissue Culture Polystyrene, TCPS, SPL Lifescience,
Korea) acted as a control. After 1, 3 and 7 days of culture
the supernatants were collected for nitric oxide (NO) assay.
To study morphology of the cells adhered on the foils and
evaluate cell adhesion area (AA) as well as shape factor
(SF, i.e. the ratio between the length and the width of each
cell) hematoxilin and eosin (H&E) staining method was
used [14] (Axiovert 40, Carl Zeiss, Germany). Cell viability
(MTT test [15]) was measured spectrophotometrically by
the reduction of the tetrazolium salt MTT (3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide) to formazan
by living cells using Multiscan FC Microplate Photometer
Thermo Scientific. The nitric oxide (NO) concentration was
evaluated by the Griess method [16] to elucidate potential
cytotoxicity of the materials (Multiscan FC Microplate Pho-
tometer Thermo Scientific).

The results are shown as mean + SEM (standard error
of the mean). Statistical analysis was performed using
distribution t-test. Significant differences were assumed at
p* < 0.05; p** < 0.01; p*** <0.001.

Results and Discussion

The shape recovery was visually observed for both terpol-
ymers within 10 seconds, with small residual strains (FIG. 1,
superior right and left corners). Thus, the strain recovery
rates were received with values higher than 90% for one
deformation cycle (93+2% and 92+1% for L-PLGTMC and
B-PLGTMC, respectively, no significant differences between
them; p=0.5347). The values obtained are in accordance
with the ones presented in the literature [4,13,17], with small
differences associated probably to other proportions of the
three comonomers, different molecular weight and applied
co-initiators. These factors have an effect on the number
of physical and chemical crosslinks, and thus influence the
overall recovery process [18].

Water contact angles values suggest that the hydrophilic-
ity is preserved in both terpolymers between the initial and
recovered states (data not shown), constituting an advan-
tage, since the contact angle influences the protein adsorp-
tion and consequently cell adhesion, so these changes
should be predictable.

Regarding the AFM topographic pictures, it can be ob-
served that generally for L-PLGTMC polymer the surfaces
are very smooth in comparison to the results obtained
for the B-PLGTMC polymer (FIG. 1, AFM Topography),
which could also be verified macroscopically. In fact, the
B-PLGTMC surfaces presented bigger irregularities, appear-
ing as hills that on the initial and recovery states have an
approximately spherical shape. Contrarily to the stretched
state where they have an oval-like shape, which is a result
of an orientation along the direction of the applied load
(FIG. 1, AFM Topography of B-PLGTMC). Concerning the
roughness measurement results obtained for B-PLGTMC
(FIG. 1, right inferior corner), there is a difference between
the average surface roughness (R,) values obtained for the
bottom and top samples whether they are on the initial (top
face is about 19 folds rougher) or recovered state (top face
is about 6 folds rougher). This fact can be explained by the
foil preparation method, since the bottom face was exposed
to the Petri dish glass, which makes it more smoother. Com-
paring the initial, stretched and recovered states for bottom
sample the conclusion is that the R, value is considerably
higher for the stretched state (about 23 folds more than the
initial) and decreases when shape recovery takes place. The
increase of roughness from the initial to the stretched state
can be related to the exposition of the domains that were
visible in AFM topographic pictures, as a consequence of the
stretching process. The top face roughness values seem to
have a lower increase from the initial to the stretched state
compared to the bottom face. This fact may indicate that
the roughness for this face is preserved between states.
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The roughness values reached after the recovery for both
faces of B-PLGTMC polymer are still slightly higher than
the initial R,, showing only a partial recovery of the initial
roughness. Considering now the roughness measurement
results for L-PLGTMC (FIG. 1, left inferior corner), the top
and bottom differences are only noticed for the stretched
form. There is an increase of average roughness from the
initial state to the stretched form. In addition, it appears to
be a small change from the stretched to the recovered form,
which shows the partial recovery of the terpolymer as it was
verified during the shape memory studies.

The absorbance values obtained for the MTT assay after
1, 3, and 7 days of MG63 cell culture are presented in FIG. 2.
A significant increase of absorbance values, and conse-
quently cell number, occurred as the period of incubation
increased. Therefore, on both sides of each terpolymer cell
proliferated well. Nevertheless, the absorbance correspond-
ing to L-PLGTMC and B-PLGTMC is lower than the one for
TCPS (p<0.001), which is a material especially designed to
promote cell adhesion and proliferation. For both terpoly-
mers there was a significantly higher number of metabolically
active cells on the top face than on the bottom. This can be
associated to the higher degree of roughness observed on
the top face, possibly creating better conditions for the cells
to attach and proliferate. These differences are not visible
after a seven-day culture period, which is probably a result
of reaching a confluent state. Comparing both terpolymers,
the differences were not so evident. If it comes to the cell
morphology, the obtained pictures show that the cells effec-
tively adhered on the surface of the terpolymers and that the
confluent state was reached after 7 days, including control
TCPS. Generally the cells preferred the edge of sample to
the middle (data not shown). Comparing both terpolymers,
on the top face of B-PLGTMC cells seem more spread and
adhered than on the top face of L-PLGTMC. The first surface
is the roughest and this can be explained by the fact that
osteoblastic cells prefer rougher surfaces [19]. Regarding
both faces, in general the top face is more populated with
cells than the bottom one, which is in accordance with the
MTT results (FIG. 2, MTT results). For the adhesion area
analysis, the values obtained show that the cells are more
spread in the order TCPS>B-PLGTMC>L-PLGTMC, how-
ever for the shape factor values, the differences are not so
visible (FIG. 2, H&E staining pictures). The nitric oxide level
was the same for all the samples, what also confirms that
both terpolymers are not cytotoxic (data not shown).

Conclusion

This paper confirmed the shape memory behavior of
B-PLGTMC and L-PLGTMC terpolymers with high and fast
shape recovery at 40°C and 37°C respectively, which are
values around the normal temperature of the human body.
These results along with the fact that the osteoblast-like cells
adhered and proliferated well on the materials, make them
good candidates for shape-memory biomaterials used in
the human body, especially for bone defects treatment. The
results regarding the surface properties as a consequence
of shape memory process suggest that the hydrophilicity
did not change considerably after recovery, however the
roughness values of the recovered state were slightly higher
than the initial ones.
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Abstract

The aim of this work was to study BHK-21 fibro-
blasts cultured on the interfacial area of two immiscible
liquids: perfluorodecalin (hydrophobic; PFD) and cell
culture medium (aqueous; DMEM) what allows crea-

ting 3-D multicellular structures. We showed that the

robust growth of 3-D aggregated animal cells could

be achieved on flexible PFD/DMEM interfacial area.
We also indicated that 3-D aggregates of BHK-21

cells could be successfully subcultured on solid hy-

drophobic surface and cells could migrate from those

multicellular structures, spread on solid surface and
further grow in typical monolayered form. Results of
our experiments showed that the PFD/medium system
is simple and ready-to-use method without need of
any inserts traditionally used for 3-D cultures of animal

cells. Formed multicellular 3-D aggregates could be
directly used in the same culture system for inoculation
of biomaterial elements or scaffolds.

Keywords: perfluorochemical (perfluorocarbon),
liquid/liquid culture system, flexible interfacial area,
animal cell aggregates

[Engineering of Biomaterials 114 (2012) 12-14]

Introduction

The traditional systems of in vitro culture of anchorage-
dependent animal cells use solid surfaces, i.e. polystyrene
dishes or flasks, as well as hydrophobic microcarriers and

macroporous carriers. However, their application is strongly

limited by the fact that cells grown under such conditions
usually form surface-attached monolayers [1,2]. Intensive
development of tissue and implant engineering involving
biocompatible scaffolds testing requires new methods
of in vitro culture of multicellular aggregates [3]. Insuffi-
cient cell migration into the scaffolds and limited oxygen
transfer inside cell aggregates/tissue containing implants
are remaining problems. Such elaborate and susceptible
to hydrodynamic shear stress culture systems cannot be

directly aerated by traditional ways (e.g. bubble aeration or

air-lift aeration) commonly applied to cultures of suspended
cells. Supplying sufficient amount of oxygen to the living
multicellular or aggregated structures is essential for survival
and growth of cells, otherwise necrosis occurs. In the case
when in vitro cultured cells form multilayer colonies, sheets
or aggregates, the oxygen supply to every cell might be a
limiting factor [4,5].

Liquid perfluorochemicals (perfluorocarbons, PFCs) are
synthetic, fully or partially fluorine-substituted derivatives
of hydrocarbons. Such compounds are characterized by
a high solubility of respiratory gases (oxygen, carbon dioxide)
and other non-polar gases. Liquid PFCs have raised much
interest in biomedical and technical applications [6-8]. One
of the biotechnological approaches of PFCs involves culture
of 3-D anchorage-dependent animal cells aggregates on
a flexible liquid/liquid interfacial area created between PFC
and culture medium layers [9-11]. Due to PFCs hydropho-
bicity and immiscibility with water animal and human cells
adhere gently to the flexible PFC/medium interface, spread
and create multicellular aggregates or sheets. In contrast to
the traditional methods of proteolytic treatment where cell to
cell junctions and also ECM are disrupted the multicellular
formations can be easily collected from liquid/liquid culture
system in intact 3-D forms by centrifugation or by pipetting,
along with extracellular matrix elements, and their structure
can be preserved during subcultivation. Thus, multicellular
aggregates, produced in such a 2-phase PFC-containing
system will be an ideal starting point for inoculation of
a biodegradable scaffolds or implants.

The previously published data of animal cell cultures on
PFC/medium surface [12,13] are brief and only indicate that
cells could be cultured on flexible interface of liquid/liquid
system supported with protein based layer formed between
two immiscible liquids. The aim of this work was to study
mammalian cells cultured on the interfacial area directly
between PFC and culture medium what allows creating
3-D multicellular structures. The fibroblast cell line (BHK-21)
has been chosen to study the effects of flexible interface.
It has been also indicated that formed multicellular 3-D
aggregates of analyzed cells could be directly used in the
same liquid/liquid culture system for inoculation of biomate-
rial elements or scaffolds.

Materials and Methods

Liquid perfluorinated phase

Perfluorodecalin (PFD; C,Fs; 1,1,2,2,3,3,4,4a,5,5,6,6,
7,7,8,8,8a-octadecafluorodecalin; ABCR GmbH & Co. KG,
Karlsruhe, Germany) was used as a liquid hydrophobic
phase. PFD was sterilized by autoclaving, cooled to 37°C and
additionally it was filtered using membrane filters (0.2 pm;
Sartorius, Germany) to remove any microbial or solid con-
taminations. Then PFD was saturated by compressed air
and pure oxygen in aseptic conditions [8] to obtain the oxy-
gen concentration as 10.08 uMO, mL-' PFD. Such oxygen
level in PFD has been determined as favourable for animal
cell cultures in our previous investigations [14].

PFD created separate phase on bottom of culture dishes
after pipetting. PFD was collected after experiments, recov-
ered (first by filtration to remove solid remains and then by
washing with ethanol and deionized water), and then reused
after sterilization and gas saturation procedure.

Animal cells, culture medium and inoculum
preparation

The anchorage-dependent, i.e. adherent, hamster BHK-
21 fibroblasts were evaluated in this work. The cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and antibiot-
ics (0.05 u mL-" penicillin, 0.05 u mL" streptomycin) at 37°C
in a humidified, 5% CO, incubator. The culture medium was
also supplemented with 10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES) as buffering agent. The
culture medium, FCS, and all chemicals were obtained from
Invitrogen Co. (USA) and were of animal cell culture quality.



Inoculum was prepared from standard nearly, i.e. 75-80%
confluent cultures. The cells were washed with PBS (Invitro-
gen Co.; USA), and then they were enzymatically detached
by using 0.25% trypsin (Invitrogen Co.; USA) and incubated
for 2-3 minutes at 37°C. Next the cells suspended in culture
medium were counted in Malassez hemocytometer (Brand,
Germany) to obtain initial cell density as 0.48 - 10° cells mL-".
Finally, the cells were plated into the culture dishes.

Experiment procedure

The BHK-21 cells were cultured on PFD/DMEM interface
in closed and sealed 24-well plates (24-WPs) and vertically
oriented 25 cm? culture flasks (Becton-Dickinson, USA).
2 mL of PFD and 2 mL of DMEM have been used in 24-WPs
and 6 mL of PFD and 6 mL of culture medium were poured
into vertically-oriented culture flask to create flexible PFD/
medium interfacial area. The cell cultures on solid surface of
24-WPs were used as reference system. In the case of refer-
ence cultures, the cells were passaged every 3-4 days. In the
case of the liquid/liquid culture system cells were passaged
every 3 days by simply pipette out (without trypsinization
needed) used DMEM and PFD and addition of fresh liquid
elements of culture system to preserve multicellular aggre-
gates formed during experiment. At least 5 independent cul-
tures have been performed for each variant of experiment.

The multicellular aggregates of BHK-21 cells were also
passaged from PFD/DMEM interface directly onto solid sur-
face of 24-WPs. First, almost all amount of DMEM medium
has been removed out from BHK-21 cultures conducted in
liquid/liquid system for 7 days. Then all phase of PFD has
been gently pipetted out from culture system. The aggre-
gates of BHK-21 cells fell down on solid surface of culture
dish. Next, 2 mL of fresh DMEM were added to cells very
gently to preserve the 3-D structure of BHK-21 aggregates.
Such subcultured multicellular aggregates of BHK-21 cells
were incubated at 37°C for next 2 days.

Cultures of cells and aggregates were monitored and
digitally photographed with Eclipse TS-100/F (Nikon, Japan)
inverted light microscope supported with digital camera
(Nikon, Japan) and Nikon CoolView software.

Results and Discussions

Cells of BHK-21 line which were referentially cultured
on solid polystyrene surface of 24-well culture dishes had
typical morphology of monolayered cells which strongly ad-
here to solid surface. Next, these cells were cultured on the
flexible interfacial area of PFD and DMEM in the liquid/liquid
culture system with the presence of air saturated and oxygen
enriched liquid PFD on the bottom of each well of 24-well
culture plate. FIG. 1 presents the representative image of
the BHK-21 cells cultured on flexible PDF/DMEM interface.

agueous
— liquid phase
of DMEM

hydrophobic
— liquid phase
of PFD

FIG. 1. Growth of the BHK-21 cell aggregates
on flexible interfacial area formed between PFD
(hydrophobic) and DMEM (aqueous) layers. The
scale bar indicates 0.2 mm.

In the case of all experimental cultures on the liquid/liquid

interfacial area the cells were located on the interface of ® @ @ @ @ @ o

two immiscible liquid phases, i.e. PFD and DMEM, at the
hydrophilic side (i.e. DMEM) of the interface. Growth of none
cells was noted at hydrophobic side (i.e. PFD) of interfacial
area. The BHK-21 cells also grew on the culture dish walls,
in the immediate vicinity of interfacial area of two immiscible
liquids. The number of cells on walls diminished along the
distance from the interface. The cells located on PFD/DMEM
interface and on the solid walls of culture dish have been
counted separately. Aimost all of them were localized on the
interfacial area of the PFD/PDMS system. Not more than
1% of analyzed cells grown on the solid walls, so they were
neglected in further investigations. In comparison to the
BHK-21 cells cultured on solid surface in the control cultures
the cells which grew directly on flexible PFD/DMEM interface
had isometric 3-D morphology, i.e. were closely packed in
3-D multicellular aggregates. In our studies suspension of
single isometric cells was also observed after gently shaking
of the liquid/liquid culture system. Just cells which attached
to side-surface of culture plate were adhered and elongated,
i.e. similar to cells in control cultures.

Next, we compared control BHK-21 cells cultured on
solid surface and those ones cultured in flexible PFD/DMEM
system (FIG. 2). Cells cultured on the flexible interface of two
immiscible liquid phases did not adhere to the PFD surface
but remained spherical for as long as 7 days of culture. Multi-
cellular aggregates were formed after 48 hours of culture.
Finally, over 1 mm diameter 3-D aggregates of the BHK-21
cells were visible in studied liquid/liquid system. Obtained
aggregates were localized directly on the flexible interface
of two contacting liquid phases of PFD and DMEM and
floated if culture medium was pipetted or plate was shaken.
It proves that adherent BHK-21 cells in the liquid hydropho-
bic/aqueous culture system grow without the attachment
to the hydrophobic interface. Thus, in the case of BHK-21
cells PFD/medium system could be classified as 3-D cell
culture. As aresult, harvesting cells in order to analyze their
viability and growth was greatly facilitated. Disintegration of
aggregates to smaller pieces or single cells could be easily
obtained by simply shaking or pipetting of culture before
sample harvest. So, the enzyme-mediated detachment of
aggregated BHK-21 cells was unnecessary in the case of
culture them in the presented PFD/medium system.

The morphology of BHK-21 cells observed in this study is
in accordance with results obtained for mouse-derived L-929
fibroblasts cultures on layer of liquid perfluorinated amines
previously presented by Shiba et al. [12]. Shiba et al. did not
use PFCs saturated with any gas and the growth of L-929
was rather minor and strongly limited to small aggregates
consisting of few cells. Rappaport [13] reported more tradi-
tional monolayered morphology of human liver carcinoma
HepG2 cells cultured on layer of perfluorinated aldehyde. But
in the case of Rappaport’s study the cells were cultured not
directly on layer of liquid PFC but on thin layer of collagen
covering the flexible interfacial area of PFC/medium system.

To document that morphology changes of aggregated
cells in PFD/DMEM system are fully reversible we checked
the ability of cells forming aggregates on layer of PFD to
be grown on solid surface. To address this issue the multi-
cellular aggregates of BHK-21 cells were passaged from
PFD/DMEM interface directly onto solid surface of 24-WPs.
The aggregates of BHK-21 cells fell down on solid surface
of culture dish after gently pipetted out of PFD from culture
system. Microscopic analysis performed after 24 hours re-
vealed that BHK-21 cells located in the middle of aggregates
retained their 3-D spherical morphology. But some of the
cells located near the edge of aggregates became flatten,
elongated and started to adhered to solid surface (FIG. 3).
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FIG. 2. Morphology of the BHK-21 cells
(4 day of cultures): typical monolayer of
cells in control culture on solid surface (A)
and 3-D multicellular aggregates in control
on flexible interfacial area of the PFD and
DMEM layers (B). The scale bars indicate
0.5 mm.

FIG. 3. Morphology of the BHK-21 cells after
subcultivation of 3-D aggregates from the
PFD/DMEM interface onto the solid surface:
12 (A) and 24 (B) hours after transfer. The
typically elongated fibroblasts migrated from
the multicellular aggregates which adhered
to the bottom of 24-well plate have been
marked with arrows. Closely packed 3-D
aggregated BHK-21 cells remained inside
the multicellular aggregates. The scale bars
indicate 0.2 mm.

Such effect has not been discussed previously by any pub-
lished data concerning the results of animal cells cultured
on layer of liquid PFC [12,13].

Conclusions

Based on our observations we conclude that the pro-
posed flexible interfacial area of PFD/DMEM culture system
may have practical application in cultures of multicellular
aggregates or single or in any animal cell cultures where the
3-D structure of cells/aggregates should be retained. The
PFD/medium system is simple and ready-to-use method
without need of any inserts traditionally used for 3-D cul-
tures of animal cells and also without any needed coating or
supporting of the liquid/liquid interfacial area. We have also
revealed the fully reversible morphology changes of 3-D ag-
gregated BHK-21 fibroblasts cultured on flexible interface of
PFD and ability of such aggregates to undergo the changes
in morphology and their further growth on solid surface.

To sum up, the robust growth of 3-D aggregated animal
cells could be achieved on flexible PFD/DMEM interfacial
area. We have concluded that hypothetical benefit of the
PFC/medium system is a possibility to use them directly for
testing and improving of cell growth on any solid biomaterial
examined for use as scaffolds. For example, the two-phase
liquid/liquid system culture system could be used as simple
device for culture of multicellular aggregates of chondrocytes
or osteoblasts. Formed multicellular 3-D aggregates could
be directly used in the same culture system for inoculation
of biomaterial elements or scaffolds. Then after migration
of cells from aggregate onto solid surface of scaffold such
implant could be in vitro or in vivo analyzed.

Acknowledgments

This work was partially supported by MNT-ERA.NET
Project “ArtiCart” financed by The National Centre for
Research and Development (NCBIR; Poland).

References

[1] Thomson H.: Bioprocessing of embryonic stem cells for drug
discovery. Trends in Biotechnology 25 (2007) 224-230.

[2] Ulloa-Montoya F., Verfaillie C.M., Hu W.: Culture Systems for
Pluripotent Stem Cells. Journal of Bioscience and Bioengineering
100 (2005) 12-27.

[3] Piersma A.H.: Validation of alternative methods for developmen-
tal toxicity testing. Toxicology Letters 149 (2004) 147-153.

[4] Fassnacht D., Portner R.: Experimental and theoretical con-
siderations on oxygen supply for animal cell growth in fixed-bed
reactors. Journal of Biotechnology 72 (1999) 169-184.

[5] Harrison S., Eberli D., Lee S.J., Atala A., Yoo J.J.: Oxygen
producing biomaterials for tissue regeneration. Biomaterials 28
(2007) 4628-4634.

[6] Riess J.G.: Perfluorocarbon-based oxygen delivery. Artificial
Cells, Blood Substitutes, and Immobilization Biotechnology 34
(2006) 567-580.

[7] Pilarek M., Glazyrina J., Neubauer P.: Enhanced growth and
recombinant protein production of Escherichia coli by a perfluori-
nated oxygen carrier in miniaturized fed-batch cultures. Microbial
Cell Factories 10 (2011) 50.

[8] Pilarek M., Szewczyk K.W.: Effects of perfluorinated oxygen
carrier application in yeast, fungi and plant cell suspension cultures.
Biochemical Engineering Journal 41 (2008) 38-42.

[9] Pilarek M., Neubauer P., Marx U.: Biological cardio-micro-pumps
for microbioreactors and analytical micro-systems. Sensors and
Actuators B: Chemical 156 (2011) 517-526.

[10] Lowe K.C.: Perfluorochemical respiratory gas carriers: benefits to
cell culture systems. Journal of Fluorine Chemistry 118 (2002) 19-26.
[11] Pilarek M., Szewczyk K.W.: Perfluorochemicals as liquid
vectors of respiratory gases used in medicine and biotechnology.
Biotechnologia (in Polish) 69 (2005) 125-150.

[12] Shiba Y., Ohshima T., Sato M.: Growth and morphology of
anchorage-dependent animal cells in liquid/liquid interface system.
Biotech. Bioeng. 57 (1998) 583-589.

[13] Rappaport C.: Review - Progress in concept and practice of
growing anchorage-dependent mammalian cells in three dimension.
InVitro Cellularand Developmental Biology -Animal 39 (2003) 187-192.
[14]Pilarek M., Kaczmarczyk M., Olak S., Grabowska ., Szewczyk K.W.:
Cultures of 3-D aggregated mammalian cells in a two-phase liquid/
liquid system containing perfluorinated carrier of respiratory gases.
Acta Biochimica Polonica 58 Supplement 4 (2011) 5.

Z 0 © 00000 0000000000000 00000000000000000060000

Ll



SYNTEZA | CHARAKTERYSTYKA
BIORESORBOWALNYCH
TERPOLIMEROW L-LAKTYDU/
GLIKOLIDU/BURSZTYNIANU
BUTYLU WYKAZUJACYCH
PAMIEC KSZTALTU

NATALIA SMIGIEL', ANNA SmoLA2, HENRYK JANECZEK?,
Janusz Kasperczyk?, PioTR DoBrzyNskI'?"

T INSTYTUT CHEMII, OCHRONY SRODOWISKA | BIOTECHNOLOGII,
AKADEMIA JANA Drucosza w CZESTOCHOWIE,

AL. ARMII KrRaJowES 13/15, 42-200 CzESTOCHOWA

2 CeENTRUM MaTERIALOW PoLIMEROWYCH | WEGLOWYCH PAN,
uL. M. SkrobowskieJ-CURIE 34, 41-819 ZaBRzE

* E-MAIL: PDOBRZYNSKI@CMPW-PAN.EDU.P

Streszczenie

W pracy przedstawiono wstepne wyniki badan nad
otrzymywaniem i charakterystykg nowych bioresorbo-
walnych terpolimeréw laktydu/glikolidu/bursztynianu
butylu. tancuchy otrzymanych terpolimeréw zawieraty
alifatyczne mikrobloki estrowe - bursztynianu butylenu
i laktydylu, zapewniajgce temu materiatowi wiasnos¢
zapamietywania ksztaftu. Scharakteryzowano wias-
nosci i sktady otrzymanych materiatbw, oceniono
parametry zapamietywania ksztattu. Na podstawie
przedstawionych wynikoéw wstepnych badan mozna
oba materiaty okresli¢, jako perspektywiczne w za-
stosowaniach biomedycznych i wydaje sie celowym
kontynuacja badan nad ich syntezg, charakterystykg
i aplikacjg.

Stowa kluczowe: bioresorbowalne polimery, poliestry
alifatyczne, pamie¢ ksztattu, ROP

[Inzynieria Biomateriatow 114 (2012) 15-20]

Wprowadzenie

Biodegradowalne materiaty polimerowe otrzymywane
w reakcjach kopolimeryzacji laktydéw i glikolidu ze wzgledu
na swoje specyficzne wlasciwosci sg powszechnie stoso-
wane w wielu obszarach zycia. Bardzo cennym okazato
sie zastosowanie biokompatybilnych i biodegradowalnych
kopolimeréw w medycynie, jako materiatu w formowaniu
nosnikow lekow, w procesie ich kontrolowanego uwalnia-
nia, tymczasowych implantéow i podtozy komorkowych do
zastosowan w inzynierii tkankowej [1]. Bardzo interesujacq
wiasnoscig niektérych biodegradowalnych polimeréw jest
pamie¢ ksztattu [2,3]. To zjawisko, wyraznie poszerza za-
stosowanie tego typu materiatdw, o szczegdlnie obiecujace
w technikach chirurgii matoinwazyjnej, bioresorbowalne
urzadzenia - implanty reagujgce na bodzce termiczne.
W pracy przedstawiono mozliwos¢ otrzymywania kopo-
limeréw z pamiecig ksztattu zawierajgcych w strukturze
fancucha, obok typowych jednostek laktydylowych i glikolidy-
lowych dtuzsze segmenty bursztynianu butylenu. Segmenty
te powodujg duze uelastycznienie otrzymanego materiatu
i zmniejszenie jego hydrofobowosci. Poli(bursztynian
butylenu) (PBS) jest podobnie, jak najbardziej popular-
ne w zastosowaniach biomedycznych polilaktydy czy
kopolimery laktydu z glikolidem, poliestrem alifatycznym
w petni biodegradowalnym i biokompatybilnym [4,5].
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Abstract

The paper presents the preliminary results on the
synthesis and characterization of new bioresorbable
terpolymers of lactide/glycolide/butyl succinate. The
chains of obtained terpolymers were built of butylene
succinate and lactydyl microblocks, which endow this
material with shape memory behavior. The method
of synthesis, the properties and composition of the
obtained terpolymers, and shape memory parameters
are described in the article. On the basis of the results
of preliminary studies, the obtained material appears
applicable for biomedical applications, and it seems
advisable to continue research on their synthesis,
characterization and application.

Keywords: bioresorbable polymers, aliphatic poly-
ester, shape memory behavior, ROP

[Engineering of Biomaterials 114 (2012) 15-20]

Introduction

Biodegradable polymeric materials obtained in the
process of copolymerization of lactides and glycolide
due to the specific properties are widely used in many
areas of biomedicine. Biocompatible and biodegradable
copolymers proved useful for application in medicine, as
materials for drug carriers formation in the process of con-
trolled drug release, temporary implants used in surgery
and scaffolds for application in tissue engineering [1].
Avery interesting property of some biodegradable polymers
is their shape memory behavior [2,3]. This phenomenon
clearly extends the application possibilities of such ma-
terials. Application of bioresorbable devices - implants
responsive to thermal stimuli, is particularly essential for
minimally invasive surgical techniques. The present paper
demonstrates the possibility of obtaining terpolymers with
shape memory properties containing butylene succinate
(BS) microblocks in their chains, besides the lactydyl
segments and glycolidyl units. The BS blocks guarantee
great flexibility of the resulting material and decrease its
hydrophobicity. Poly(butylene succinate) (PBS) is similar
to fully biodegradable and biocompatible aliphatic polyes-
ters commonly used in biomedical applications, such as
polylactides or copolymers of lactide with glycolide [4,5].
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W dotychczasowych publikowanych badaniach, ze wzgledu
na duze rdéznice we wlasnosciach fizycznych, elastyczno-
Sci tahcucha i przebiegu biodegradacji, wykazano bardzo
interesujace wiasnosci fizykochemiczne blend polilaktydu
i PBS, czy kopolimeréw blokowych LA/BS [6] szczegolnie
przydatne w zastosowaniach tego materiatu w kontrolowa-
nym uwalnianiu lekéw, czy formowaniu bioresorbowalnych
implantéw o duzej elastycznosci.

Materialy i metody

Materiaty

L-laktyd, glikolid (Purac Biomaterials) wstepnie oczysz-
czano poprzez rekrystalizacje z roztworu octanu etylu,
nastepnie suszono w suszarce prozniowej w temperaturze
pokojowej. Acetylacetonian cyrkonu (IV) (Aldrich Corp.),
1-4-butandiol (Aldrich Corp.), alkohol metylowy, chloroform
(Poch Gliwice), bursztynian dimetylu 98% (SAFC, USA) oraz
butanolan tytanu(lV) 97% (Aldrich Corp.) uzyto w postaci
handlowe;j.

Synteza oligomeru BS

Synteza oligomeru bursztynianu butylenu polegata na
transestryfikacji diestru metylowego kwasu bursztynowe-
go z 1,4-butandiolem, prowadzono ja przy 7% nadmiarze
molowym diolu. Reakcje przeprowadzono dwuetapowo w
stopie, w reaktorze zaopatrzonym w uktad destylacyjny,
wydajne mieszanie, doprowadzenie argonu i podtaczone-
go do pompy prozniowej. Jako katalizator transestryfikacji
zastosowano Ti(OC,H,),. W pierwszym etapie reakcji,
zawartos¢ reaktora stopiono i ogrzewano pod poduszkg
argonu, w temperaturze 150°C do momentu catkowitego
oddestylowania wydzielajgcego sie produktu ubocznego
zachodzacej transestryfikacji — alkoholu metylowego.
W etapie drugim obnizono cisnienie ponizej 100 mb i
stopniowo podnoszono temperature do 200°C. W tej tem-
peraturze zawartos$¢ reaktora ogrzewano przez nastepne
3 godziny, kontrolujgc lepkos¢ inherentng powstajacego
produktu i odbierajac powstajgcy w trakcie prowadzonego
procesu 1,4-butandiol. Gdy lepko$¢ inherentna produktu
wynosita okoto 0,08 dL/g, co odpowiadato zatozonej masie
molowej produktu — okoto 4 kD [7], zakonczono synteze.
Produkt rozpuszczono w chloroformie i oczyszczono przez
wytrgcanie z zimnego metanolu. Suszono do statej masy
W suszarce prozniowe;.

Przebieg terpolimeryzaciji

Terpolimery otrzymano na drodze kopolimeryzacji otwar-
cia pierscienia (ROP) cyklicznych monomeréw L-laktydu,
glikolidu, w obecnosci wczesniej otrzymanego oligomeru
BS, zakonczonego grupami hydroksylowymi. Kopolime-
ryzacje prowadzono w stopie, w temperaturze 120°C,
w obecnosci Zr(acac), jako inicjatora (I/M = 1:1200). Reakcje
prowadzono pod poduszkg argonu w zamknietym reakto-
rze szklanym zaopatrzonym w mieszadto magnetyczne.
Otrzymane terpolimery oczyszczano poprzez rozpuszczenie
w chloroformie i wytrgcanie w zimnym metanolu. Prébki
suszono w prézni, w temperaturze pokojowej i poddawano
dalszym badaniom.

Otrzymanie ksztaltek do badania pamieci ksztattu

Ksztaltki do badania pamieci ksztattu otrzymano formujac
je poprzez prasowanie na gorgaco, na prasie hydraulicznej w
temperaturze okoto 180°C i pod ci$nieniem ponad 2 MPa.
Otrzymane plytki pocieto na prostokgtne paski o wymiarach
50 mm x 10 mm x 0,4 mm.

As described in previously published studies, significant
differences in physical properties (chain flexibility and
biodegradation profile) between PLA and PBS, some very
interesting physicochemical properties of PLA/PBS blend
or block copolymers of were revealed [6]. These polymeric
materials appear to be particularly useful for controlled re-
lease of drugs, or during formation of bioresorbable implants
with high flexibility.

Materials and synthesis methods

Materials

L-Lactide, glycolide (Purac Biomaterials) were purified
by recrystallization from ethyl acetate solution, then dried
in @ vacuum oven at room temperature. Zirconium(IV)
acetylacetonate (Aldrich Corp.), 1-4-butanediol (Aldrich
Corp.), methyl alcohol, chloroform (Poch Gliwice), dimethyl
succinate 98% (SAFC, USA) and titanium(1V) butoxide 97%
(Aldrich Corp.) were applied in commercial form.

Synthesis of BS oligomer

Synthesis of polyester was carried out by transestrifica-
tion of methyl diester of succinic acid with 1,4-butanediol
catalyzed with Ti(OC,H,),. The reaction was conducted at
7% molar excess of diol in bulk with two stages. The reac-
tion vessel was equipped with a distillation system, efficient
mixing, supply argon and connected to a vacuum pump.
During the first stage of the reaction, the reactor content
was melted and heated under argon pillow at 150°C until
complete distillation of evolved by-product (methyl alcohol).
During the second stage, the reactor was connected to
vacuum (pressure below than 100 mbar) and temperature
was gradually raised to 200°C. At this temperature, the reac-
tor contents were heated for 3 hours, constantly controlling
the inherent viscosity of the resulting product and collecting
arising butyndiol. When the inherent viscosity of the product
was about 0.08 dL/g, corresponding to the assumed mo-
lecular weight of the product - about 4 kD [7], the synthesis
was finished. The product was dissolved in chloroform and
purified by precipitation from cold methanol and then dried
to constant weight in a vacuum oven.

Terpolymerization reaction

Terpolymers were obtained by ring opening copolymeri-
zation (ROP) of cyclic monomers; L-lactide, glycolide and
in the presence of previously synthesized BS oligomer,
the chain of which was terminated with hydroxyl groups.
The terpolymerization was carried out in the melt at 120°C
in the presence of Zr(acac), as initiator (ratio I/M = 1:1200)
under argon in a sealed glass reactor equipped with a
magnetic stirrer. The obtained product was purified by dis-
solving in chloroform and then precipitation in cold methanol.
Samples were dried under vacuum at room temperature and
subjected to further testing.

Receipt of molders to study the shape memory

Samples for shape memory tests were obtained with
hot molding, on hydraulic press at 180°C, under pressure
of more than 2 MPa. Obtained plates were cut into smaller
strips (dimensions 50 x 10 x 0.4 mm).

Method of investigation

The composition and chain microstructure of the ter-
polymers were determined on the basis of NMR analysis
conducted with Bruker Avans (600 Mhz) spectrom-
eter, where deuterated chloroform was used as solvent.



Metoda badan

Sktad i mikrostrukture tancucha terpolimeréw oznaczono
na podstawie pomiaréw protonowego rezonansu jagdrowego
NMR wykonanych z pomocg spektrometru Bruker Avans
(600 Mhz). Jako rozpuszczalnik uzyto deuterowany chlo-
roform. Srednig liczbowo mase czasteczkowa (M,) i rozrzut
mas czgsteczkowych (D) oznaczono za pomoca chromato-
grafii zelowej GPC stosujac aparat Viscotek Rimax (chloro-
form, temperatura 35°C, przeptyw 1 mL/min, zastosowano
2 kolumny Viscotek 3580, detektor refrakcyjny, kalibracja
z wykorzystaniem standardéw polistyrenowych).

Lepkos¢ inherentng oligomeru PBS wyznaczano z
pomocg wiskozymetru Ubbelohde (Pollena, nr kapilary I,
K=0,00750), w temperaturze 25°C w chloroformie.

Analize termiczng metoda réznicowej kalorymetrii skanin-
gowej DSC prowadzono na aparacie DSC Du Pont1090B
(kalibracja galem i indem, szybko$¢ grzania 20°C/min).

W celu podstawowego scharakteryzowania termicznego
efektu pamieci ksztattu mierzono czas powrotu ksztattki
do ksztattu pierwotnego (t,) oraz stopiern powrotu (k%)
(stosunek zmierzonej diugosci ksztattki po powrocie do
dtugosci ksztattki mierzonej przed deformacjg). Ksztaltki
rozciggano o 50% dtugosci w temperaturze 38°C. Ksztatt
przejsciowy utrwalany byt poprzez ochtodzenie w tempe-
raturze pokojowej. Po ponownym umieszczeniu ksztatki
w fazni wodnej, w temperaturze ciata ludzkiego 37°C,
obserwowano przebieg procesu powrotu do wyjsciowego
ksztattu permanentnego.

Wyniki i dyskusja

Pierwszy etap otrzymania terpolimeru L-Laktyd/gliko-
lid/bursztynian butylenu polegat na syntezie oligomeru
bursztynianu butylu, o tancuchu zakonczonym grupami
hydroksylowymi. W tym celu synteze prowadzono przy
7% mol. nadmiarze stechiometrycznym butandiolu,
a postep reakcji kontrolowano mierzac lepkos$¢ inherentng
tworzacego sie PBS. RYS. 1 przedstawia widmo 'H NMR
otrzymanego oligomeru. Na podstawie otrzymanego wid-
ma, w wyniku analizy grup koncowych, wyznaczono mase
molowg oligomeru. Otrzymany poliester wykazywat duzg
semikrystaliczno$é. Wyznaczono temperature zeszklenia
T,, temperature topnienia T,, oraz ciepto topnienia AH fazy

Average number molar mass (M,) and molar mass dispersity
(D) were determined by gel permeation chromatography
GPC (Viscotek apparatus Rimax, chloroform, temperature
35°C, flow 1 mL/min, using two Viscotek 3580 columns, re-
fractive detector, calibration with polystyrene standards).

The inherent viscosity of the PBS oligomer was de-
termined using Ubbelohde viscometer (Pollena, capillary
number I, K=0,00750) at 25°C in chloroform.

In order to characterize the basic shape memory effect
the time required to return to original shape (t,) and the
degree of return (k%) (the ratio of the measured length of
the strip after restoring to the length measured before the
deformation) were measured. The plates were stretched to
50% of the original length at 38°C. The resulting deformed
temporary shape of samples has been fixed by cooling at
room temperature. The strip was then again placed in water
bath at temperature of human body 37°C, after which the
process of regaining the previous shape took place.

Results and Discussion

The first stage of L-Lactide/glycolide/butylene succinate
terpolymer synthesis consisted of manufacturing butyl
succinate oligomer (PBS), whose chain was terminated
with hydroxyl groups. For this purpose, the synthesis was
carried out at 7% mol. butanediol stoichiometric excess,
and the reaction progress was monitored by measuring the
inherent viscosity of the resulting of PBS. FIG. 1 presents
the '"H NMR spectrum of the obtained oligomer. On the
basis of the spectrum, molar mass of synthetized oligomer
was determined by analysis of end groups. The resulting
polyester demonstrated high semi-crystallinity degree. The
glass transition temperature T, melting temperature T,, and
heat of fusion AH crystalline phase of the resulting oligomer
were measured and are included in TABLE 1.

TABELA 1. Charakterystyka otrzymanego oligomeru.
TABLE 1. Characteristics of obtained oligomer PBS.

T,[°C]

T.[°C] AH [J/g]

krystalicznej otrzymanego oligomeru. Wyniki przedstawiono 4000 -27.5 115.6 79.2
w TABELI 1.
0
= 5 (0] b » : OH
‘IEO/\/\/ W/\b)LO}W
¢ a [ ¢ d
b
a C
CDCL: die TMS
i " |
: ‘ : : ° (ppm]

RYS. 1. Widmo 'H NMR otrzymanego oligomeru PBS.
FIG. 1. '"H NMR spectrum of the oligomer PBS.
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Otrzymany oligomer BS, wykorzystano nastepnie, jako

® @ ® o o ® o jeden z substratow w syntezie terpolimeréw. Naszym zamie-

rzeniem byto otrzymanie terpolimeréw z pamiecig ksztattu
o temperaturze zeszklenia zblizonej do temperatury ciata
ludzkiego, co raczej gwarantuje, ze potencjalna temperatura
powrotu takiego materiatu z nadanego ksztattu tymczasowe-
go do permanentnego jest bliska temperaturze ciata [8,9].
W tym celu odpowiednio dobrano sktad mieszaniny re-
akcyjnej, korzystajgc z rownania Foxa [10] i znajomosci
temperatur zeszklenia poli(L-laktydu), poli(glikolidu) i
zsyntezowanego oligomeru PBS. Zsyntezowano dwie serie
terpolimeréw L-Laktyd/glikolid/bursztynian butylenu, ktérych
sktad i wtasciwosci zebrano w TABELI 2. Otrzymane ter-
polimery miaty skfad bardzo zblizony do skfadu wyjsciowej
mieszaniny reakcyjnej. Sktad terpolimeréw obliczono na
podstawie uzyskanych widm 'H NMR, przedstawionych na
RYS. 2. Terpolimery charakteryzowaly sie jednak masg cza-
steczkowg znacznie nizszg od oczekiwanej teoretycznie.

The obtained BS oligomer was used as one of the sub-
strates in the synthesis of terpolymers. Our intention was
to obtain shape memory terpolymers with glass transition
temperature close to human body temperature, which en-
sures that the potential temperature of return from assigned
temporary to permanent shape is close to body temperature
[8,9]. For this purpose we selected the initial composition of
the reaction mixture, using the Fox equation [10] and bas-
ing on the knowledge of the glass transition temperature of
poly(L-lactide), poly(glycolide) and the synthesized oligomer
PBS. Two series of L-lactide/glycolide/butylene succinate
terpolymers were synthesized. The composition and prop-
erties are summarized in TABLE 2. The composition of the
obtained terpolymers was very similar to the composition
of the starting mixture. The composition of terpolymers was
calculated on the basis of the '"H NMR spectra, shown in
FIG. 2. However, molar mass of both products were much
lower than theoretically expected.

TABELA 2. Charakterystyka otrzymanych terpolimeréow i ich wiasnosci zapamietywania ksztattu.
TABLE 2. Characteristic of obtained terpolymers and parameters of the shape memory effect.

\[o} Zatozony skiad Rzeczywisty sktad Wydajnosé M, D Tt T t,[s]  k[%]
\[g terpolimeru terpolimeru reakciji [Da] [°’C] [°C]
prébki Started composition Composition Yield
of reaction mixture of terpolymer [%]
[% w.] [% w]
NS 1 L-La 77/GI 09/PBS 14 L-La 74/ GI 10/BS 16 96 43000 | 2.8 42 39 180 98
NS2 | L-La64/Gl17/PBS 19 | L-La 57/ Gl 18 /BS 25 95 30000 | 2.6 29 25 180 92

M, — srednio wagowa masa molowa, D — dyspersja mas molowych, T, - temperatura zeszklenia wyliczona z réwnania
Fox'a, T,— temperatura zeszklenia, t, — czas powrotu ksztattki z ksztattu tymczasowego do permanentnego, k — stopien
powrotu do ksztattu tymczasowego. Stopien deformacji z ksztattu permanentnego do tymczasowego wynosit 50%.

M, - weight average molecular weight, D - dispersion of molecular weights, T ,— glass transition temperature calculated
with Fox equation, T, - glass transition temperature, t, - the recovery time, k - the ratio of return to the temporary shape.
The ratio of deformation was 50%.
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RYS. 2. Widmo 'H NMR terpolimeréw NS1 i NS2.

FIG. 2. '"H NMR spectra of the terpolymers NS1 and NS2.
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RYS. 3 przedstawia termogramy DSC prébek NS1iNS2
otrzymane przy szybkosci ogrzewania 20°C/min i pierwszym
przebiegu. W wypadku analizy probki NS1 zaobserwowano
przejscie z fazy szklistej w 35°C, proces topnienia fazy kry-
stalicznej w 74°C, krystalizacje kolejnej fazy krystalicznej
z maksimum przy 110°C, a nastepnie endoterme topnienia
tej fazy w 134,7°C. Natomiast dla drugiego terpolimeru
NS2 obserwuje sie temperature zeszklenia okoto 24°C,
szerokg endoterme topnienia z dwoma maksimami przy
62°C i 74°C a nastepnie kolejng endoterme topnienia przy
99°C. Obserwowana egzoterma krystalizacji i endoterma
topnienia zwigzane sa z krystalizacjq i topieniem obszarow
krystalicznych, prawdopodobnie zwigzanych z obecnos$cig
dtuzszych mikroblokéw laktydylowych. W wypadku probki
NS2, zawartos¢ laktydylu byta nizsza, co spowodowato, iz
dtugosc¢ tworzonych mikroblokow laktydylowych byta zbyt
mata, aby utworzy¢ domeny uporzadkowane. Pomimo
tego, obecnosc ciepet topnienia AH = 19J/g dla NS1 i AH
= 17J/g dla NS2 sugeruje, ze oba materiaty wykazujag se-
mikrystalicznos¢. Zjawisko to zwigzane jest z obecnos$cig
domeny krystalicznej powstatej w wyniku uporzadkowania
mikroblokéw bursztynianu butylenu.

FIG. 3 shows the calorimetric thermograms for NS1 19
and NS2 sample. The two calorimetric traces at heating © @ e ® @ © o
rate 20°C/min are plotted. During the first heating scan at
20°C/min the following transitions are observed for NS1
sample: glass transition at 35°C, melting process at 74°C,
cold crystallization exotherm with maximum at 110°C and
melting endotherm with maximum at 135°C.

The second sample NS2 heated at 20°C/min shows
the glass transition temperature at 24°C, broad melting
endotherm with two maxima at 62°C and 74°C and next
melting endotherm at 99°C. The observed crystallization
exotherm and melting endotherms are connected with the
crystallization and then melting of one of the terpolymer
lactidyl microblocks. Melting enthalpies AH=19J/g for NS1
and AH=17J/g for NS2 suggest that the initial sample dem-
onstrates semi-crystalline character. The second heating
runs at 20°C/min after rapid cooling from melt (FIG. 4),
shows only the glass transition temperature, T,, for both
samples. The T, was calculated as the temperature at the
inflection point of the phenomenon, and for the NS1 and NS2
were founded at 39°C and at 25°C respectively. The actual
glass transition temperatures were only several degrees
lower than the values calculated theoretically from the Fox
equation (TABLE 2).

RYS. 3. Poréwnanie pierw-
szych przejsé otrzymanych
z DSC dla a) NS1 i b) NS2.
Szybkos¢ ogrzewania 20°C.
FIG. 3. Comparative first scan
of the DSC thermograms for
a) NS1 and b) NS2. Heating rate
20°C/min.

RYS. 4. Poréwnanie drugich
przejs¢ otrzymanych z DSC
dla a) NS1 i b) NS2. Szybkos¢
ogrzewania 20°C po szybkim
schiodzeniu.

FIG. 4. Comparative second
scan of the DSC thermograms

for a) NS1 and b) NS2. Heating
at 20°C/min after rapid cooling
from melt.
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temperatury zeszklenia obu terpolimeréw. Temperatury
zeszklenia zostaty obliczone w punkcie przegiecia i wyno-
szg odpowiednio 39°C dla NS1 oraz 25°C dla NS2. Byty
one tylko kilka stopni nizsze od temperatur wyliczonych
teoretycznie z réwnania Foxa (TABELA 2).

Badano efekt pamieci ksztattu wyprasek otrzymanych
z obu terpolimeréw. Otrzymane terpolimery wykazywaty
pamieé ksztattu. Szybko$é powrotu z ksztattu tymczaso-
wego do permanentnego (t,), wywotywana podgrzaniem
do temperatury ciata ludzkiego (37°C), dla otrzymanych
terpolimeréw wynosita okoto 3 minut. Stopien powrotu do
ksztattu permanentnego (k%), po rozciagnieciu ksztaltki
0 50% i zamrozeniu tego tymczasowego ksztattu wynosit
ponad 90%. W odréznieniu od wczes$niej badanych polies-
troweglanow [8,9] obserwowane zjawisko pamieci ksztattu
zwigzane jest gtdwnie z istnieniem domen krystalicznych
spetniajgcych role weztdéw molekularnych, a nie z two-
rzeniem miedzyczasteczkowych wigzan wodorowych czy
silnym splataniem tancuchdw.

Whioski

Na podstawie przedstawionych wynikow badan mozna
stwierdzi¢, ze otrzymane bioresorbowalne materiaty terpo-
limerowe charakteryzujg sie zaktadanymi podstawowymi
wiasciwosciami fizykochemicznymi — wysokg elastycznoscig
i dobrymi parametrami efektu zapamietywania ksztattu.
Konieczna jest jednak optymalizacja syntezy tak, aby otrzy-
mac produkt o wyzszej masie molowej, co powinno polep-
szy¢ wtasnosci mechaniczne opisanych terpolimeréw. Sktad
kopolimeru zostat tak dobrany, aby temperatura powrotu
z nadanego ksztattu tymczasowego do permanentnego byta
nieco nizsza od temperatury ciata ludzkiego, co gwarantuje,
izimplant wykonany z tego materiatu automatycznie w ciggu
kilku minut od momentu wprowadzenia w miejsce zabiegu
ulegnie rozprezeniu do zaplanowanego ksztattu. Na podsta-
wie przedstawionych wynikéw wstepnych badan mozna oba
materiaty okresli¢, jako perspektywiczne w zastosowaniach
biomedycznych i wydaje sie celowym kontynuacja badan
nad ich synteza, charakterystyka i aplikacja.

Podziekowania

Prace wykonano w ramach projektu MNiSW Nr 2011/01/
N/ST5/02257 ,Wpltyw struktury tancucha, skfadu, wigzan
wodorowych na wiasciwoSci bioresorbowalnych kopolime-
réow z pamiecig ksztaftu”.
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The both obtained terpolymers exhibited shape memory
effect. The duration of return from temporary to permanent
shape (t,), which was a return of the human body tempera-
ture stimulation (37°C) was about 3 minutes. The degree of
return to the permanent shape (k%) was over 90%.

Conclusion

On the basis of obtained results it can be concluded that
the obtained bioresorbable terpolymers are characterized
by assumed basic physicochemical properties - high elas-
ticity and good functional shape memory effect. However,
it is necessary to optimize the synthesis, so as to obtain
a product with a higher molar mass, which should improve
the mechanical properties of the described terpolymers.
The composition of the copolymer was chosen so that the
temperature of return from assigned temporary to permanent
shape was slightly lower than human body temperature,
which ensures that the implant made of this material will
be automatically allowed to expand into the desired shape
within a few minutes after implantation. On the basis of the
results of preliminary studies, the obtained material appears
applicable for biomedical applications, and it seems advis-
able to continue research on their synthesis, characterization
and application.
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Streszczenie

Siarczan gentamycyny jest skutecznym antybioty-
kiem stosowanym w leczeniu gtebokich infekcji kosci.
Jednak jego miejscowe dostarczanie za pomocq
implantowanych no$nikow lekéw wymaga znajomoSci
mechanizmu i kinetyki jego uwalniania, co powinno
pozwoli¢ w sposéb kontrolowany na jego dozowanie
w zalezno$ci od potrzeb i migjsca implantacji.

Celem pracy byta ocena wptywu lokalizacji genta-
mycyny w materiale nosnika (matryca/modyfikator)
oraz typu modyfikatora zawierajgcego lek (kapsutki
alginianowe/wtékna PLA) na szybko$¢ uwalniania
gentamycyny. Jako matryce w przypadku wszystkich
badanych materiatéw zastosowano polilaktyd (PLA).

Szybkos$¢ uwalniania leku okre$lono metoda spek-
trofotometryczng UV-vis. Wyniki te poparto pomiarami
pH i przewodnictwa ptyndw inkubacyjnych. Dodatkowo
wykonano obserwacje mikroskopowe wraz z mikro-
analizg rentgenowskq (SEM+EDS). Wykonano réw-
niez badania spektroskopowe w podczerwieni (FTIR).

Uwalnianie gentamycyny z polimerowego no$ni-
ka zachodzi najintensywniej w czasie pierwszego
tygodnia inkubacji pomimo braku degradacji osno-
wy w tym okresie. Wiekszej szybkosci uwalniania
oraz wiekszej ilosci uwalnianego leku sprzyja
obecnos¢ granic miedzyfazowych. Oznacza to, ze
umieszczenie gentamycyny w fazie modyfikujgcej
osnowe (wfdkna, kapsutki) utatwia uwalnianie leku
z materiatu. Uwalnianie antybiotyku z kapsutek
Z alginianu wapnia przebiega szybciej niz z wtdkien
PLA, co wigze sie prawdopodobnie z ich znacznym
pecznieniem w Srodowisku wodnym, co tym samym
utatwia uwalnianie leku.

Stowa kluczowe: nosnik leku, gentamycyna, uwal-
nianie, polilaktyd, kompozyty

[Inzynieria Biomateriatow 114 (2012) 21-27]

Wprowadzenie

Wprowadzenie ciata obcego w postaci implantu do
organizmu zywego, jak réwniez sama interwencja chirur-
giczna sprzyja rozwojowi infekcji bakteryjnych w leczonej
tkance oraz tworzeniu biofilmu na powierzchni implantéw, co
w konsekwencji moze prowadzi¢ do powaznych powiktan
pooperacyjnych [1-3]. Szczegdlnie utrudnione jest leczenie
infekcji kosci ze wzgledu na trudnosci z miejscowa penetra-
cjg podawanego ogolnoustrojowo antybiotyku. Wigze sie to
z koniecznoscig diugotrwatego stosowania leku, ktérego dzia-
fanie obejmuje caty organizm. Dlatego coraz czesciej sktania
sie do opracowania implantow stanowigcych rownoczesnie
nosnik leku, co umozliwia bezposrednig iniekcje antybiotyku
w miejsce zakazenia. Skutecznym antybiotykiem w leczeniu
gtebokich infekcji kosci jest siarczan gentamycyny [4-5].

GENTAMICIN RELEASE FROM
POLYMERIC CARIERRS
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FacuLty oF MATERIALS SciENCE AND CERAMICS,
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Abstract

Gentamicin sulfate is an effective antibiotic used
in the treatment of deep bone infections. However,
its local provision by means of implanted medicine
carriers requires the knowledge of the mechanism
and kinetics of its release, which should allow for its
dosage in a controlled manner, depending on the need
and the implant’s location.

The aim of the work was an evaluation of the effect
of the gentamicin’s location in the carrier material
(matrix/modifier) and the type of the medicine-con-
taining modifier (alginate capsules/PLA fibres) on
the rate of the gentamicin release. In the case of the
examined materials, polylactide (PLA) was applied
as the matrix.

The rate of the medicine’s release was determined
with the spectrophotometric method, UV-vis. These
results were supported by the measurements of
the pH and the conductivity of the incubation fluids.
Additionally, microscopic observations were per-
formed, together with an X-ray microanalysis
(SEM+EDS). Fourier-transform infrared spectroscopic
tests were also conducted (FTIR).

The gentamicin release from the polymer carrier
proceeds the most intensely within the first incubation
week, despite the lack of the matrix’s degradation at
that time. A greater release rate and a bigger amount
of the released medicine are stimulated by the pre-
sence of phase boundaries. This means that locating
gentamicin in the phase modifying the matrix (fibres,
capsules) facilitates the medicine’s release from the
material. The antibiotic’s release from calcium alginate
capsules proceeds faster than from PLA fibre ones,
which is probably connected with their significant
swelling in the water environment, facilitating the
medicine release.

Keywords: drug carrier, gentamicin, release, polylacti-
de, composites

[Engineering of Biomaterials 114 (2012) 21-27]

Introduction

Introducing a foreign matter in the form of an implant
into a living organism, as well as the surgical intervention
itself, favour the development of bacterial infections in the
treated tissue and the creation of a biofilm on the implant’s
surface, whose consequence can be serious post-opera-
tional complications [1-3]. The treatment of bone infections
seems to be especially hindered, due to the difficulties in the
local penetration of the systemically applied antibiotic. This
is connected with the necessity of a long-term application
of the medicine, which operates throughout the organism.
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Dotychczasowe prace w tej dziedzinie obejmowaty préby
zastosowania na nosniki leku w chirurgii kostnej bioaktyw-
nych materiatéw ceramicznych (HAP, TCP) oraz degrado-
walnych materiatéw polimerowych (polilakyd, poliglikolid
i ich kopolimery, chitozan, kolagen), gtéwnie w postaci
jednofazowych podtozy lub mikrokapsut [6-8]. Nowym roz-
wigzaniem jest zastosowanie materiatdow kompozytowych
petnigcych funkcje implantéw wypetniajacych ubytki, ale
rownoczesnie zdolnych do uwalniania leku. Zaréwno w
przypadku materiatéw kompozytowych jak i jednofazowych
gtdbwnym problemem jest okreslenie jakie czynniki wptywajg
na mechanizm i kinetyke uwalniania leku. Ich poznanie
powinno da¢ mozliwosc¢ sterowania w sposéb kontrolowany
szybkoscig i iloscig uwalnianego leku, czyli niejako pozwoli
w sposob zaplanowany na jego dozowanie w zaleznosci od
potrzeb i miejsca implantaciji.

Celem pracy byta ocena wptywu lokalizacji gentamycyny
w materiale nosnika (matryca/modyfikator) oraz typu mo-
dyfikatora zawierajgcego lek (kapsutki alginianowe/wtékna
PLA) na szybkos$¢ uwalniania gentamycyny. Jako matryce
w przypadku wszystkich badanych materiatow zastosowano
polilaktyd (PLA).

Materialy i metody

Materialy i przygotowanie prébek

W pracy badaniom poddano trzy typy materiatéw réznig-
cych sie sposobem wprowadzenia siarczanu gentamycyny.
Stosowano dla nich nastepujace oznaczenia:

PLA(gent) — siarczan gentamycyny wprowadzony do
matrycy poli(L-laktydu),

PLA+CaAlg(gent) — kapsutki alginianowe stanowiace
nosnik siarczanu gentamycyny umieszczone w matrycy
poli(L-laktydu),

PLA+PLA-F(gent) — wtdkna z poli(L-laktydu) stanowiace
nosnik siarczanu gentamycyny umieszczone w matrycy
poli(L-laktydu).

Jako materiaty odniesienia zastosowano materiaty nie
zawierajace leku: PLA i PLA+CaAlg.

Siarczan gentamycyny (Gentamicin Sulfas Ph. Eur.)
wyprodukowano w Interforum Pharma Sp. z 0.0. Krakéw.
Jako matryce zastosowano poli(L-laktyd) (PLA) Ingeo
3051D Nature work. Wtdkna PLA z gentamycyng (20% mas.
gentamycyny) otrzymano z tego samego polimeru poprzez
wycigganie ze stopu (165°C). Enkapsulacje gentamycyny
w alginianie wapnia przeprowadzono metodg klasyczng
poprzez zelowanie i podmiane jonowa alginianu sodu (FMC
BioPolymer — Pharmaceutical PROTANAL 60) w CacCl,
(POCH) [9]. W przypadku kapsutek z lekiem zastosowano
proporcje 1 g siarczanu gentamycyny / 3 g alginianu sodu.
Obrazy SEM powierzchni kapsutek z lekiem i bez leku oraz
analize EDS wykazujacg obecnos¢ siarki pochodzacej od
siarczanu gentamycyny przedstawia RYS. 1.

Probki PLA(gent) otrzymano poprzez rozpuszczenie PLA
w CH,CI, (10 g / 50 ml) oraz dodanie roztworu siarczanu
gentamycyny w CH,CI, (2 g/ 25 ml). Z roztworu odlano folie,
ktére po odparowaniu rozpuszczalnika pocieto, sklejono
przygotowanym roztworem i sprasowano w postaci kostek
0 masie ok. 1 g i wymiarach 1,5 x 1,5 cm. Udziat leku wy-
nosit 20% mas.

Sam PLA otrzymano poprzez rozpuszczenie polilaktydu
w CH,CI, (10 g / 75 ml), dalsze kroki byty analogiczne jak
w przypadku prébki z gentamycyna.

Prébki PLA+CaAlg(gent) oraz PLA+CaAlg otrzymano
poprzez zmieszanie odpowiednich kapsutek alginianowych
(z lekiem i bez leku) z roztworem PLA oraz odlanie foli,
z ktérych po odparowaniu rozpuszczalnika wycieto i sklejono
prébki jak wyzej. Udziat leku w probkach wynosit 20% mas.

That is why, more and more often, one can see the develop-
ment of implants which simultaneously constitute the medi-
cine carrier, and this allows for a direct antibiotic injection
into the infected area. An effective antibiotic in the treatment
of bones is gentamicin sulfate [4,5]. The previous works
in this field included the application of bioactive ceramic
materials (HAP, TCP) and degradable polymer materials
(polylactide, polyglycolide and their co-polymers, chitosan
and collagen) as medicine carriers in bone surgery, mainly
in the form of mono-phase bases or microcapsules [6-8].
A new solution is the application of composite materials
playing the role of the implants filling the decrements and,
at the same time, capable to release the medicine. Both in
the case of the composite materials and the mono-phase
ones, the main problem is determining the factors which
affect the mechanism and kinetics of the medicine release.
Their knowledge should make it possible to control the rate
and amount of the released medicine, that is, it will allow
for its scheduled dosage, depending on the need and the
implant’s location.

The aim of the work was an evaluation of the effect of the
gentamicin’s location in the carrier material (matrix/modifier)
and the type of the medicine-containing modifier (alginate
capsules/PLA fibres) on the rate of the gentamicin release.
In all the tests, polylactide (PLA) was used as the matrix.

Materials and methods

Materials and sample preparation

The tests included three types of materials, differing in the
manner of the gentamicin sulfate introduction. The following
designations were applied:

PLA(gent) — gentamicin sulfate introduced into the poly(L-
lactide) matrix,

PLA+CaAlg(gent) — alginate capsules as the gentamicin
sulfate carriers introduced into the poly(L-lactide) matrix,

PLA+PLA-F(gent) —poly(L-lactide) fibres as the gen-
tamicin sulfate carriers introduced into the poly(L-lactide)
matrix.

Materials with no content of gentamicin sulfate were used
as the reference materials: PLA and PLA+CaAlg.

Gentamicin sulfate (Gentamicin Sulfas Ph. Eur.) was
produced at Interforum Pharma Sp. z 0.0., Krakow. The
poly(L-lactide) (PLA) Ingeo 3051D Nature work was used
as the matrix. The PLA fibres with gentamicin (20% mass)
were obtained from the same polymer through melt draw-
ing (165°C). The gentamicin’s encapsulation in the calcium
alginate was performed with the classical method of gelation
and ionic substitution of sodium alginate (FMC BioPolymer
— Pharmaceutical PROTANAL 60) in CaCl, (POCH) [9].
In the case of the capsules with the medicine, the following
preparation was applied: 1 g gentamicin sulfate/3 g sodium
alginate. The SEM images of the surface of the capsules
with and without the medicine and the EDS analysis show
the presence of sulphur originating from the gentamicin
sulfate (FIG. 1).

The PLA(gent) samples were obtained through dissolv-
ing PLAin CH,CI, (10 g/ 50 ml) and addiding a gentamicin
sulfate solution in CH,CI, (2 g/ 25 ml). The solution was used
to cast foils, which, after the solvent’s evaporation, were cut,
glued with the prepared solution and pressed in the form
of blocks, 1 g in mass and 1.5 x 1.5 cm in dimension. The
mass fraction of the medicine equaled 20%.

The PLA itself was obtained by dissolving the polylactide
in CH,CI, (10 g / 75 ml); the further steps were analogous
to those in the case of the gentamicin sample.
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RYS. 1. Obrazy SEM oraz sktad pierwia-
stkowy kapsulek z alginianu wapnia:
a) bez siarczanu gentamycyny,

b) z siarczanem gentamycyny.

FIG. 1. SEM images and element com-
position of calcium alginate capsules:
a) without gentamicin sulfate,

b) with gentamicin sulfate.

The PLA+CaAlg(gent) and PLA+CaAlg
samples were obtained through mixing the
appropriate alginate capsules (with and withot
the medicine) with the PLA solution, as well
as through casting the foils, which, after the
solvent’s evaporation, were cut and glued, as
above. The medicine’s mass fraction in the
samples equaled 20%.

The PLA+PLA-F(gent) samples were
obtained by pouring the PLA solution on the
PLA(gent) fibres. In order to protect the PLA
fibres from the operation of the solvent present
in the PLA solution, they were coated with
a protective layer, by immersion in a silica-

0.90 180 z.70 3.60 4.50 keV 0.90 1.80 2.70

calcium sol, prepared on the basis of the pat-
ent application no. P-317 174. After they have

450  keV

Probki PLA+PLA-F(gent) otrzymano poprzez zalanie wito-
kien PLA(gent) roztworem PLA. Aby zabezpieczy¢ widkna
PLA przed dziataniem rozpuszczalnika zawartego w roztwo-
rze PLA pokryto je uprzednio warstwa ochronng przez za-
nurzenie w zolu krzemionkowo-wapniowym przygotowanym
w oparciu o wniosek patentowy P-317 174. Odlane folie po
wysuszeniu sklejono i prasowano jak wyzej. Udziat leku w
prébce wynosit 7,5% mas. Mniejsza zawarto$¢ gentamycyny
w przypadku tego materiatu wynika z trudno$ci w otrzymaniu
wiokien PLA o wigkszym udziale leku niz 20% mas.

Metody

Prébki z gentamycyng oraz odniesienia poddano ba-
daniom w warunkach in vitro w symulowanym $rodowisku
biologicznym poprzez ich inkubacje w roztworze PBS (bufor
fosforanowy do uwalniania pH = 7,4) oraz w wodzie desty-
lowanej w temperaturze 37°C. Dla wszystkich materiatéw
stosowano statg proporcje 1 g probki / 25 ml ptynu. Ocena
mikrostruktury materiatéw wraz z mikroanalizg rentgenow-
ska zostata przeprowadzona dla probek poczatkowych oraz
po 4 tyg. inkubacji przy uzyciu skaningowego mikroskopu
elektronowego (SEM) NovaNanoSEM FEJ zaopatrzonego
w przystawke EDAX (FEJ Europe Company). Badania
spektroskopowe w podczerwieni (FTIR) zostaty wykonane
dla probek wyjsciowych oraz po 8, 16 i 20 tyg. inkubacji
w roztworze PBS. Badanie wykonano technikg pastylko-
wa na spektrometrze Fourierowskim BIO-RAD FTS-60V.
Ponadto, co tydzieh wykonywano pomiary przewodnictwa
i pH wody destylowanej, w ktorej inkubowano probki przez
okres 12 tygodni.

llosci uwalnianego siarczanu gentamycyny okreslano przy
uzyciu spektrofotometru UV-vis przy dtugosci fali 333 nm.
Po wyznaczonych okresach inkubacjiw PBS (1, 2, 4,7, 14
i 28 dni) pobierano po 0,5 ml nadsgczu, ktére zastepowano
Swiezym roztworem PBS. Inkubacje kazdego typu materia-
tu prowadzono w trzech niezaleznych pojemnikach, stad
oznaczanie gentamycyny prowadzone byto trzykrotnie dla
kazdej z prébek. Pobrane 0,5 ml nadsgczu dodawano do
0,5 ml roztworu ftaldialdehydu oraz 0,5 ml iso-propanolu.
Roztwor ftaldialdehydu przygotowano wg metody Zhanga
[10], poprzez dodanie 2,5 g ftaldialdehydu, 62,5 ml metanolu
i 3 ml 2-merkaptoetanolu do 560 ml 0,04M boranu sodu.

dried, the cast foils were glued and pressed, as above. The
mass fraction of the medicine in the samples equaled 7.5%.
The lower concentration of drug in this samples is caused
by difficulty with obtaining PLA fibres with higher mass
fraction than 20%.

Methods

The samples with gentamicin and the reference materials
were investigated under in vitro conditions in a simulated
biological environment through incubation in a PBS solu-
tion (Phosphate Buffered Saline, pH=7.4) and distilled
water, at the temperature of 37°C. For all the materials, one
constant dosage was applied, that is 1 g of sample/25 ml
of fluid. Microstructure observations with the application of
the roentgen microanalysis were performed for the initial
samples and after 4 weeks of incubation, with the use of a
scanning electron microscope (SEM) NovaNanoSEM FEJ,
connected with EDAX (FEJ Europe Company). Infrared
spectroscopy (FTIR) tests were performed for the samples
before and after 8, 16 and 20 weeks of incubation in PBS,
with the use of pellet techniques and a fourier spectrometer
BIO-RAD FTS-60V. Additionally, the conductivity and pH of
the incubation fluids (distilled water) were measured every
week, for a 12-week period.

The amounts of the released gentamicin sulfate were
determined with the use of a spectrophotometer UV-vis,
with the wavelength of 333 nm. After the established PBS
incubation times (1, 2, 4, 7, 14 and 28 days), 0.5 ml of the
supernatant was sampled, which was then replaced by
a fresh PBS solution. Incubation of each type of samples was
performed in three independent flasks, therefore the release
of gentamicin was assayed in triplicate. The sampled 0.5
ml of the supernatant was added to 0.5 ml of a phthaldial-
dehyde solution and 0.5 ml of an iso-propanol solution. The
phthaldialdehyde solution was prepared according to the
Zhang method [10], by way of adding 2.5 g of phthaldialde-
hyde, 62.5 ml of metanol and 3 ml of 2-mercaptoethanol to
560 ml 0.04M of sodium borate.
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Wyniki i dyskusja

Szybkos$¢ uwalniania gentamycyny okreslono na podsta-
wie pomiarow stezenia leku w nadsgczu po wyznaczonych
okresach inkubacji badanych materiatéw w roztworze
PBS. W pierwszym tygodniu pomiary wykonywano po 1,
2 i 4 dniach, a nastepnie po 1, 2 i 4 tygodniach. Wyniki
zamieszczono na RYS. 2. Najgwattowniej uwalnianie genta-
mycyny nastgpito z kapsutek alginianowych rozproszonych
w matrycy PLA (PLA+CaAlg(gent)). Juz po pierwszym
dniu inkubacji stezenie uwolnionej gentamycyny osiggneto
wartos¢ prawie 60%. Maksymalng warto$¢ osiagnietego
stezenia odnotowano po 7 dniach i wynosita ona 71%.

— 100 —s— PLA(gent)

3 —— PLA+CaAlg(gent)

5 80 —— PLA+PLA-F(gent)

T 60
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RYS. 2. Stezenie uwolnionej gentamycyny w funk-
cji czasu inkubacji.

FIG. 2. Concentration of the released gentamicin
in the function of incubation time.

Results and Discussion

The rate of the gentamicin release was determined on the
basis of the measurements of the medicine concentration in
the supernatant after the established times of incubation of
the tested materials in the PBS solution. In the first week,
the measurements were performed after 1, 2 and 4 days,
and next, they were conducted after 1, 2 and 4 weeks. The
results are compiled in FIG. 2. The gentamicin was released
the most rapidly from the alginate capsules dispersed in
the PLA matrix (PLA+CaAlg(gent)). Already after the first
incubation day, the concentration of the released gentamicin
reached the value of nearly 60%. The maximum value of
the obtained concentration was recorded after 7 days and
it equalled 71%. In the following week, it decreased, due to
the replacement of the PBS solution. It is also possible that
the gentamicin underwent another deposition process.

Locating the gentamicin in the polylactide fibres present
in the PLA matrix caused a more gradual course of release
than that in the case of the composite with capsules. After the
first day, the concentration reached almost 20%. The highest
increase occurred between the 4th and the 7th day - from
about 20% to nearly 60% - and within the following week,
the concentration reached the maximum value of 74%.

The smallest changes in the gentamicin release took
place in the case of PLA(gent). The recorded values did not
exceed 11% in the whole incubation period, which points
to the fact that the release of the medicine from the PLA
matrix is made difficult due to the hindered diffusion from
the inside of the material. The release probably occurred
exclusively from the surface layers of the samples, which
points to the lack of sulphur, in the EDS analysis performed
on the surface of the sample after the 4th incubation week,
contrary to the surface of the initial material (FIG. 3).

W kolejnym tygodniu ulegta ona obnizeniu w
zwigzku z podmiang roztworu PBS, mozliwe
réwniez ze gentamycyna ulegta powtérnemu
osadzeniu.

Umieszczenie gentamycyny we widknach
polilaktydowych znajdujacych sie w osno-
wie PLA spowodowato bardziej stopniowy
przebieg uwalniania niz to miato miejsce
w przypadku kompozytu z kapsutkami. Po
pierwszym dniu stezenie osiggneto niecate
20%, najwiekszy wzrost nastgpit miedzy 4 a 7
dniem z warto$ci ok. 20% do prawie 60% a w
przeciagu kolejnego tygodnia stezenie osigg-
neto wartos¢ maksymalng wynoszacg 74%.

Najmniejsze zmiany w uwalnianiu genta-
mycyny nastapity dla PLA(gent). Odnotowane
wartosci nie przekraczajg 11% w catym okre-
sie obserwacji, co wskazuje, ze uwalnianie
leku z matrycy PLA jest utrudnione ze wzgle-
du na utrudniong dyfuzje z wnetrza materiatu.
Uwalnianie nastgpito prawdopodobnie wy-
tacznie z warstw powierzchniowych prébek,
na co wskazuje brak siarki w analizie EDS
wykonanej na powierzchni prébki po 4 tyg.
inkubacji w przeciwienstwie do powierzchni
materiatu wyj$ciowego (RYS. 3). Natomiast
wprowadzenie do osnowy PLA dodatkowych

O Ka

granic rozdziatu faz osnowa — modyfikator w
znacznym stopniu utatwia dyfuzje ptynu do

00 kev 0.90 1.80 2.70 360 ey

wnetrza kompozytéw i odprowadzanie leku
z fazy modyfikatora. Obecnos¢ granic roz-
dziatu faz potwierdzajg obrazy mikroskopowe
powierzchni materiatdw z widknami PLA
oraz z kapsutkami alginianowymi (RYS. 4).

RYS. 3. Obrazy SEM oraz sktad pierwiastkowy PLA(gent):
a) wyjsciowego, b) po 4 tyg. inkubacji w PBS.

FIG. 3. SEM images and PLA(gent) element composition:
a) initial, b) after 4 weeks of incubation in PBS.
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RYS. 4. Obrazy SEM powierzchni materiatéw: a) PLA+PLA-F(gent) wyjsciowy, b) PLA+CaAlg(gent) wyjsciowy,

c) PLA+CaAlg(gent) po 4 tyg. inkubacji w PBS.

FIG. 4. SEM images of the materials’ surface: a) initial PLA+PLA-F(gent), b) initial PLA+CaAlg(gent),

c) PLA+CaAlg(gent) after 4 weeks of incubation in PBS.
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RYS. 5. Zmiany przewodnictwa wody destylowanej
w funkcji czasu inkubacji badanych materiatow.
FIG. 5. Conductivity changes of distilled water
in the function of incubation time of the tested
materials.

Obnizenie stezenia leku w nadsaczu pobranym po 28 dniach
inkubacji kompozytu z wtéknami PLA jest zbyt znaczne, aby
mogto by¢ jedynie wynikiem podmiany ptynu PBS, dlatego
mozna podejrzewac, ze jest zwigzane z wytrgcaniem gen-
tamycyny. Procesowi temu moze sprzyjac¢ obecno$¢ krzemu
pochodzgcego z warstwy ochronnej zolu.

Powyzsze wyniki potwierdzajg sie w pomiarach prze-
wodnictwa wody destylowanej, w ktérej inkubowano ba-
dane probki oraz materiaty odniesienia nie zawierajace
gentamycyny (RYS. 5). O procesie uwalniania antybiotyku
Swiadczy wyraznie wyzszy poziom przewodnictwa w przy-
padku materiatéw zawierajacych lek w poréwnaniu do ich
materiatéw odniesienia. Najmniejsza réznica jest widoczna
pomiedzy PLA a PLA(gent), co $wiadczy o niewielkiej ilo-
$ci uwolnionego leku, natomiast w przypadku materiatéw
zawierajacych faze modyfikujaca réznice te sg znacznie
wieksze. Wysoki poziom przewodnictwa obserwowany
dla kompozytu PLA+PLA-F(gent) wynika dodatkowo z
uwalniania zolu krzemionkowo-wapniowego pokrywaja-
cego widkna PLA. Podkreslenia wymaga, ze w przypadku
kompozytéw z modyfikatorami najwieksza zmiana przewod-
nictwa nastapita juz po 1 tygodniu inkubacji, natomiast w
przypadku PLA(gent) wzrost przewodnictwa jest stopniowy
i zachodzi az do 12 tygodnia inkubacji. Swiadczy to o
stopniowym ale systematycznym uwalnianiu gentamycyny
z matrycy PLA. Potwierdza to stopniowe zakwaszenie $ro-
dowiska zwigzane z uwalnianiem gentamycyny (RYS. 6).

RYS. 6. Zmiany pH wody destylowanej w funkcji cza-
su inkubacji samego PLA i PLA z gentamycyna.
FIG. 6. pH changes of distilled water in the function
of incubation time of pure and getamicin-contain-
ing PLA.

On the other hand, introducing additional matrix-modifier
interphase boundaries into the PLA matrix significantly facili-
tates the fluid’s diffusion into the inside of the composites as
well as carrying the medicine off from the modifier’s phase.
The presence of the interphase boundaries is verified by the
microscopic images of the surface of the materials with the
PLA fibres and the alginate capsules (FIG. 4). Decreasing
of drug concentration after 28 days for composite with PLA
fibres is too high then only caused by replacement of the
PBS, therefore it is probably connected with its precipitation.
This process can be stimulated by the presence of silicon
ions from protective layer of sol.

The above results are verified by the measurements
of the conductivity of the distilled water, in which the sam-
ples and the reference materials without gentamicin were
incubated (FIG. 5). The process of the antibiotic release is
testified by the clearly higher conductivity level in the case
of the medicine-containing materials than that of the refer-
ence materials. The smallest difference is visible between
PLA and PLA(gent), which proves a small amount of the
released medicine, whereas in the case of the materials
containing the modifying phase, these diffrrences are sig-
nificantly bigger. The high conductivity level observed for
the PLA+PLA-F(gent) composite additionally results from
the release of the silica-calcium sol coating the PLA fibres.
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Roztwdér gentamycyny w zaleznosci od jej stezenia przyjmu-
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samego PLA, co wskazuje ze obnizenie pH nie jest wynikiem
degradacji PLA, a pochodzi wytgcznie od uwalnianej gen-
tamycyny. Dla materiatéw kompozytowych zawierajacych
faze nosnikowg pH ulega obnizeniu, nastepnie wzrostowi
i ponownemu obnizeniu, co jest wynikiem naktadania sie
wptywdw zwigzanych z uwalnianiem gentamycyny oraz
z degradacjg pozostatych faz, jak alginianu wapnia i zolu
krzemionkowo-wapniowego (RYS. 7).

8
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—=— PLA(gent)
—+— PLA+CaAlg(gent)
—e— PLA/PLA-F(gent)

pH
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0 2 4 6 8 10 12 14
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RYS. 7. Zmiany pH wody destylowanej w funkcji cza-
su inkubacji badanych materiatéw zawierajacych
gentamycyne.

FIG. 7. pH changes of distilled water in the function
of incubation time of the gentamicin-containing
materials.

Jak pokazujg widma FTIR wyrazne zmiany zwigzane
z degradacjg osnowy PLAw przypadku wszystkich badanych
materiatéw widoczne sg dopiero od 16 tygodnia inkubacji
w roztworze PBS (RYS. 8-10). Jest to przede wszystkim za-
nik pasm w zakresie 2850-3000 cm-' zwigzanych z drganiami
grup CH, CH,, a takze wyrazne rozdzielenie pasm w zakre-
sie 1000-1300 cm™' (gtéwnie grupy C-O) i 1350-1480 cm™’
(CH,) oraz zmniejszenie szerokosci potéwkowej pasma
zwigzanego z drganiami grup C=0 przy ok. 1760 cm™.

W zwigzku z tym, oméwione uwalnianie gentamycyny
mierzone w przeciggu 4 tygodni zachodzi pomimo braku
degradacji matrycy polimerowej. Z uwagi na niewielkg ilos¢
uwalnianego leku z matrycy PLA, mozna wnioskowac o de-
cydujacej roli granic miedzyfazowych na kinetyke uwalniania
gentamycyny. Natomiast brak granic rozdziatu faz wyraznie
utrudnia proces dyfuzji leku do ptynu inkubacyjnego.

Whioski

Uwalnianie gentamycyny z polimerowego nosnika za-
chodzi najintensywniej w przeciagu pierwszego tygodnia
inkubacji pomimo braku degradacji osnowy w tym okresie
czasu.

Wiekszej szybkosci uwalniania oraz wiekszej ilosci
uwalnianego leku sprzyja obecnos$¢ granic miedzyfazo-
wych. Oznacza to, ze umieszczenie gentamycyny w fazie
modyfikujacej osnowe (wtdkna, kapsutki) utatwia uwalnianie
leku z materiatu.

Uwalnianie antybiotyku z kapsutek z alginianu wapnia
przebiega szybciej niz z wtokien PLA, co wigze sie praw-
dopodobnie z ich znacznym pecznieniem w Srodowisku
wodnym, co tym samym utatwia uwalnianie leku.

Podziekowania

Praca finansowana z badan statutowych nr 11.11.160.937.

It is necessary to emphasize that in the case of the com-
posites with modifiers, the biggest conductivity change took
place already after the 1st incubation week, whereas in the
case of PLA(gent), the conductivity increase was gradual
and occurred only up to the 12th incubation week. This
proves a gradual but systematic gentamicin release from
the matrix and is verified by the gradual acidification of the
environment connected with the getamicin release (FIG. 6).
The gemtamicin solution, depending on the its concentra-
tion, assumes its pH within the range of 5.5-3.5. These
changes are not visible for the pure PLA, which suggests
that the pH decrease is not a result of the PLA degrada-
tion, but it originates exclusively in the gentamicin release.
In the case of the carrier phase-containing materials, the
pH decreases, and next increases and decreases again,
which is a result of the overlapping of the influences of the
gentamicin release and the other phases’ degradation, such
as calcium alginate and silica-calcium sol (FIG. 7).

As is shown by the FTIR spectra, the clear changes con-
nected with the degradation of the PLA matrix, in the case
of all the tested materials, are visible only after 16 weeks
of incubation in the PBS solution (FIG. 8-10). This means
mostly the fading of the bands in the range of 2850-3000 cm™’
connected with the vibrations of the CH and CH; group,
and also the clear separation of the bands in the range of
1000-1300 cm' (mainly the C-O groups) and 1350-1480 cm-"
(CH,), as well as a drop in the peak width at half height of
the band connected with the vibrations of the C=0 groups,
with about 1760 cm.

Thus, the discussed gentamicin release measured within
a period of 4 weeks takes place despite the lack of degrada-
tion of the polymer matrix. Due to the small amount of the
medicine released from the PLA matrix, one can conclude
a determining role of the interphase boundaries in the effect
on the gentamicin release. The lack of phase boundaries
significantly hinders the process of the medicine’s diffusion
into the incubation fluid.

Conclusions

The getamicin release from a polymer carrier takes place
more intensely within the first incubation week, despite no
matrix degradation at that time.

Amore rapid release and a bigger amount of the released
medicine are stimulated by the presence of interphase
boundaries. This means that locating the gentamicin in the
phase modifying the matrix (fibres, capsules) facilitates the
release of the medicine from the material.

The release of the antibiotic from the calcium alginate
capsules proceeds faster than that from the PLA fibres,
which is probably connected with their significant swelling in
the water environment, facilitating the medicine release.
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PLA+CaAlg(gent) wyjsciowego oraz po
inkubacji w roztworze PBS.

FIG. 9. FTIR spectra of the initial
PLA+CaAlg(gent) and after incubation
in the PBS solution.
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PLA+PLA-F(gent) and after incubation
in the PBS solution.
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Streszczenie

W eksperymencie in vivo zbadano podstawowe
cechy dwufazowego kompozytu kosciozastepczego
lj. biozgodnos¢ i osteokonduktywnosc, a takze jego
wtasciwosci osteoindukcyjne. Testowany kompozyt,
przeznaczony do wypetniania ubytkéw kostnych,
zostat wykonany z granul hydroksyapatytu wegla-
nowego i polimeru polisacharydowego. Biomateriat
zostat wszczepiony do kosci piszczelowych krolikow
na okres 1 lub 3 miesiecy. Po tym czasie zbadano
stopien regeneracji kosci na podstawie badan ma-
kroskopowych (radiologicznych) i mikroskopowych.
Stwierdzono zaawansowane procesy osteointegracji
i przebudowy kostnej w okolicy implantu, co wskazuje
zaréwno na osteokonduktywne, jak i osteoindukcyjne
wtasciwosci badanego biomateriatu.

Stowa kluczowe: biomateriat ko$ciozastepczy,
hydroksyapatyt weglanowy, osteointegracja, przebu-
dowa koSci

[Inzynieria Biomateriatow 114 (2012) 28-33]

Wstep

Proces gojenia kosci to réwnolegle przebiegajace
procesy resorpcji i osteogenezy, okreslane mianem prze-
budowy kosci (remodelling).W zaleznosci od przewagi
jednego z tych proceséw dochodzi do regeneracji kosci lub
jej destrukcji, prowadzacej do ubytkéw struktur kostnych.
Poimplantacyjne tworzenie nowej tkanki kostnej nazywane
gojeniem kosci (tzw. wgajanie implantéw i przeszczepéw
kostnych) podlega tym samym procesom biologicznym [1].
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Abstract

Basic characteristics of a hydroxyapatite-glucan
biomaterial such as biocompatibility, osteoconductivity
and osteoinductive properties were tested in in vivo ex-
periment. The two-phase composite, intended for filling
bone defects, was made of carbonated hydroxyapatite
granules and polysaccharide polymer. The biomate-
rial was implanted to the tibial metaphysis in rabbits
for the 1- or 3-month period. Bone regeneration after
that time was evaluated by radiology and histology.
Our analysis showed advanced osseointegration and
extensive bone remodelling in the direct vicinity of im-
plants indicating osteoinductive and osteoconductive
properties of the material studied.

Keywords: bone substitute, carbonated hydroxyapa-
tite, osteointegration, remodelling

[Engineering of Biomaterials 114 (2012) 28-33]

Introduction

The healing of bone defects consists of two si-
multaneous processes: osteolysis and osteogenesis,
labelled as bone tissue remodelling. Predominance
of one process over the another one leads to bone
regeneration or destruction of its structure. Post-im-
plantation formation of the new bone tissue (i.e. implant
healing) undergoes the same biological processes [1].



Podstawowym i dotychczas nie w petni poznanym proble-
mem jest wptyw implantdw na mineralizacje tkanki kostnej
penetrujacej wszczep i tkanki kostnej wokot wszczepu. Wia-
domo natomiast, Ze szybkos¢ budowy beleczek kostnych
oraz namnazanie osteoblastow uzaleznione jest miedzy
innymi od stezenia wapnia i fosforu [2,3].

Skutecznos$¢ leczenia ubytkow kostnych poprzez wpro-
wadzenie materiatu implantacyjnego w przewazajagcym
stopniu zalezy od osteointegracji wszczepu, a podstawo-
wym klinicznym potwierdzeniem osteointegracji jest brak
ruchomosci wszczepu oraz objawéw odczynu zapalnego.
Dodatkowym warunkiem powodzenia jest takze odpowiedni
dobdr materiatu implantacyjnego, co w zabiegach wypetnia-
nia ubytkow kosci moze eliminowa¢ ewentualne powiktania
[4,5]. Aby implanty mogty taczy¢ sie bezposrednio z koscia,
tworzywo kompozytowe powinno by¢ biokompatybilne
i bioaktywne oraz mie¢ wiasciwosci osteokondukcyjne,
a w mniejszym stopniu takze osteoindukcyjne [1,6].

Celem pracy jest analiza histologiczna i RTG procesu
gojenia ubytkéw koséci u krolikéw po implantacji nowego
materiatu kosciozastepczego do kosci piszczelowych. Bada-
ny materiat jest kompozytem skfadajacym sie z dwoch faz:
(1) porowatych granul hydroksyapatytu weglanowego
(CHAP) oraz (2) B-1,3-glukanu. Hydroksyapatyt wykazuje
chemiczne podobienstwo do frakcji mineralnej kosci i jest
uznanym sktadnikiem materiatow kosciozastepczych z
powodu swej osteokonduktywnosci, biozgodnosci, bio-
aktywnos$ci oraz minimalnego ryzyka wystgpienia reakcji
alergicznych [7,8]. Drugi sktadnik kompozytu nadaje ela-
stycznos¢ i potencjalnie moze zosta¢ uzyty, jako nosnik
lekow [9,10].

Materialy i metody

Wytworzenie kompozytu dwufazowego

Implanty, w ksztatcie walca o srednicy 4 mm i dtugosci
6 mm, przygotowano z granul hydroksyapatytu weglano-
wego [11] i polimeru glukanowego, wg procedury opisanej
w patencie [12]. Do wytworzenia kompozytu wykorzysta-
no dwie frakcje granul CHAP (0,2-0,3 mm i 0,4-0,6 mm)
o nastepujacych parametrach: porowatos$¢ otwarta - 66%,
nasigkliwos¢ - 68%, gestos¢ pozorna - 0,97 g/cm?3. Prébki
kompozytu suszono przez 4 dniw 37°C, a nastepnie umiesz-
czono w plastikowo-papierowych rekawach i wysterylizowa-
no tlenkiem etylenu (55°C, 5 godzin).

Procedura implantacyjna

W badaniu wykorzystano 22 kroliki nowozelandzkie biate
(samce) o wadze 3-3,5 kg w wieku 6 miesiecy. Podzielono je
na grupe badang (16 krolikéw) i grupe kontrolng (6 krélikdw).

Wszystkie kroéliki poddano premedykaciji medetomidyng
(Domitor®, Orion Corp., Finlandia; dawka 80-150 mg/kg m.c.)
oraz znieczulono podajgc dozylnie ketamine (Bioketan®,
Biowet, Polska; dawka 30-50 mg/kg m.c.). Wygolono skére
po wewnetrznej stronie podudzia i stawu kolanowego, od-
ttuszczono i odkazono, wykonano ok. 3 cm naciecie skory
ponad proksymalng nasadg kosci piszczelowej. U krolikow
z grup doswiadczalnych, w odlegtosci ok 2,5-3 cm ponizej
chrzgstki nasadowej nawiercono otwor gtebokosci ok. 6 mm
wierttem o $rednicy 4 mm. Nawierty wykonano w obu
kosciach piszczelowych, wypetniono materiatem kompo-
zytowym, a nastepnie zatozono szwy na miesnie i skore
uzywaijac nici chirurgicznych (Dexon 3-0, Tyco Healthcare,
Wielka Brytania). Krolikom kontrolnym nie nawiercano
otworow w kosciach, pozostate etapy jak u krolikow
z wszczepionym implantem.

The effect of implants on mineralization of the bone tis-
sue penetrating and directly surrounding the implantation
site is the essential and not fully explained problem. It is
known that the rate of trabeculae formation and osteoblast
proliferation depends on calcium and phosphorus concen-
trations [2,3].

Effectiveness in treating bone defects by implantation of
bone substitutes depends mostly on the rate of osseointe-
gration of such implants, clinically confirmed by implant
immobility and lack of inflammation signs. Moreover, the
success depends on the use of adequate implantation ma-
terials, which could eliminate possible complications [4,5].
The direct implant-bone tissue integration can be achieved
once the composite material with bioactive, biocompatible,
osteoconductive, and osteoinductive (albeit to a lesser
degree) properties are used [1,6].

The aim of the present study was to analyse radiologi-
cally and histologically the healing process in bone defects
after implantation of a novel substitute material to rabbit
tibiae. The biomaterial tested is a composite consisting of
two phases: (1) porous carbonated hydroxyapatite (CHAP)
granules and (2) B-1.3-glucan. Hydroxyapatite (HAP) ex-
hibits chemical similarity with the bone mineral phase, and
is an appreciated component of bone substitutes due to its
biocompatibility, osteoconductivity, bioactivity and minimal
risks of allergic reactions [7,8]. The second component
accounts for elasticity of the composite and may be used
as a drug delivery vehicle [9,10].

Materials and Methods

Composite preparation

Cylindrical implants 4 mm in diameter and 6 mm in length
were prepared by mixing carbonated HAP granules [11]
with polysaccharide polymer according to the procedure
described in patent document [12]. Two fractions of CHAP
granules were used, i.e. 0.2-0.3 mm and 0.4-0.6 mm, having
the following properties: effective porosity — 66%, soaking
capacity — 68%, bulk density — 0.97 g/cm?3. Composite sam-
ples were dried at 37°C for 4 days, put into sterilization reels
and sterilized by ethylene oxide (55°C, 5 h).

Implantation procedure

The experimental animals were 22 New Zealand white
rabbits (bucks), aged 6 month and weighing 3-3.5 kg.
Rabbits were divided into experimental group (16 animals)
and control group (6 animals).

The rabbits were premedicated with medetomidine
(Domitor®, Orion Corp., Finland; dose 80-150 mg/kg).
Anesthesia was induced with ketamine (Bioketan®,
Biowet, Poland; 30-50 mg/kg). After shaving and disinfec-
tion, a straight 3 cm incision was made over the proximal
tibial metaphysis. A hole, 4 mm in diameter and 6 mm in
depth, was drilled 2.5-3 cm below the epiphyseal cartilage.
The cavities were filled with the composite material and the
skin was sutured (Dexon 3-0, Tyco Healthcare, UK). Both
tibiae of each rabbit were operated on. Control animals
were under the same operation, but was not drilled, neither
implanted with material.

Half of the experimental and half of the control rabbits
were sacrificed (Morbital®, Biowet, Poland; 3-8 ml/kg) one
month and the rest three months after surgery. The left
isolated tibiae were radiologically examined and secured
for histological analysis.

The protocol was approved by the Local Ethic Committee
for Animal Studies (agreement no 16/2010).
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po pierwszym miesigcu, a drugg potowe w trzecim miesigcu
eksperymentu. Wyizolowane lewe kosci piszczelowe pod-
dano badaniu radiologicznemu, a nastepnie zabezpieczono
do badan histologicznych.

Procedura implantacyjna zostata zatwierdzona przez
Lokalng Komisje Etyczng do Spraw Doswiadczen na Zwie-
rzetach (zgoda nr 16/2010).

Badania radiologiczne

Radiogramy kosci piszczelowych wykonano za pomocg
aparatu rentgenowskiego ZooMax (Control-X Medical,
USA) w 3 projekcjach: bocznej (lateralis), (przednio-tylnej
(anterior-posterior AP) oraz skosnej (oblique). Parametry
ekspozycji byty nastepujace: 40 kV, 30 mA, 300 mAs, bez
zastosowania kratki przeciwrozproszeniowe;j.

Badania histologiczne

Do oceny histologicznej pobrano ok. 2 cm fragmenty ko-
Sci w czesci przynasady blizszej prawej kosci piszczelowe;.
Wykorzystano 2 metody do analizy histologicznej, w celu
wykluczenia wptywu preparatyki na uzyskane obrazy tkanki
kostnej i implantu. Potlowe materiatu kostnego z kazdej
grupy utrwalono w 4% roztworze zobojetnionej formaliny
(pH 7.2; POCH, Polska), odwapniono w roztworze kwasu
wersenowego (EDTA, pH =7; POCH, Polska), odwodniono
w szeregu roztworéow etanolu o wzrastajacym stezeniu,
a na koncu w ksylenie. Zatopiono w bloczki parafinowe
(Paraplast, Sigma Aldrich, USA), a nastepnie krojono na
skrawki o grubosci 7-10 ym przy zastosowaniu mikrotomu
rotacyjnego (Microm, Niemcy). Druga potowa fragmentow
kosci zostata odwapniona w roztworze EDTA, a nastepnie
zatopiona w zelu OCT (Optimal Cutting Temperature me-
dium; CellPath, Wielka Brytania) i zamrozona w cieklym
azocie. Zamrozony materiat krojono na skrawki grubosci
7-10 ym przy zastosowaniu kriotomu (Thermo Scientific,
USA). Uzyskane skrawki barwiono hematoksyling - Ht i
eozyng — E (Sigma Aldrich, USA). Oceny struktury trzonu
kosci dokonano przy zastosowaniu mikroskopu swietlnego
Axiovert 200M i kamery AxioCam HR3 (Carl Zeiss Germa-
ny). Zastosowano obiektywy Plan Neofluar 40x.

Wyniki i dyskusja

Kompozyt dwufazowy hydroksyapatytowo-polimerowy
byt tatwy w przygotowaniu i wykazywat dobrg porecznosc¢
chirurgiczng. Przejawiat adaptacje do ksztattu i wymiaréw
ubytku kostnego oraz utrzymywat sie w miejscu implan-
tacji.

Po operacji nie zaobserwowano dziatan niepozadanych,
zwigzanych z wszczepieniem implantu. Do czasu u$pienia
zwierzeta pozostaty zdrowe.

Badania radiologiczne makroskopowe

RYS. 1A przedstawia radiogramy kosci piszczelowej
krolika z grupy kontrolnej w projekcjach przednio-tylnej
(AP), bocznej i skosne;j.

W 1-miesiecznej grupie doswiadczalnej zlokalizowanie
implantow byto stosunkowo fatwe i mozliwe do wykonania za
pomoca zdje¢ radiologicznych. Obraz radiologiczny miejsc
implantacji badanych kompozytéw, byt podobny we wszyst-
kich preparatach. W obrebie struktury gabczastej guzowa-
tosci wiekszej kosci piszczelowej jest widoczny poczatek
procesu naprawczego. Na radiogramach z wszczepami, po
1-miesiecznym procesie gojenia, widoczne sg obszary ini-
cjowania i stymulacji proceséw odbudowy kosci (RYS. 1B).

Radiological examination

Anteroposterior, lateral and oblique macroradiographs of
the tibiae were taken at the end of the observation periods
(ZooMax X-ray generator, Control-X Medical, USA). The
exposure parameters were: 40 kV, 30 mA, 300 mAs, without
the use of an anti-diffusion grid.

Histological analysis

Approximately 2-cm fragments of the proximal right tibial
metaphysis were sampled for the histological analysis. Two
techniques for histological analysis were used to exclude
a possible influence of preparation on final images of bone
tissue and implant. Half of the bone material was fixed in
solution of 4% phosphate-buffered formalin (pH 7.2; POCH,
Poland), decalcified in ethylenediaminetetraacetic acid solu-
tion (EDTA, pH = 7; POCH, Poland), dehydrated through
ethanol solutions and cleared in xylene (POCH, Poland).
Then embedded in paraffin blocks (Paraplast, Sigma Aldrich,
USA) and cut into 7-10 um thick sections using the rotation
microtome (Microm, Germany). The second half of the bone
samples were decalcified in EDTA solution, embedded in
optimal cutting temperature medium (OCT, CellPath, UK),
and frozen in liquid nitrogen. The frozen material was cut
into 7-10 um thick sections using a cryotome (Thermo Sci-
entific, USA). The sections were stained with haematoxylin
- Ht and eosin — E (Sigma Aldrich, USA). The structure of
the diaphysis was assessed using the Axiovert 200M light
microscope and the AxioCam HR3 camera (Carl Zeiss
Germany). Plan Neofluar 40x lenses were applied.

Results and Discussion

The two-phase hydroxyapatite-glucan composite was
easy-to-prepare and proved high operational handiness.
The material indicated adaptability to the shape/size of the
bone cavity and held steady in implantation site.

After the operation, no adverse reaction occurred. All the
animals remained in good health.

Radiological macroscopic examination

FIG. 1A presents anteroposterior (AP), oblique and lateral
radiographs of control rabbit tibiae.

In the 1-month experimental group, the implants were
easily localised using radiography. The radiographs of im-
plantation places of the composites were similar in all the
specimens. The initial stage of regeneration was observed
within the cancellous bone of tibial tuberosity. The radio-
graphs with implants after one-month healing showed the
areas where bone regeneration was initiated and stimulated
(FIG. 1B). Around the implants, an irregular fibrocartilage cal-
lus appeared in the form of thickened tangled bone trabecu-
lae characteristic of the cancellous bone. In two cases, the
fibrocartilage callus of the rim of the regeneration process
was visible as the cortical bone: in the remaining cases, the
implants were loosely connected to the bone. The cortical
bone remaining in direct contact with the implant retained its
proper structure. In the abovementioned specimens, there
was no septic inflammation observed. Tuberosities of the
tibia had proper shape, size and density. The areas of drilling
in the periosteum and cortical bone demonstrated that the
composite material adhered to the bone void edge tightly,
with the exception of three specimens, in which resorption
distinctly outweighed productive osseous changes.

During the third post implantation month, the implant
penetration by the osseous tissue was more advanced.
The mineralization of the osseous tissue directly adhering
to the implant was only slightly higher than after 1 month.



Lateralis

RYS. 1. Radiogramy kosci piszczelowych kroli-
kéw w projekcjach przednio-tylnej (AP), bocznej
i skosnej. A) kos¢ grupy kontrolnej, B) kos¢ z
implantem po 1 miesigcu, C) kos¢ z implantem
po 3 miesigcach.

FIG. 1. Anteroposterior (AP), oblique and lateral
radiographs of rabbit tibiae. A) control bone, B)
bone with implant after 1 month, C) bone with
implant after 3 months.

Wokét wszczepdw pojawita sie nieregularna kostnina w
postaci pogrubiatych, splgtanych beleczek kostnych charak-
terystycznych dla istoty gabczastej. W dwéch preparatach
kostnina obwddki procesu naprawczego przyjmowata obraz
istoty zbitej kosci, a w pozostatych przypadkach wszczepy
byty luzno zwigzane z kos$cig. Tkanka kostna zbita bedaca
w bezposrednim kontakcie z wszczepem, zachowywata
prawidtowg budowe. Guzowatosci piszczelowe wieksze
miaty prawidtowy ksztatt, wielkoS¢ i wysycenie cieniowe.
Uwidocznione miejsca nawiercania okostnej i struktury
zbitej kosci Swiadczg o scistym przyleganiu materiatu kom-
pozytowego do krawedzi ubytku kostnego. Wyjatkami sg 3
preparaty, w ktorych widac¢ wyrazng przewage resorpcji nad
zmianami wytworczymi.

W 3 miesiacu po wszczepieniu obszar penetracji implantu
tkankg kostng byt petniejszy. Mineralizacja tkanki kostnej
bezposrednio przylegajacej do implantu jest w niewielkim
stopniu wyzsza, niz po 1 miesigcu. Wszczepy byty $cisle zin-
tegrowane z koscig z wyjatkiem jednego preparatu, w ktérym
doszlo do czesciowej resorpcji zaimplantowanego materiatu.
W dwoch przypadkach, w bezposrednim sasiedztwie mate-
riatu implantacyjnego, wyraznie cieniuje warstwa wigzaca po-
wierzchnie wszczepu z pierwotng tkankg kostng (RYS. 1C).

RYS. 2. Fragment przekroju poprzecznego trzonu,
w czesci przynasadowej nasady blizszej kosci
piszczelowej krélikéw po zabiegu chirurgicznego
wszczepienia biomateriatu (po 1 miesigcu — A,
po 3 miesigcach — B oraz grupy kontrolnej — C.
BM - szpik kostny, H — osteon, PB — kos¢ sploto-
wata, CB — kos¢ zbita, | — implant; grotem zazna-
czono uszkodzenia w obrebie implantu; strzatka
zaznaczono kos¢ wnikajaca w implant. Barwienie
H+E (powiekszenie 400x).

FIG. 2. Cross section of the diaphysis in the me-
taphyseal proximal tibia after surgical implantation
of the biomaterial (after 1 month — A, after 3 months
— B and in control rabbits — C. BM — bone marrow,
H-osteone, PB —plexiform bone, CB —cortical bone,
| - implant; the arrowhead indicates damage within
the implant; the arrow indicates the bone penetra-
ting the implant. H+E staining (400x magnification).
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W kolejnych czterech preparatach obszar penetracji
wykazuje wyrazne nieregularne ,punktowe” rozdzielenie
materiatu kompozytowego z bardzo rozwinigtym procesem
osteogenezy. Wysycenie cieniowe tkanki kostnej penetruja-
cej implant rozwija sie osiggajac poziom charakteryzujacy
tkanke kostng w okresie ich progresji rozwojowej. Zaciem-
nienie badanego implantu zaréwno 1 jak i 3 miesigce po
wszczepieniu jest wyrazne i porownywalne do implantow
skfadajacych sie z granul hydroksyapatytowych [13] i ce-
mentow fosforanowo-wapniowych (TCP) [14].

Analiza obrazu mikroskopowego

W cze$ci przynasadowej kosci piszczelowej u krolikéw
(1 miesigc po chirurgicznym zabiegu umieszczenia im-
plantu) na podstawie analizy mikrofotografii stwierdzono
nieznaczne zespolenie materiatu z tkanka kostng, bez
widocznych oznak wnikania tkanki kostnej w biomateriat.
W niektérych obszarach kontaktu kosci zimplantem stwier-
dzono wytworzenie nieznacznej ilosci tkanki kostnej sploto-
watej (RYS. 2A). W bezposrednim sgsiedztwie kosci sploto-
watej i biomateriatu zaobserwowano wystepowanie tkanki
kostnej zbitej jeszcze bez oznak przebudowy (RYS. 2A).

Kosci piszczelowe 3 miesigce po zabiegu wszczepienia
implantu, cechowaly sie znacznym stopniem osteointegraciji
biomateriatu z tkankg kostng. Na granicy kos$ci i implantu
stwierdzono warstwe tkanki splotowatej, ktéra miejscami
whnikata w biomateriat. Warstwa kosci splotowatej prze-
chodzita w tkanke kostng zbitg posiadajaca liczne osteony
(RYS. 2B).

Zauwazalne byto, ze w trakcie preparatyki histologicznej
biomateriat po 1 miesigcu czesto ulegat wypadaniu lub
uszkodzeniu (RYS. 2A), natomiast po 3 miesigcach odnoto-
wano jedynie nieznaczne uszkodzenia implantu (RYS. 2B),
co pokrywa sie z powyzszymi spostrzezeniami dotyczgacymi
integracji biomateriatu z tkankg kostna.

Dla poréwnania struktury tkanki kostnej z implantem
wykonano preparaty kontrolne kosci piszczelowych bez
ingerencji chirurgicznej. W czesci przynasadowej kosci
piszczelowych krolikéw grupy kontrolnej sciana kosci zbitej
z obecnymi licznie osteonami graniczyta ze szpikiem kost-
nym poprzedzielanym beleczkami kostnymi (RYS. 2C).

Wrastanie tkanki kostnej w pory wszczepionego w nig
implantu, postepowato w czasie, jednakze po 3 miesigcach,
obserwuje sie tworzenie nowej kosci jedynie na obwodzie
wszczepionego materiatu. Podobne rezultaty otrzymali
Uchida i in., po wszczepieniu ceramiki hydroksyapatytowej
do ubytkéow w kosciach u ludzi [15]. W przeciwienstwie do
wynikéw Scarano i in., badajacych implanty zawierajgce
hydroksyapatyt pochodzacy z alg, nie zaobserwowalismy
tworzenia sie nowej tkanki kostnej w centralnej czesci
wszczepionego biomateriatu [16].

Whioski

Badany biomateriat, oparty na hydroksyapatycie wegla-
nowym, wykazuje bioaktywno$¢ i biozgodno$¢ z tkanka
kostng organizmu. W przeprowadzonym badaniu pilotazo-
wym nie zaobserwowano zjawiska odrzucenia wszczepdow,
lecz stwierdzono postepujacy w czasie proces osteointe-
gracji kompozytu CHAP-glukan z koscig. Radiogramy kosci
piszczelowych 1 miesigc po zabiegu przedstawiajg Sciste
przyleganie materiatu kompozytowego do krawedzi ubytku
kostnego, natomiast w badaniu histologicznym zauwazono
poczatek procesu integracji z tkankg kostng. W 3 miesigcu
po wszczepieniu bardziej zaawansowane procesy osteoin-
tegraciji i przebudowy kostnej w okolicy implantu, wskazujg
zarowno na osteokonduktywne, jak i osteoindukcyjne wias-
ciwosci badanego biomateriatu.

The implants were closely integrated with the bone, ex-
cept for one specimen, in which partial resorption of the
implemented material was observed. In two cases, in the
close vicinity of the implanted material, the layer joining the
surface of the implant with the original osseous tissue was
distinctly visible (FIG. 1C). In the other four specimens, the
penetration area showed distinct irregular “spot” separation
of the composite material, with a highly advanced ossifica-
tion process. The shadow saturation of the osseous tissue
penetrating the implant increased to the point characterising
the osseous tissue during its developmental progression.
Radiopacity derived from the tested biomaterial, one and
three month after implantation, was evident and similar to im-
plants consisting of HAP granules [13] and TCP cements [14].

Microscopic image analysis

One month after surgical implantation, the microimaging
analysis demonstrated that the metaphysis of the tibial bone
exhibited slight fusion of the material with the bone tissue
without discernible signs of penetration of the bone tissue
into the biomaterial. A small amount of plexiform bone tis-
sue was found in some areas of the bone-implant contact
(FIG. 2A). The cortical bone tissue without visible signs
of remodelling was found in the immediate vicinity of the
plexiform bone and biomaterial (FIG. 2A).

Three months after the surgical implantation, the tibial
bones were characterized by a considerable osteointegra-
tion of the biomaterial with the bone tissue. At the border of
the bone and implant, a layer of osteoblast-rich plexiform
tissue penetrating into the biomaterial was found. The
plexiform bone layer passes with the cortical bone tissue
that contained numerous osteones (FIG. 2B).

During histological preparations, the biomaterial after 1
month was often lost or damaged (FIG. 2A), whereas after
3 month only inconsiderable damage to the biomaterial was
observed (FIG. 2B). That agrees well with above observa-
tions about implant osseointegration.

In order to compare the bone tissue structure with the
implant, control tibial bone preparations were performed
without surgical interference. In the tibial bone metaphyses
of control rabbits, the cortical bone wall containing numerous
osteones was adjacent to the bone marrow interspersed
among trabeculae (FIG. 2C).

Bone ingrowth into the pores increased with time, how-
ever, specimens taken three months after implantation
showed newly formed bone only around the implanted ma-
terial in the margins of a cavity. Uchida et al. demonstrated
comparable findings, after implantation calcium hydroxya-
patite ceramic (CHA) into human bones [15]. The present
study, contrary to Scarano et al., who examined implants
consisting of algae-derived hydroxyapatite, do not report
formation of a new bone, inside the central portion of the
biomaterial particles [16].

Conclusions

This pilot study confirms bioactivity and biocompatibility
of the newly developed biomaterial comprising a mixture of
carbonated hydroxyapatite and glucan. Our findings reveal
progressive osseointegration of implants, no implant rejec-
tions were observed. Radiographs of rabbit tibiae one month
after implantation demonstrate that the composite material
adheres tightly to the edge of bone cavity and the microscop-
ic analysis indicates the initiation of integration with the bone
tissue. Osseointegration is more advanced in the 3-month
experimental group. Moreover, extensive bone remodelling
in the direct vicinity of implants suggests osteoinductive
and osteoconductive properties of the material tested.



Uzyskane wyniki pozwalajg stwierdzi¢, iz badany kom-
pozyt jest odpowiedni do wypetniania ubytkéw kostnych u
zwierzat.
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Streszczenie

Celem badan byto opracowanie modelu matema-
tycznego opisujgcego formowanie nanorurek z tlenku
tytanu (TNT) na folii tytanowej metodg anodowania.
Roéwnania uwzgledniajgce wptyw parametrow anodo-
wania na wybrane cechy morfologiczne TNT postuzg
do wyznaczania i optymalizowania parametrow
anodowania: potencjatu, czasu i stezenia sktadnika
organicznego elektrolitu, w celu uzyskania TNT
0 pozgdanej Srednicy i dtugosci. W pracy stosowano
dwa organiczne elektrolity - glikol etylenowy i glicerol,
reszte stanowita woda z dodatkiem 0,65% wag. NH ,F.
Wynikiem pracy sg réwnania i wykresy opisujgce
zalezno$ci pomiedzy parametrami anodowania (dane
wejsciowe), a cechami morfologicznymi TNT (dane
wyjsciowe). Poprawno$¢ modelu zostata sprawdzona
poprzez ocene morfologii TNT wytworzonych zgod-
nie ze wskazaniami modelu. Wyniki potwierdzajq
mozliwo$¢ przewidywania Srednicy i dtugosci TNT,
tj. grubosci ich warstwy na folii tytanowej na podsta-
wie modelu. W celach aplikacyjnych konieczne jest
udoskonalenie przedstawionego modelu poprzez
redukcje btedow.

Stowa kluczowe: model matematyczny, nanorurki
z tlenku tytanu, glikol etylenowy, glicerol

[Inzynieria Biomateriatow 114 (2012) 34-40]

Wstep

Od pierwszej publikacji na temat wytworzenia nanorurek
TiO, (TNT) na tytanie [1] opracowano wiele nowych metod
ich formowania. Do tego celu stosowane sg miedzy innymi:
elektrochemiczne utlenianie [2-4], formowanie z wykorzy-
staniem szablonu [5] i obrébka hydrotermiczna [6]. Dzieki
mozliwosci uzyskania warstw TNT o duzej jednorodnosci
i kontrolowanej morfologii, najbardziej popularng metoda
jest elektrochemiczne utlenianie w roztworach organicznych
zawierajgcych fluorki. Na podstawie szeregu prac nad usta-
leniem parametréw decydujacych o morfologii otrzymanych
warstw [2-4,7-12] ustalono, ze Srednica i dlugos¢ TNT zalezg
gtownie od zastosowanego napiecia i zawartosci w elektro-
licie. Ponadto udowodniono, ze dtugos¢ TNT uzalezniona
jest od czasu anodowania [7,8], podczas gdy $rednica TNT
od pH, szybkosci roztwarzania tlenku i stezenia fluorkéw
[9,10]. Wiadomo takze, ze struktura TNT determinuje ich
wiasciwosci uzytkowe [13,14]. Tak wiec, mozliwos¢ doboru
parametréw anodowania pozwalajgcych otrzymac¢ TNT
o pozadanych cechach morfologicznych jest bardzo przydatna
w zastosowaniach praktycznych inzynierii biomedycznej [15].

A MATHEMATICAL MODEL FOR
SELECTION OF FORMATION
PARAMETERS OF TiO,
NANOTUBE BY ANODIZING

ELzBIETA KRASICKA-CYDZIK*, KATARZYNA ARKUSZ,
AGNIESZKA KACZMAREK

BiomEDICAL ENGINEERING DivisioN, UNIVERSITY OF ZIELONA GORA,
LiceaLNA 9, 65-417 ZiELONA GORA, PoLAND
* E-MAIL: E.KRASICKA@)IBEM.UZ.ZGORA.PL

Abstract

A mathematical model to determine parameters
of anodic formation of titania nanotubes (TNT) on
titanium foil has been elaborated. Equations include
the influence of voltage, time of anodization and
concentration of organic component of electrolyte on
the selected morphological features of TNT: diame-
ter and length of nanotubes. The developed model
can be used to predict and optimize the anodization
parameters to obtain nanotubes of desired diameter
and length. Two organic electrolytes, ethylene glycol
and glycerol, have been used, the rest of electrolyte
being water with addition of 0.65 wt% NH,F. The
equations and graphs showing the correlations be-
tween the anodizing and morphological parameters
are presented. The correctness of the model has
been tested by comparing the parameters of produced
nanotubes with parameters indicated by the model.
Results confirm the possibility to predict the diameter
and the length of TNT formed by anodizing of titanium
in two organic solutions with small addition of fluorides
and obtain TNT of desired morphology for biomedical
applications.

Keywords: titania nanotubes, ethylene glycol, glyce-
rol, anodizing, mathematical model

[Engineering of Biomaterials 114 (2012) 34-40]

Introduction

Since the first report on titania nanotubes (TNT)
formation [1] many other methods, as for instance: the
electrochemical oxidation [2-4], assisted-template method
[5], hydrothermal treatment [6] have been used for TNT
fabrication. Due to the possibility to obtain highly homo-
geneous and controlled morphology TNT, the anodizing
in fluorides containing organic electrolytes has been the
most popular method. On the basis of several attempts
to determine the parameters influencing on morphology
of TNT [2-4,7-12] it was revealed that the diameter and
the length of TNT depend mainly on the applied voltage
and water content. Moreover, it has been proved that the
length of TNT depends on the anodizing time [7,8], whereas
the diameter on pH, oxide dissolution rate and fluoride
concentration [9,10]. It is well known that the structure of
TNT effects their application properties [13,14]. Thus, the
ability to select the formation parameters to obtain TNT
of the desired morphological features would be very use-
ful for practical purposes in biomedical engineering [15].



Obecnie metodg anodowania mozna otrzymac¢ nanorurki
0 zréznicowanych wymiarach. Poza nielicznymi pracami
[7,8] nie ma wielu danych literaturowych lub eksperymen-
talnych prezentujacych model matematyczny pozwalajacy
na dobdr parametrow anodowania w celu otrzymania TNT
0 pozadanych cechach morfologicznych. Ta praca ma na
celu opracowanie takiego modelu dla dwoch elektrolitow
organicznych zawierajgcych stalg ilos¢ dodatku fluorku
amonowego. Model taki bytby pomocny przy formowaniu
TNT o przewidywanej morfologii.

Materialy i metody

Materialy

Folia tytanowa (czystos¢ 99,9%, grubos¢ 0,5 mm), gli-
cerol (czysto$¢ 99%), glikol etylenowy (czystos¢ 99,8%),
chlorek amonu NH,F zostaty zakupione w firmie Sigma-
Aldrich (UK). Wszystkie roztwory sporzadzono z odczynni-
koéw o czystosci analitycznej i wody destylowane;.

Wytwarzanie nanorurek tytanowych (TNT)

Prébki folii tytanowej zostaty poddane sonifikacji
w acetonie, etanolu i wodzie destylowanej, a nastepnie
wysuszone w strumieniu azotu. Nanotubularng warstwe
tlenkowg wytworzono w procesie anodowania korzystajgc
z potencjostatu AUTOLAB PGSTAT 302N (wyposazonego
we wzmachiacz dla wyzszych potencjatéw) i tréjelektrodo-
wego naczynia. Elektrode pomocniczg stanowita okragta
platynowa blaszka o srednicy 15 mm, elektrode odniesienia
nasycona elektroda kalomelowa (NEK), natomiast elektrodg
pracujaca byta folia tytanowa, anodowana w elektrolicie za-
wierajacym rozne stezenia glicerolu lub glikolu etylenowego
z dodatkiem 0,65% wag. NH,F - reszte stanowita woda.
Anodowanie przebiegato w 2 etapach: potencjodynamicz-
nym i potencjostatycznym. Podczas pierwszego etapu préb-
ke folii tytanowej polaryzowano z szybkoscig 500 mV/s do
potencjatu okreslonego w planie eksperymentu, a nastepnie
w etapie drugim utrzymywano przez czas przewidywany
planem eksperymentu w tym samych parametrach anodo-
wania. Mikroskop skaningowy z emisja polowa (FESEM,
JEOL JSM-7600F) wykorzystano do badania morfologii
wytworzonych TNT.

Modelowanie matematyczne

Liczne badania innych autoréw oraz wyniki prac wtas-
nych [9-11] wskazywaly, ze potencjat i czas polaryzacji oraz
stezenie elektrolitu (dane wejsciowe) majg bezposredni
wplyw na $rednice i dlugos¢ nanorurek (dane wyjsciowe).
Plan eksperymentu i model matematyczny opracowane zo-
staty przy uzyciu oprogramowania STATISTICA i MATLAB.
Dane wyjsciowe dla opracowywanego modelu przyjeto na
podstawie danych literaturowych oraz zakresu parametrow
uzywanego potencjostatu (TABELA 1).

TABELA 1. Lista parametrow.
TABLE 1. List of parameters.

Actually, nanotubes of different dimensions can be obtained
by anodizing, but not many literature data or experimental
results are available with regard to mathematical model
for selection of anodizing parameters to obtain TNT of de-
sired morphology. This work is an attempt to develop such
a model for 2 organic electrolytes with constant amount
of fluoride aiming at formation of titania nanotubes of
a predicted morphology.

Materials and Methods

Materials

Titanium foil (99.9%, 0.5 mm thick), glycerol (299%),
ethylene glycol (299.8%) and ammonium fluoride NH,F were
purchased from Sigma-Aldrich (UK). All electrolytes were
prepared from high purity reagents and distilled water.

Preparation of titanium dioxide nanotubes

The samples of titanium were sonicated in acetone, etha-
nol and distilled water and dried in nitrogen stream. The for-
mation of nanotube oxide layers was performed by anodizing
in a three-electrode cell with the use of AUTOLAB PGSTAT
302N, equipped with amplifier for higher voltages. The Ti
foil as working electrode, the circular platinum electrode of
15 mm diameter as a counter and the Saturated Calomel
Electrode (SCE) as a reference electrode, were used for all
measurements. The titanium foil was anodized using various
concentrations of ethylene glycol or glycerol in water with
the addition of 0.65 wt% NH,F in both electrolytes. The for-
mation process consisted of two stages: the first stage was
potentiodynamic and the second was potentiostatic. During
the first stage the Ti foil was polarized up to the potential
specified in experimental plan at the scan rate of 500 mV/s
and then it was kept at that potential in the same electrolyte
for further period designated in the plan.

Field emission scanning electron microscopy (FESEM,
JEOL JSM-7600F) was used to investigate surface morphol-
ogy and microstructure.

Mathematical modeling

Several studies by other authors and results of our stud-
ies [9-11] indicated that the applied voltage, polarization
time and electrolyte composition (adopted as model input
data) affect directly on the diameter and length of formed
nanotubes (model output data). The experimental plan
and mathematical model were elaborated with the use of
the STATISTICA and MATLAB software. Due to hardware
limitations (the range of potentiostat) and the analysis of the
literature the input data of a narrow range (TABLE 1) were
adopted forming parameters in the model.

Zmienne odpowiedzi Symbol Jednostka Zakres
Response variables Symbol Unit Range
. Potencjat / Potential U V 4-30
Dagetwytjsdm?we Czas polaryzacji / Polarization time T min 5-120
St Stezenie / Concentration Conc % 85-99
Elektrolit / Electrolyte R Glikol etylenowy lub glicerol /
Ethylene glycol or glycerol
Dane wejsciowe Materiat / Material M Folia Ti / Ti foil
IPLECEL Srednica TNT / Diameter of TNT d nm
Wysoko$¢ TNT / Length of TNT g nm
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Ze wzgledu na stosowane w procesie formowania dwa

® o o o o o o rodzaje elektrolitow plan eksperymentu sktadat sie z dwdch

czesci. W TABELI 2 zestawiono parametry {j. potencjati czas
polaryzacji oraz stezenie elektrolitu zgodnie z centralnym
planem kompozycyjnym, ktéry pozwala na uzyskanie po-
wierzchni odpowiedzi.

TABELA 2. Parametry formowania TNT zgodnie z
centralnym planem kompozycyjnym.

TABLE 2. Parameters of TNT formation in every
measurement by central compositional plan.

Due to two types of organic electrolytes used in the for-
mation process the experimental plan was divided into two
parts. In TABLE 2 the applied potential U, polarization time T
and concentration of organic component of electrolyte Conc
(in water as the rest) are listed by the central compositional
plan, which allows to create response surfaces.

TABELA 3. Cechy morfologiczne TNT zgodnie
z planem eksperymentu.

TABLE 3. Morphological features of TNT according
to the experiment plan.

No U [V] T [min] Conc [%] Ti / glikol etylenowy  Ti/ glicerol
1 4 5 99 Ti / ethylene glycol Ti / glycerol
Srednica Wysoko$é Srednica Wysoko$é
2 30 5 99 - T C;nc Diameter Height Diameter Height
3 4 120 99 (VI | [min]| | %] d [nm] g [nm] d [nm] g [nm]
4 30 120 99 |9 | B 0 0 0
30| 5 99 | 26.75 575 0 0
5 4 5 85 4 [120/ 99 | o 0 12.87 | 120
6 30 5 85 30 [ 120 | 99 | 57.58 3250 0 0
7 4 120 85 4 5 85 0 0 0 0
8 30 120 85 30| 5 85 | 50.55 750 26.68 120
4 1120 | 85 17.12 150 20.65 120
2 4 B2 22 30 | 120 | 85 | 8136 | 2250 | 89.22 | 1300
10 30 62.5 92 4 |625| 92| 1609 | 250 | 11.76 | 100
1 17 5 92 30 |62.5| 92 | 74.24 2000 46.8 675
12 17 120 92 17| 5 92 22.06 275 0 0
17 [ 120 | 92 | 43.64 1850 0 0
13 17 62.5 99 17 [62.5| 99 | 41.85 1050 0 0
14 17 62.5 85 17 |625| 85 | 496 | 1050 | 46.92 | 450
15 17 62.5 92 17 [62.5| 92 | 48.23 1100 27.61 325

Wyniki i dyskusja

Po anodowaniu prébki poddano analizie mikroskopowej,
a uzyskane cechy morfologiczne zestawiono w TABELI 3.
Przedstawia ona $rednice i dlugosci TNT nanorurek for-
mowanych zgodnie z parametrami zestawionymi w planie
eksperymentu. ,0” oznacza eksperymenty, w ktérych
otrzymana powierzchnia byfa niejednorodna, gdy nie uzy-
skano nanorurek lub pomiar ich cech morfologicznych byt
niemozliwy.

Na podstawie otrzymanych rezultatéw mozliwe byto
stworzenie modelu matematycznego opisujgcego $rednice
nanorurek (d) i dlugos¢ TNT (g), ktére moga by¢ opisane
ponizszymi réwnaniami:

e TNT formowane w roztworze glikolu etylenowego:
d=-12.17+1.63-U+0.55°T+0.53*Conc+0.007+U+T+0.042-U
*Conc+0.005+T+Conc-0.013+U2-0.004+T2-0.034+Conc?
g=-509.02+43.23-U+5.57-T+73.38*Conc+0.67+U-T-
1.34-U+Conc-0.32T+Conc-0.29+U2-0.034T2-2.52+Conc?

e TNT formowane w roztworze glicerolu:
d=15.35+2.82:U+0.6°T+3.168+Conc+0.005°U-T+0.15-U
*Conc+0.022:T+Conc-0.065+U2-0.005+T2-0.11+Conc?
g=-305.21+46.41U+5.04T-32.25-Conc+0.16°U-T+1.95-U
*Conc-0.37+T+Conc-1.01-U?-0.065-T2+0.18+Conc?

gdzie:

U — napiecie anodowania, V,

T — czas anodowania, min.,

Conc - stez. organicznego elektrolitu, % wag.

Powierzchnie odpowiedzi prezentujace zaleznosci po-
miedzy parametrami formowania, a cechami morfologiczny-
mi TNT dla dwdch stosowanych elektrolitdéw przedstawiono
na RYS. 1.

Results and Discussions

TABLE 3 lists the lengths and diameters of TNT produced
according to parameters selected in the experimental plan.
‘0’ marks the experiments in which the surface was het-
erogeneous, neither TNT were obtained, nor nanotubes
features were measurable.

On the basis of the obtained results the mathematical
model for the diameter (d) and the length (g) of titania na-
notubes was elaborated. The diameter and length of formed
TNT could be described by following equations:

e for TNT formed in ethylene glycol solution:
d=-12.17+1.63-U+0.55-T+0.53+Conc+0.007-U-T+0.042-U
*Conc+0.005+T+Conc-0.013+U2-0.004+T2-0.034+Conc?
g=-509.02+43.23:U+5.57-T+73.38:Conc+0.67+U-T-
1.34+U+Conc-0.32:T+Conc-0.29+U?-0.034+T2-2.52+Conc?

e for TNT formed in glycerol solution:
d=15.35+2.82:U+0.6-T+3.168+Conc+0.005-U+T+0.15-U
*Conc+0.022:T+Conc-0.065+U2-0.005+T2-0.11+Conc?
g=-305.21+46.41-U+5.04T-32.25-Conc+0.16°U-T+1.95-U
*Conc-0.37+T+Conc-1.01+U?-0.065-T2+0.18+Conc?

where:

U — applied potential, V,

T — polarization time, min.,

Conc — concentration of organic component of electro-
lyte, wt%

Response surfaces showing correlations between
formation parameters and morphological features (diam-
eter, length) for two applied electrolytes are presented in
FIG. 1.
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RYS. 1. Powierzchnie odpowiedzi ukazujace korelacje pomiedzy parametrami formowania a cechami morfo-

logicznymi TNT.

FIG. 1. The response surfaces showing correlations between formation parameters and morphological features

(diameter, length).

Uzyskane dla kazdej przestrzeni macierze korelacji po-
twierdzajg zaleznosci znane z literatury. Zmienne niezalezne
nie sg ze sobg skorelowane (co stanowi zatozenie planu eks-
perymentu). Zalezno$ci pomiedzy parametrami formowania,
a morfologig TNT roznig sie w zaleznosci od stosowanego
elektrolitu. Na srednice TNT formowanych w roztworze gli-
kolu etylenowego znaczny wptyw wywiera potencjat anodo-
wania, nastepnie czas polaryzacji, natomiast stezenie glikolu
wykazuje najstabszy wptyw. Srednica nanorurek formowa-
nych w glicerolu zalezy od potencjatu, nastepnie od steze-
nia glicerolu i w niewielkim stopniu od czasu polaryzac;ji.

For each space the obtained correlation matrices
confirm known from the literature relations between for-
mation parameters and morphological features of titania
nanotubes. Independent variables are not self-correlated
(which is the objective of the experimental plan). The cor-
relation between the formation parameters and the TNT
morphology differ in two applied electrolytes. The diameter
of TNT formed in ethylene glycol are strongly influenced by
voltage, then by anodizing time and the concentration of
organic component of electrolyte, which shows the weak-
est effect. The diameter of nanotubes formed in glycerol
strongly depends on voltage, then on the concentration of
organic electrolyte, and eventually on the polarization time.
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Na dlugos¢ TNT (wysokos¢ warstwy nanorurkowej na tyta-
nie) najwiekszy wptyw wywiera potencjat i czas, natomiast
efekt rodzaju i stezenia elektrolitu moze by¢ niemal pomija-
ny. W celu sprawdzenia modelu matematycznego przepro-
wadzono eksperymenty anodowania zgodnie z obliczonymi
wspotczynnikami rownan modelu dla zadanych cech mor-
fologicznych TNT. Otrzymane wyniki zestawione na RYS. 2
i 3 potwierdzajg poprawnosc¢ stworzonego modelu.

The length of nanotubes (the thickness of nanotubular layer
on titanium) is dependent significantly on voltage and time,
whereas the weakest (almost negligible) effect has the
concentration of organic component of the electrolyte. To
verify the mathematical model, the anodizing experiments
according to calculated coefficients of model equations were
performed. Obtained results shown in FIG. 2 and 3 confirm
the correctness of the elaborated model.

Wyniki
Parametry formowania et : modelu /
| Forming parameters Wyniki eksperymentalne / Experimental results Model
results
=Rt i Gnaz Srednica / Diameter d1 [nm] Wysokosé / Length g1 [nm] d
[Vl | [min] [%] Y gth g g
15 | 120 90
g | 17| 625 85
>
(o)}
[
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>
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°
>
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g A
3 &
> & >
@ xS
(o] !
= *
© 1 30 15 90 ' C(I{
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RYS. 2. Eksperymentalna weryfikacja modelu matematycznego dla formowania TNT w glikolu etylenowym.
FIG. 2. Experimental verification of the mathematical model for nanotubes formation in ethylene glycol.
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RYS. 3. Eksperymentalna weryfikacja modelu matematycznego dla formowania TNT w glicerolu.
FIG. 3. Experimental verification of the mathematical model for nanotubes formation in glycerol.

Whioski

Opracowano model matematyczny dla formowania
nanorurek z tlenku tytanu na tytanie metodg anodowania
roztworach organicznych. Model ten umozliwia dobér pa-
rametréw anodowania prowadzgcego do otrzymania TNT o
zdefiniowanej i pozadanej morfologii. Model matematyczny
opisany zostat za pomocg réwnan i wykreséw powierzchni
odpowiedzi. Badania eksperymentalne potwierdzajg po-
prawnos¢ modelu. Dalsze badania skupione zostang na
poprawie modelu pod katem minimalizacji btedu, jednak
opracowany model anodowania zgodnie z zastosowanymi
parametrami jest uniwersalny.

Conclusions

The mathematical model for formation titania nanotubes
by anodizing in organic electrolytes was elaborated. The
developed model enables to select parameters of anodic
formation of nanotubes of desired morphology. The math-
ematical model was described by equations and graphs
of response surfaces. Experimental studies confirmed the
correctness of the model. Further studies will be focused on
improving the model in terms of minimizing the error.
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Badania zostaty sfinansowane z Narodowego Centrum
Badan i Rozwoju (NCBIR) w ramach projektu MNT-ERA.
NET/01-2011 ,Sensory na bazie Ti/nanostrukturalny TiO, do
zastosowan medycznych”.
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Abstrakt

Otrzymano szereg probek biomedycznego poli(e-
kaprolakton)u (PCL) stosujgc metode polimeryzacji z
otwarciem pierscienia katalizowanej 2-etyloheksania-
nem cyny (Il). Uzyskane produkty polireakcji poddano
operacji oczyszczania z pozostato$ci po katalizatorze
cynoorganicznym. Zawarto$¢ metalu w otrzymanych
polimerach oznaczano za pomocg elektrotermicznej
absorpcyjnej spektrometrii atomowej. Toksyczno$c
uzyskanych polimeréw oceniano w odniesieniu do
bakterii luminescencyjnych oraz dwoch pierwotniakdw.
Wstepne wyniki zaprezentowane w niniejszym artyku-
le sugerujg, ze zastosowane operacje oczyszczania
redukujg zawarto$¢ cyny w polimerach bez ich degra-
dacji. Mozna rowniez stwierdzic, ze polimery o zredu-
kowanej zawartosci cyny nie wykazujg toksycznosci
w stosunku do bakterii luminescencyjnych V. fischeri
oraz pierwotniakow S. ambiguum i T. termophila.

Stowa kluczowe: polimery biomedyczne, poliestry
alifatyczne, poli(e-kaprolakton), elektrotermiczna
absorpcyjna spektrometria atomowa, toksycznosc

[Inzynieria Biomateriatow 114 (2012) 41-45]

Wprowadzenie

Od wielu lat poliestry alifatyczne sg szeroko stosowane
w medycynie i farmacji. Poli(e-kaprolakton) (PCL) jest uzy-
wany w wielu obszarach biomedycyny, m.in. w inzynierii
tkankowej, w technologii systemow terapeutycznych o prze-
diuzonym uwalnianiu i prolekéw wielkoczasteczkowych oraz
jako materiat opakowaniowy substancji leczniczych. Tak
szerokie jego zastosowanie wynika ze zdolnosci do kontro-
lowanej degradaciji, dobrej mieszalnosci z innymi polimerami
oraz biokompatybilnosci. PCL w zaleznosci od masy cza-
steczkowej, stopnia krystalicznosci oraz warunkow srodowi-
skowych ulega catkowitej biodegradacji od siedmiu miesiecy
do kilku lat [1-5]. PCL otrzymywany jest dwiema metodami,
w procesie polikondensacji kwasu 6-hydroksyheksanowego
lub na drodze polimeryzacji z otwarciem pierscienia e-ka-
prolaktonu (e-CL). Proces polimeryzacji z otwarciem pier-
Scienia (ROP) jest czesciej stosowany, poniewaz pozwala
on na otrzymanie poliestrow charakteryzujacych sie wyz-
szg masg czasteczkowq oraz nizszg polidyspersyjnoscia.

PRELIMINARY EVALUATION
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OF THE BIOMEDICAL
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Abstract

A series of biomedical poly(e-caprolactone)s were
synthesized by the ring-opening polymerization of
g-caprolactone in the presence of tin(ll) 2-ethylhex-
anoate. The obtained products were subjected to the
purification procedures for removing the residual of tin
catalyst. The metal content in the received polymers
were determined using the Electrothermal Atomic
Absorption Spectrometry. The toxicity of the resulted
polymers was evaluated using bacterial luminescence
test and two protozoan assays. The preliminary stud-
ies presented in this paper suggest that the purifica-
tion of the polymers reduces tin concentration in the
final products without causing product degradation.
It was found that the purified polymers are not toxic
relative to luminescent bacteria V. fischeri and two
ciliated protozoans S. ambiguum and T. termophila.

Keywords: biomedical polymers, aliphatic polyesters,
poly(e-caprolactone), electrothermal atomic absorption
spectroscopy, toxicity

[Engineering of Biomaterials 114 (2012) 41-45]

Introduction

Aliphatic polyesters are widely used in medicine and
pharmacy since many years. Poly(e-caprolactone) (PCL)
has been used in different biomedical fields such as scaf-
folds in tissue engineering, long-term drug delivery systems,
macromolecular prodrugs and packaging materials of the
medical substances due to its interesting properties like
controlled degradability, miscibility with other polymers or
biocompatibility. PCL is biodegraded from several months
to several years depending on its molecular weight, degree
of crystallinity and condition of the degradation [1-5]. There
are two methods for the preparation of biomedical PCL:
the condensation of 6-hydroxyhexanoic acid and the ring-
opening polymerization (ROP) of e-caprolactone (e-CL).
ROP is more often used due to a higher molecular weight
and lower polydispersity of the received polyesters. A large
number of catalysts and other catalytic systems of ROP
(organic-, metal- or enzyme-based) spanning virtually the
whole periodic table have been recently investigated [1].
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Do chwili obecnej zostata przebadana ogromna liczba kata-
lizatoréw i systeméw katalitycznych (organicznych i nieorga-
nicznych zawierajgcych metale lub enzymy) procesu ROP
obejmujacych praktycznie caty uktad okresowy pierwiastkéw
[1]. Mechanizm procesu ROP (anionowy, kationowy, ak-
tywowanego monomeru i insercyjno-koordynacyjny) e-CL
zalezy od zastosowanego katalizatora. Wiekszos¢ biome-
dycznych poliestréw zawiera sladowe ilosci toksycznych
zanieczyszczen metalicznych, co jest niekorzystne z punktu
widzenia ich zastosowania w medycynie czy farmaciji [1].
2-etyloheksanian cyny (llI) (oktanian cyny, SnOct,) jest
powszechnie stosowany w procesie ROP ¢-CL. SnOct,
jest katalizatorem komercyjnym, bardzo efektywnym,
tatwo dostepnym na rynku i rozpuszczalnym w wigekszosci
rozpuszczalnikéw organicznych. Zastosowanie go wraz z
czynnikiem nukleofilowym (np. alkoholem lub aming) pozwa-
la prowadzi¢ proces ROP w sposéb kontrolowany. Gtéwng,
wadg SnOct, jest to, ze wymaga on prowadzenia reakgji przy
stosunkowo wysokiej temperaturze, co moze powodowaé
zwiekszenie udziatu reakcji ubocznych, tj. transestryfikacji
wewnatrz- i miedzyczasteczkowej, skutkiem czego jest
wzrost rozrzutu masy czasteczkowej polimeru [1].

Polimerom biomedycznym stawiane sg coraz wyzsze
wymagania pod wzgledem wiasciwosci fizykochemicz-
nych oraz biokompatybilnosci. SnOct, jest dopuszczony
do stosowania w syntezie ré6znych biomateriatéw polime-
rowych w wielu krajach europejskich oraz USA, brak jest
jednak precyzyjnych uregulowan normatywnych. Zgodnie
z Farmakopeg Europejska V, maksymalne stezenie cyny
w materiatach polimerowych majacych kontakt z krwig lub
skfadnikami krwi wynosi 20 ppm [6-8].

Nasze wczesniejsze badania, prowadzone we wspot-
pracy z Zakladem Badania Srodowiska Warszawskiego
Uniwersytetu Medycznego wskazuja, ze zawartos¢ cyny
w polimerach biomedycznych na poziomie kilkudziesieciu
ppm moze by¢ szkodliwa dla organizmoéw [2]. W zwigzku
z powyzszym, gtdbwnym celem naszej pracy byta ocena
cytotoksycznosci serii probek PCL (zawierajacych rézng
ilos¢ pozostatosci po katalizatorze cynowym) w odniesieniu
do bakterii luminescencyjnych V. fischeri oraz dwdch pier-
wotniakéw S. ambiguum i T. thermophila.

Materiaty i metody

Materiatly

e-Kaprolakton (2-oksepanon, 99%, €-CL, Aldrich)
przed uzyciem byt suszony i destylowany z nad CaH,
pod zmniejszonym cisnieniem. 2-etyloheksanian cyny(ll)
(SnOct,, 97%, Aldrich), chlorek metylenu (cz., POCH), kwas
solny (POCH), kwas azotowy(V) (65% m/m, d = 1,4 g/ml,
J.T.Baker), wzorzec cyny 1000 mg/l w 2% roztworze HNO,
i 1% roztworze HF (J.T.Baker), wzorzec cyny 100 pg/l w
20% roztworze HNO; (V/V), bakterie luminescencyjne Vibrio
fischeri (SDI, USA), pierwotniaki Tetrahymena termophila
(MicroBioTests, Belgium) i Spirostomum ambiguum byty
stosowane bez operacji przygotowawczych.

Synteza poly(e-kaprolaktonu)

Polimeryzacje z otwarciem pierscienia e-CL prowadzono
w roznym stosunku molowym monomeru do katalizatora
(TABELA 1). Odpowiednig ilos¢ e-CL i SnOct, umieszczano
w atmosferze argonu w szklanym reaktorze o pojemnosci
10 ml. Reaktor termostatowano w tazni olejowej w tempe-
raturze 140°C przez 24 godziny. Po zakonczeniu reakgc;ji
mieszanine poreakcyjng schtadzano, rozpuszczano w
CH,CI,, a nastepnie polimer wytrgcano w 5% roztworze
kwasu solnego. Produkty finalne suszono pod zmniejszo-
nym cisnieniem przez 2-3 dni.

The mechanism of ROP (anionic, cationic, monomer-activat-
ed and coordination-insertion) of e-CL depends on the cata-
lyst used. The most biomedical polyesters contain the traces
of metal pollutants causing their high toxicity thus might be
undesirable for pharmaceutical or biomedical applications [1].
The tin(ll) 2-ethylhexanoate catalyst (tin octanoate, SnOct,)
is commonly used for ROP of e-CL. SnOct, is effective, com-
mercially available, easy to handle and soluble in the most
commonly used organic solvents. It must be used together
with a nucleophilic compound (alcohol or amine) to initiate
the reaction if a controlled synthesis of the polymer has to be
obtained. The major drawback of SnOct, is that it requires a
high temperature, which encourages inter- and intramolecu-
lar transesterification thus broadening the polydispersity [1].

Biomedical polymers are subjected to more and more
requirements in consideration to their physicochemical
properties and biocompatibility. The SnOct, is approved for
using in the synthesis of biomedical PCL in many countries,
but without detailed normative regulations in this regard.
According to European Pharmacopoeia V the maximum
concentration of residual tin in the containers for human blood
and blood components has to be 20 ppm [6-8].

Our earlier studies, conducted in collaboration with the
Department of Environmental Health Science of Medical
University of Warsaw, have shown that doses of several ppm
of tin might be harmful to organisms [2]. Thereby, the goal
of this work was to determine the content of residual Sn in
several PCLs prepared in the presence of SnOct, and their
cytotoxicity evaluation using luminescent bacteria V. fischeri
and two ciliated protozoans S. ambiguum and T. thermophila.

Materials and methods

Materials

e-Caprolactone (2-oxepanone, 99%, €-CL, Aldrich) was
dried and distilled over CaH, at reduced pressure before use.
Tin(Il) 2-ethylhexanoate (SnOct,, 97%, Aldrich), methylene
chloride (cz., POCH), hydrochloric acid (POCH), nitric acid
(v) suprapur (65 % m/m, d = 1,4 g/ml, J.T.Baker), standard
of tin 1000 mg/l in 2% HNO; and 1% HF (J.T.Baker), operat-
ing standard of tin 100 pg/l in 20% HNO; (V/V), luminescent
bacteria Vibrio fischeri (SDI, USA), protozoan Tetrahymena
termophila (MicroBioTests, Belgium) and Spirostomum
ambiguum were used as supplied.

Synthesis of poly(e-caprolactone)

The reaction of ring-opening polymerization of e-CL
was carried out for different molar ratios of the monomer
to catalyst (TABLE 1). The required amount of ¢-CL and
SnOct,were placed in a 10 mL glass ampoule under argon
atmosphere. The reaction vessel was then kept standing
in a thermostated oil bath at 140°C for 24h. When the re-
action time was completed, the cold reaction product was
dissolved in CH,CI, precipitated from distilled water with
diluted hydrochloric acid (5% aqueous solution) and dried
under vacuum for 2-3 days.

Measurements

The polymerization products were characterized by
means of 'H- or ®C-NMR (Varian 300 MHz recorded in
CDCl;) and FT-IR spectroscopy (Spectrum 1000, Perkin-
Elmer) recorded in KBr pellets.

The molecular weights of the received PCLs were deter-
mined by the viscosity techniques. The polymer viscosity
was measured in N,N-dimethylformamide (at 30°C) using
Stabinger Viscometer SVM 3000. The molecular weights
of the resulted polymers were calculated from the Marke-
Houwink formula using the following equation constants:
K=1.94 x10*and a = 0.73.



Metody badan

Widma 'H i '*C NMR produktéw polimeryzaciji zarejestro-
wano przy zastosowaniu spektrometru Varian 300 MHz w
deuterowanym CDCI,, w temperaturze pokojowej. Widma
absorpcyjne w podczerwieni rejestrowano przy uzyciu
spektrometru z transformacja Fouriera firmy Perkin-Elmer
(Spectrum 1000) dla prébek w postaci pastylek w KBr.

Masa czagsteczkowa otrzymanych PCL zostata wyzna-
czona metoda wiskozymetryczng. Lepkos$¢ polimerow
mierzono w N,N-dimetyloformamidzie jako rozpuszczalniku
(w temperaturze 30°C) stosujac aparat Stabinger Viscometer
SVM 3000. Masa czasteczkowa otrzymanych polimeréow
zostata obliczona na podstawie réwnania Marka-Houwinka
stosujac nastepujgce state: K=1.94 x 10#ia =0.73.

Zawartos¢ cyny w PCL zostata oznaczona metodg
elektrotermicznej absorpcyjnej spektrometrii atomowej przy
uzyciu spektrometru Avanta Ultra GPC (GBC, Australia)
wyposazonego w atomizer elektrotermiczny i autosampler
PAL4000. Probki polimeréw poddawano mineralizacji na
mokro przy uzyciu stezonego HNO,. Proces prowadzono
przez okoto 30 minut. Po zakonczeniu procesu mineralizaciji,
produkty przenoszono ilosciowo do kolbek o pojemnosci
25 ml i mieszano z wodg destylowana.

Test Microtox® (bakterie luminescencyjne Vibrio fis-
cheri) zostat wykonany przy uzyciu bakterii liofilizowanych
zakupionych w firmie SDI (USA). Prowadzono go w jed-
norazowych kuwetach szklanych. Prébki byly inkubowane
w temperaturze 15°C w ciggu 15 minut, a luminescencje
rejestrowano przy pomocy analizatora Microtox® M500.
Jako rozcienczalnik i probe kontrolng zastosowano 2%
roztwor NaCl [9].

Test Protoxkit F™: Protoxkit F™ to wielopokoleniowy test
z zastosowaniem pierwotniaka z grupy orzeskoéw Tetrahy-
mena thermophila (Protoxkit F, 1998). Test oparty jest na
przeksztatceniu substratu (zawiesiny pozywki) w biomase.
Podczas gdy normalnie rozmnazajgce sie hodowle klarujg
zawiesine w ciggu 24 godzin, zahamowanie wzrostu kultury
odzwierciedla sie poprzez pozostajgce zmetnienie. Test op-
arty jest na pomiarze gestosci optycznej probek. Pierwotniak
i pozywka zostaty zakupione w MicroBio Tests (Belgia). Test
przeprowadzono przy uzyciu jednorazowych spektrofo-
tometrycznych kuwet zgodnie z protokotem operacyjnym
sugerowanym przez producenta. Jako rozcienczalnik i prébe
kontrolng uzyto wody dejonizowanej (jakos¢ Mili-Q) [9].

Test Spirotox: test wykorzystujacy pierwotniaka Spirosto-
mum ambiguum zostat wykonany zgodnie ze standardowy-
mi regutami postepowania. Przeprowadzono go przy uzyciu
jednorazowych polistyrenowych mikroptytek (24 studzienki).
Dziesie¢ organizmoéw zostato dodanych do kazdej studzienki
z osobna. Prébki inkubowano w ciemnosci w temperaturze
25°C przez 24 godziny. Nastepnie odczytano wyniki testu
sprawdzajac liczbe zdeformowanych pierwotniakéw tj.
komorek, np. komdrek skréconych lub wygietych. Smier-
telnos¢ populacji pierwotniaka obserwowano uzywajac
mikroskopu analitycznego (przy 10-krotnym powiekszeniu).
Jako rozcienczalnik i probe kontrolng zastosowano ptyn
Tyrod’a [9].

Wyniki i dyskusja

Seria probek biomedycznego poli(e-kaprolaktonu) (PCL)
zostata otrzymana w procesie ROP ¢-CL katalizowanym przy
uzyciu 2-etyloheksanianu cyny(Il) (SnOct,) jako katalizatora.
Wydajnos$¢ reakcji oraz wiskozymetryczna masa czgsteczko-
wa otrzymanych PCL zostata wyszczegdlniona w TABELI 1.
Proces polimeryzacji byt prowadzony w temperaturze 140°C
przez 24 godziny.

The concentration of tin in the received PCLs was deter-
mined by atomic absorption spectrometer Avanta Ultra GPC
Z spectrometer (GBC, Australia) equipped with electrother-
mal atomizer and PAL4000 autosampler. The background
correction was performed using the longitudinal Zeeman‘s
effect measuring ETAAS signals in the peak height mode.
The polymeric samples were subjected to the wet mineral-
ization with the concentrated HNO,. The process was carried
out for about 30 min. When the mineralization process was
completed, the products were quantitatively moved to 25 mL
flask and mixed with distilled water.

Microtox®: Microtox® assay with the luminescent bacte-
ria Vibrio fischeri was performed with the lyophilized bacteria
purchased from SDI (USA). The test was performed with the
use of disposable glass cuvettes. Samples were incubated
at 15°C for 15 min and the light output of the samples was
recorded with a Microtox® M500 analyzer. As a diluent and
a control 2% NaCl was used [9].

Protoxkit F™: Protoxkit F™ is a multigeneration protozoan
growth inhibition bioassay with the ciliate Tetrahymena ther-
mophila. The test is based on the turnover of the substrate
(food suspension) into ciliate biomass. While normal prolifer-
ating cell cultures clear the substrate suspension in 24 hours,
inhibited culture growth is reflected by remaining turbidity.
The test is based on optical density measurements. The
protozoa and the food were obtained from MicroBioTests
(Belgium). The test was performed in disposable spectro-
photometric cuvettes according to the standard operational
protocol of the producer. As a diluents and a control deion-
ised water (Milli-Q quality) was used [9].

Spirotox: Spirotox test with the protozoan Spirostomum
ambiguum was performed according to the standard pro-
tocol. The test was carried out in disposable, polystyrene
multiwell plates (24 wells). Ten organisms were added to
each well of the multiwell. The samples were incubated in the
darkness at 25°C for 24 hours. Afterwards test responses:
different deformations such as shortening, bending of the
cell, etc., and lethal response were observed with the use
of dissection microscope (magnification of 10). As a diluents
and a control Tyrod solution was used [9].

Results and Discussions

A series of biodegradable poly(e-caprolactone)s (PCLs)
has been obtained by ROP of e-CL catalyzed by tin(ll)
2-ethylhexanoate (SnOct,). The reaction yields and the vis-
cosity molecular weight of the obtained PCLs are summarized
in TABLE 1. The polymerization process was carried out at
140°C for 24 h.

TABELA 1. Homopolimeryzacja e-CL w obecnosci
SnOct,.

TABLE 1. Homopolymerization of €-CL in the pres-
ence of SnOct,.

Stosunek Wyda-
Kod  molowy

jnos¢ M, M2 M M, ¢
Code Molar ratio Yield [g/mol] [g/mol] [g/mol] [g/mol]
€-CL/SnOct, [%]

PCL1| 50:1 |=100]|6 400

PCL2| 70:1 |=100]8 000 - - -
PCL3| 88:1 |=100]|9 100 = 5 =
PCL4| 117:1 [=100|10100| - = =
PCL5| 175:1 [=100|12800| - = =
PCL6| 350:1 [=100]20 30019 300/19 200{19 000

M, — wiskozymetryczna masa czasteczkowa PCL,
1.2.3.4 — po pierwszej, drugiej, trzeciej i czwartej
operaciji wytracania polimeru

M, - viscosity molecular weights of PCL,

1.2.3.4 _ gfter the first, second, third or fourth
operation of the polymer precipitation
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Masa czasteczkowa otrzymanych PCL oznaczona me-

® o o o o o o todg wiskozymetryczng wahata sie¢ w granicach od 6 400
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do 20 300 g/mol. Wydajnos¢ wszystkich reakcji wynosita
okoto 100%.

Struktura zsyntezowanych PCL zostata potwierdzona za
pomoca technik spektroskopowych C, '"H NMR i FT-IR.
Na RYS. 1i 2 przedstawiono typowe widma NMR produktow
polireakc;ji e-CL.

Dane spektroskopowe otrzymanych produktéw sg na-
stepujace:

'H NMR (CDCl,, 8, ppm): 4.02 (2H, t, -CH,CH,OC(O)-);
3.69 (2H, t, CH,CH,0OH); 2.26 (2H, t, -CH,CH,COO0-); 1.58
(4H, m, CH,CH,COO0-); 1.38 (2H, m, -CH,CH,CH,CH,CH,-).

C NMR (CDCl;, 8, ppm): 173.1 (-C(0O)0O-); 63.7
(-CH,CH,0OC(0)-); 33.6 (-CH,CH,CO-); 27.9(-CH,CH,OC(O)-);
25.1 (-CH,CH,COO-); 24.1 (-CH,CH,CH,CH,CH-).

FT-IR (KBr, cm™): 2943 (v,, CH,), 2862 (v, CH,), 1721
(V c=0), 1291 (C-O and C-C), 1240 (Vas coc)s 1190 (V oco)s
1170 (V¢ coc), 1157 (C-O and C-C).

-CH_ CH OCOC-
272

-CH CH COO-

-CH,CH,CCO-

-CGH,CH,CH,CH,CH -

JL . JiN .

ppm

The molecular weights of the obtained PCLs determined
by viscosity method were ranged from 6 400 to 20 300 g/mol.
The reaction yields were quantitative.

The structure of the received PCLs was confirmed by '*C,
'H NMR and FT-IR techniques. FIG. 1 and 2 show typical
spectra of the obtained products.

The spectroscopy data are as follow:

'H NMR (CDCl,, 6, ppm): 4.02 (2H, t, -CH,CH,OC(O)-);
3.69 (2H, t, CH,CH,0OH); 2.26 (2H, t, -CH,CH,COO-); 1.58
(4H, m, CH,CH,COO0-); 1.38 (2H, m, -CH,CH,CH,CH,CH,-).

8C NMR (CDCl;, 8, ppm): 173.1 (-C(0)O-); 63.7
(-CH,CH,0OC(0)-); 33.6 (-CH,CH,CO-); 27.9(-CH,CH,OC(O)-);
25.1 (-CH,CH,COO0-); 24.1 (-CH,CH,CH,CH,CH,-).

FT-IR (KBr, cm™): 2943 (v, CH,), 2862 (v, CH,), 1721
(V c=0), 1291 (C-O and C-C), 1240 (Va5 coc), 1190 (V oco)s
1170 (Vs coc), 1157 (C-O and C-C).

-CH,GH,0C0-
“CH,CH,C00- “GH,CH,COO-
DMSO “GH.GH,CH,CH.CH -
CH.CH,0CO-
Z z
-CO0-
WRSRRR
180 120 80 40 o ppm

RYS. 1. Widmo 'H-NMR PCL (w DMSO).
FIG. 1. '"H-NMR spectrum of the PCL (in DMSO).

Katalizator cynowy zostat zastosowany w stosunku mo-
lowym 1:50, 1:70, 1:88, 1:117, 1:175, 1:350 do monomeru,
a nastepnie byt usuwany w wyniku wytrgcania polimeru za
pomoca 5% roztworu kwasu solnego (TABELA 2). Zawartos¢
pozostatosci cyny w probkach wynosita od 488 do1631 ppm
po pierwszej operacji wytrgcenia polimeru.

Po kazdej operacji wytrgcania polimeru monitorowano
stopien degradacji PCL wykorzystujac metode wiskozy-
metryczng (TABELA 1). Jak widac z tabeli zmiana masy
czgsteczkowej polimeréw po kolejnych operacjach byta
nieznaczna i wynosita kilka procent.

Zawartos¢ cyny w otrzymanych PCL w wyniku przepro-
wadzenia trzeciej i czwartej operacji wytrgcania polimeru
zostata wyraznie zmniejszona do poziomu 12 ppm dla
PCLb | 11 ppm dla PCLc (TABELA 2). Wynik ten jest wy-
starczajgco satysfakcjonujacy biorac pod uwage wymagania
Farmakopei Europejskiej zgodnie z ktdrymi zawarto$¢ cyny
w materiatach majacych kontakt z krwig lub komponentami
krwi nie moga przekroczy¢ 20 ppm [6].

Wstepnej oceny toksykologicznej otrzymanych biome-
dycznych PCL dokonano na podstawie wynikow testow wy-
korzystujacych bakterie luminescencyjne V. fischeri oraz pier-
wotniaki S. ambiguum and T. termophila (TABELA 3). Polimer
uwazany byt za toksyczny, jezeli odsetek efektow toksycznych
(PE) wywotanych przez badang probke przekraczat 20%.

RYS. 2. Widmo "*C-NMR PCL (w DMSO).
FIG. 2. *C-NMR spectrum of the PCL (in DMSO).

Tin catalyst was used in the molar ratio of 1:50, 1:70, 1:88,
1:117, 1:175, 1:350 to the monomer and then removed by
washing of the polymer solutions with diluted hydrochloric
acid (5% aqueous solution) (TABLE 2). The concentration
of the residual tin was in the range of 488-1631 ppm after
the first polymer precipitation.

The possible biodegradation of PCLs after the polymer pre-
cipitation was controlled by the viscosity method (TABLE 1).
As is shown in table the variation of the above parameter
was relatively slight (about several percent).

The tin content in the received PCLs after the third or
fourth operation of the polymer precipitation was signifi-
cantly reduced to 12 (PCLb) and 11 ppm (PCLc) (TABLE 2).
In accordance with the guidelines of the European Pharma-
copeia, the tin content in the materials there are in contact
with blood or blood components may not exceed 20 ppm [6].
Therefore our results are satisfactory enough especially for
biomedical applications of the resulted PCLs.

The cytotoxicity evaluation of the received biomedical
PCLs using the luminescent bacteria V. fischeri and two cili-
ated protozoans S. ambiguum and T. thermophila are listed in
TABLE 3. As is evidence in TABLE 3, the obtained polymers
were non-toxic in all assays in the concentrations up to 1 mg
ml-'. One exception was the PCL6 with PE slightly higher than
20. A higher concentration of the polymers (10 mg mL™") was
tested only on the Spirotox test, as it does not disturb visual
observations of the effects under a dissection microscope.



Warto$¢ PE wyznaczana byfa na podstawie protokotu ba-
zowego - analizy wykonywanej poprzez serie rozcienczen
danej prébki. Jak wida¢ z TABELI 3, wszystkie otrzyma-
ne polimery nie wykazaty toksycznosci w stezeniu do 1
mg/ml. Jedyny wyjatek stanowit PCL6, ktéry spowodowat
Smiertelnos¢ niewiele powyzej 20% organizmdw. Prébki o
wyzszym stezeniu (10 mg/ml) byly analizowane tylko przy
zastosowaniu testu Spirotox, poniewaz w tym przypadku
mozliwa byta wizualna obserwacja efektdéw dziatania testu
pod mikroskopem analitycznym (sekcyjnym). W przypadku
testow Microtox (luminescencja) i Protoxkit F (zmetnienie)
dla prébek o wyzszym stezeniu otrzymywano wyniki bliskie
wartosciom granicznym. Proébki ,nie oczyszczonych” poli-
merdéw powodowaty 100% $miertelno$¢ mikroorganizmow
w tescie Spirotox. Warto podkresli¢, ze prébki polimerow
oczyszczonych (PCL6a, PCL6b, PCL6c) nie wykazywaty
toksycznosci we wszystkich przeprowadzonych testach
(TABELA 3).

Whioski

Otrzymane w obecnosci 2-etyloheksanianu cyny(ll)
probki biomedycznego PCL zawierajg $ladowe ilosci me-
talu (po trzeciej i czwartej operacji wytrgcania). Nalezy
podkresli¢, ze zawarto$¢ metalu w badanych polimerach
jest nizsza od wartosci dopuszczalnej dla biomateriatéw
zgodnie z Farmakopeg Europejska. Przeprowadzone przez
nas wstepne badania wskazuja, ze oczyszczone PCL nie
wykazujg cytotoksycznosci i moga znalez¢ zastosowanie
w farmac;ji i medycynie.

Podziekowania

Niniejsza praca byta finansowana przez Ministerstwo
Nauki i Szkolnictwa Wyzszego (Projekt MNiSzW-0451/B/
H03/2010/39, N N209 045139).

PiSmiennictwo References
[1] Labet M., Thielemans W.: Synthesis of polycaprolactone:
a review. Chemical Society Reviews 38 (2009) 3484-3504.

[2] Sobczak M., Oledzka E., Kotodziejski W.L., Kuzmicz R.: Polimery
do zastosowan farmaceutycznych. Polimery 52(6) (2007) 411-420.
[3] Puppi D., Chiellini F., Piras A.M., Chiellini E.: Polymeric mate-
rials for bone and cartilage repair. Progress in Polymer Science
35 (2010) 403-440.

[4] Mansour H.M., Sohn M., Al-Ghananeem A., DeLuca P.P.:
Materials for Pharmaceutical Dosage Forms: Molecular Pharma-
ceutics and Controlled Release Drug Delivery Aspects. International
Journal of Molecular Sciences 11 (2010) 3298-3322.

[5] Oledzka E., Sobczak M.: Polymers in the Pharmaceutical
Applications -Natural and Bioactive Initiators and Catalysts in the
Synthesis of Biodegradable and Bioresorbable Polyesters and
Polycarbonates. In: Eddy C, editor. Innovations in Biotechnology.
InTech, 2012. p. 139-160.

[6] European Pharmacopoeia V, 5th Edition, 15 June 2004.

[7] Sobczak M., Zéttowska K., Jaklewicz A., Kotodziejski W.:
Oznaczanie zawartosci cyny w syntetyzowanych biomedycznych
poliestrach alifatycznych metodg elektrochemicznej absorpcyjnej
spektrometrii atomowej. Polimery 55(9) 2010 674-680.

[8] Sobczak M., Plichta A., Oledzka E., Jaklewicz A., Kuras M.,
Cwil A., Kotodziejski W.L., Florjanczyk Z., Szatan K., Udzielak |.:
Some atomic spectrometric determinations of metals in aliphatic
polyester and polycarbonate biomedical polymers. Polimery 54(2)
(2009) 114-119.

[9] Natecz-Jawecki G.: Rozprawa habilitacyjna, Medical University
of Warsaw, 2008.

TABELA 2. Oznaczanie zawartosci cyny w otrzy-
manych polimerach metoda elektrotermicznej
absorpcyjnej spektrometrii atomowej.

TABLE 2. The tin content determination in the re-
ceived polymers using the electrothermal atomic
absorption spectrometry.

Kod / Code OP Cs, [Ppm]
PCL1 1 1580
PCL2 1 1520
PCL3 1 1631
PCL4 1 842
PCL5 1 975
PCL6 1 488
PCL6a 2 146
PCL6b 3 12
PCL6¢c 4 11

OP - liczba operacji wytracania polimeru

Cs, - zawarto$¢ Sn

PCL6, PCL6a, PCL6b, PCL6c — polimer PCL6 po pierw-
szej, drugiej, trzeciej i czwartej operacji wytrgcania

OP - the number of the operation of polymer precipitation
Cs, - the content of Sn

PCL6, PCL6a, PCL6b, PCL6¢c - polymer PCL6 after
the first, second, third or fourth operation of polymer
precipitation

TABELA 3. Toksycznos¢ polimeréw wyrazona jako
wynik procentowy (PE).

TABLE 3. The toxicity of polymers. The toxicity
expressed as percent of the effect (PE).

Protoxkit F
(24 h)

Microtox
(15 min)

Spirotox
(24 h)

Stezenie
Concentration 10 1 1 1 0,5
[mg/ml]

PCL1 100 0 | 8 [ 8 5[5
PCL2 100 0 [ 9 [ 11 [ 11 [ 10
PCL3 00 0 [ 8 [ 8 [13 [ 6
PCL4 100 0 [ 9 [15 [ 15 | 15
PCL5 1001 0 [ 4 [ 12 [ 19 [ 19
PCL6 100 0 [ 9 [ 7 [ 27 | 24
PCL6a 0 [0 lo0]0 273
PCL6b 0 [0l oo 115
[PCL6e 0o | 0ol o100 4

However, higher amounts of a polymer affect the measure-
ment of the endpoints both in the Microtox (luminescence)
and Protoxkit F (turbidity), assays. A high level of the tested
‘non-purified’ polymers (after the first operation of polymer
precipitation) caused 100% mortality in Spirotox test. The pu-
rified samples (after the second, third or fourth operations of
polymer precipitation) were not toxic in all assays (TABLE 3).

Conclusions

The synthesized in the presence of tin(ll) 2-ethylhexano-
ate biomedical PCLs contain only residual metal content
(after the third and fourth operation of the polymer pre-
cipitation). Importantly this value is below the limit of the
pharmacopoeia standards for the biomedical materials.
Our preliminary studies suggest that the purified PCLs are
not cytotoxic and therefore suitable for pharmaceutical and
medical applications.
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Streszczenie

Tréjwymiarowe, porowate materiaty kolagenowe
sg intensywnie badane jako rusztowania dla inzynierii
tkankowej. Ich zadaniem jest zastgpienie macierzy
zewngtrzkomérkowej (ECM), zapewnienie odpo-
wiedniego wsparcia mechanicznego oraz Srodowiska
biologicznego dla komdérek oraz nowo formujgcej
sie tkanki. Wtasciwo$ci tych materiatdw, takie jak
wytrzymato$¢ mechaniczna, porowatos¢ i podatno$c
na degradacje moga by¢ modyfikowane przez siecio-
wanie. Z tego wzgledu celem pracy byto otrzymanie
oraz scharakteryzowanie tréjwymiarowego mate-
riatu z neutralizowanego kolagenu usieciowanego
za pomocg N-hydroksyimidu kwasu bursztynowego
(NHS).

Stwierdzono, ze Sredni rozmiar poréw, stopien
specznienia, odporno$¢ na degradacje oraz wy-
trzymato$¢ mechaniczna uzyskanych materiatow
maleje wraz z wydtuzeniem czasu sieciowania NHS.
Wszystkie probki wykazujg zadowalajgce wtasciwo-
Sci biologiczne, cho¢ uwage zwraca fakt, ze komoérki
zasiedlajq tylko powierzchnie materiatu i nie migrujg
w gfab skafoldu.

Stowa kluczowe: kolagen, inzynieria tkankowa,
struktura 3-D, sieciowanie, NHS

[Inzynieria Biomateriatow 114 (2012) 46-51]

Wprowadzenie

Kazdego roku tysigce ludzi cierpi z powodu choréb bgdz
urazow powodujacych nieodwracalne uszkodzenia tkanek.
Czesto konieczne bywa wowczas zastapienie takiego or-
ganu innym materiatem. Zwykle wykorzystuje sie narzady
pochodzace od dawcow lub implanty wytworzone przez
cztowieka. Pomimo wielu niezaprzeczalnych zalet oba
rozwigzania posiadajg pewne ograniczenia. Nowg obiecu-
jaca alternatywg dla tych metod jest inzynieria tkankowa.
Od wielu lat trojwymiarowe, porowate matryce sg inten-
sywnie badane jako rusztowania dla inzynierii tkankowe;.
Ich zadaniem jest zastgpienie macierzy zewnatrzkomor-
kowej (ECM), zapewnienie odpowiedniego wsparcia me-
chanicznego oraz srodowiska biologicznego dla komdrek
oraz nowo formujacej sie tkanki [1-3]. Wszystkie rodzaje
tkanek tacznych zawierajg znaczng ilos¢ kolagenu. Biatko
to posiada dobre wiasciwosci wytrzymatosciowe, niskg anty-
genowos¢, brak cytotoksycznosci i nie wywotuje odczynow
zapalnych. Wykazuje dziatanie hemostatyczne i zdolnosé¢ do
kontrolowanej biodegradacji. Materiaty kolagenowe wspie-
rajg adhezje oraz wzrost komorek i tkanek. Wiasciwosci te
sprawity, ze biatko to jest stosowane w wielu, réznorodnych
zastosowaniach medycznych [3-6].

CHARACTERIZATION
OF CROSS-LINKED
COLLAGEN MATRICES
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Abstract

The three-dimensional, porous, collagen scaffolds
have been extensively investigated as matrices for
tissue engineering. Their task is to replace the ex-
tracellular matrix (ECM), provide mechanical support
and a biological environment for cells and newly
formed tissue. The properties of the materials such
as mechanical strength, porosity and susceptibility to
degradation can be modified by cross-linking process.
For this reason the aim of our work was to obtain and
characterize neutralized, 3-D collagen scaffold cross-
linked using N-hydroxysuccinimide (NHS) during
different time periods.

It was found, that average pore size, swelling de-
gree, the susceptibility to degradation and mechanical
properties declined with longer cross-linking time.
All samples were well tolerated by the cells. However
the cells were distributed only on the surface of the
material and did not migrate into the structure of the
scaffolds.

Keywords: collagen, tissue engineering, 3-D scaffold,
cross-linking, NHS

[Engineering of Biomaterials 114 (2012) 46-51]

Introduction

Every year thousands people suffer from illness or injury
which causes irreversible tissue destruction or loss of func-
tionality. Often it is necessary to replace the destroyed organ.
Usually this is achieved by organ transplantation from donors
or by an artificial organ implantation. Both solutions exhibit
some limitations. The new, promising alternative method
is tissue engineering. For several years three-dimensional
porous scaffolds have been extensively investigated as
matrices for tissue engineering. Their task is to replace the
extracellular matrix (ECM), provide mechanical support and
a biological environment for cells and newly formed tissue
[1-3]. All kinds of connective tissues contain a significant
amount of collagen. This protein exhibits good mechanical
properties, low antigenicity, low inflammatory and cytotoxic
responses, good hemostatic properties and controllable
biodegradability. It also promotes cell and tissue adhesion
and growth. Some of these properties can be changed by
a cross-linking process, chemical and physical modifica-
tions. For this reason collagen has been used in a variety
of medical applications [3-6].



Celem pracy bylto otrzymanie i scharakteryzowanie troj-
wymiarowych, porowatych, neutralizowanych materiatow
kolagenowych usieciowanych N-hydrokyimidem kwasu
bursztynowego (NHS).

Materialy i metody

Roztwor kolagenu (1%) ze $ciegien ogonowych mtodych
szczurow albinosow w 0,1M kwasie octowym zostat przygo-
towany w naszym laboratorium [7]. Nastepnie roztwor ten
umieszczono w tubach dializacyjnych i poddano neutralizaciji
w procesie dializy wzgledem wody dejonizowanej przez
tydzien, az do uzyskana zelu kolagenowego. Otrzymany
materiat sieciowano poprzez zanurzenie w 0,01M roztwo-
rze N-hydroksy imidu kwasu bursztynowego (NHS) na 2, 8
i 24 godziny. Zel kolagenowy pocieto na plastry o grubosci
okoto 3 mm i liofilizowano przez 48 godzin. Uzyskany w ten
sposoOb porowaty materiat poddano analizom.

Wiasciwosci mechaniczne badano za pomocg maszyny
wytrzymatosciowej Zwick&Roell Z 0.5. Probki umieszczano
w uchwytach pomiarowych i kondycjonowano przez 15 min w
komorze wypetnionej roztworem buforu fosforanowego (PBS)
0 pH=7,4, a nastepnie rozciggano z szybkoscig 10 mm/min.

Zdjecia morfologii materiatow kolagenowych zarejestro-
wano przy uzyciu skaningowego mikroskopu elektronowego
wyprodukowanego przez LEO Electron Microscopy Ltd,
England, model 1430 VP. Przed badaniem prébki napylano
platyna. Za pomocg programu Sigma Scan Pro 5 zmierzono
Srednie pola powierzchni poréw.

Stopien specznienia (E,) mierzono metodg wagowa.
Suche probki zwazono (W) i umieszczono w 0,05M buforze
fosforanowych (PBS) o pH=7,4 w temperaturze pokojowe;.
Po odpowiednim czasie probki wyciggano, osuszano na
bibule filtracyjnej i wazono (W,). Stopien specznienia ma-
teriatu okreslano jako stosunek wzrostu masy (W, - W,)
wzgledem masy poczatkowej probki W,. Wartosci stanowig
Srednig z trzech pomiaréw. E, obliczano stosujac ponizszg
zaleznosc¢:

E, = (W, - W )/W, x 100% (1
gdzie W, i W, oznaczajg odpowiednio mase specznionej
i suchej probki.

Materiat poddano takze badaniu degradacji in vitro.
Sucha prébke o znanej masie umieszczono w 0,05M bufo-
rze fosforanowym (PBS) o pH=7,4 w temperaturze 37°C.
Co 24 godziny prébke wyciggano z roztworu, kilkakrotnie
przemywano wodg destylowang, zamrazano, liofilizowano,
a nastepnie wazono. Pomiary wykonywano kazdorazowo
dlatrzech probek danego rodzaju. Procentowy ubytek masy
obliczono przy uzyciu ponizszego rownania:

Ubytek masy = ((W, - W;)/W,) x 100% (2)
gdzie W, i W; oznaczajg odpowiednio mase poczatkowg
i zdegradowanej prébki [8].

By zbadaé przezywalnos¢ i proliferacje fibroblastow
mysich 3T3 materiaty kolagenowe umieszczono w 12-
dotkowych ptytkach hodowlanych i posiano 2,5 x 10* komé-
rek na dotek. Komorki hodowano w kompletnym medium
hodowlanym przez 7 dni. Nastepnie medium hodowlane
byto usuwane, a ilo$¢ zywych komaorek szacowano stosujac
test MTT. Zdjecia materiatéw po tescie MTT wykonano przy
uzyciu aparatu cyfrowego Kodak Easy Share Z1012.

Wyniki i dyskusja

Porowatos¢ materiatu jest bardzo istotnym parametrem z
punktu widzenia inzynierii tkankowej. Porowato$¢ materia-
toéw zastepczych musi mie¢ charakter otwarty pozwalajacy
na transport masy (skfadniki odzywcze, produkty przemiany
materii) w kierunku prostopadtym do powierzchni materiatu.

The aim of this work was to obtain and characterize the
porous, three-dimensional, neutralized collagen scaffolds
cross-linked using N-hydroxysuccinimide (NHS) during
different time periods.

Materials and Methods

The solution of collagen (1%) from tail tendons of young
albino rats in 0.1M acetic acid was obtained in our laboratory
[7]. This solution was poured into dialysis bag and neutral-
ized during dialysis process against deionised water for one
week until a collagen gel was formed. Then the collagen was
cross-linked by immersing in 0.01M N-hydroxysuccinimide
(NHS) solution for 2, 8 and 24 hours. Finally, the material
was cut into slices 3 mm thick and lyophilized for 48 h.
The obtained dry porous matrices were analyzed.

The mechanical properties have been investigated by
Zwick&Roell Z 0.5. The samples were placed between grips,
conditioned 15 min in chamber filled with PBS buffer and
stretched (stretching rate 10 mm/min).

The images of morphology of collagen biomaterials were
performed by scanning electron microscope made by LEO
Electron Microscopy Ltd, England, model 1430 VP. All sam-
ples were coated by platinum. The average area of pores
was estimated using the Sigma Scan Pro 5 program.

The swelling ratio (E;) was measured by the conven-
tional gravimetric method. The dry sample was weighted
and placed in 0.05M phosphate buffer saline (PBS) pH 7.4
at room temperature. After appropriate time of incubation
(0.5h,1h,2h, 3 h, 4h, 24 h) excess of phosphate buffer
was removed using absorbent paper and wet material was
weighted (W,). The swelling ratio of the scaffolds was de-
fined as the ratio of weight increase (W - W,) with respect
to the initial weight (W,) of dry samples. Each value was
averaged from three parallel measurements. E; was calcu-
lated using the following equation:

E, = (W - W,)/W, x 100% (1)
where W, and W, denote the weights of swollen and dry
samples, respectively.

In vitro degradation was also analyzed. The scaffolds of
known dry weights were placed in 0.05M phosphate buffer
saline (PBS, pH 7.4) at 37°C. Every 24 hours, samples
were removed from the medium, rinsed with distilled water,
frozen, lyophilized, and weighed. The experiment was done
in triplicates for each scaffold. The percentage of weight loss
was calculated using the following equation:

Weight loss = (W, - W)/W;) x 100% (2)
where W, and W; represents the initial and digested weight
of scaffolds, respectively [8].

To investigate the viability and proliferation cells on col-
lagen matrices fibroblasts 3T3 were seeded on materials
placed in 12-well plates at a density of 2.5 x 10* per well.
Cells have been growing in complete medium for 7 days.
Then culture medium was removed and MTT assay was
performed. The images of the samples after MTT test were
performed by digital camera Kodak Easy Share Z1012.

Results and Discussion

The porosity of scaffolds is a very important parameter for
tissue engineering. The pores must be open to allow cells
to penetrate the matrix and permit the transport of matter
(nutrients, waste products) in a direction perpendicular to the
surface of the material. The SEM images (FIG. 1) show the
inner porous structure of collagen cross-linked materials.
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RYS. 1. Obraz SEM wewnetrznej struktury liofilizowanych materialow kolagenowych sieciowanych przy uzyciu

NHS przez a) 2 h, b) 8 h, c) 24 h.

FIG. 1. SEM images of the inner structures of liophylized collagen scaffolds cross-linked by NHS during:

a)2h,b)8h,c) 24 h.

RYS. 2. Obraz SEM powierzchni liofilizowanych materiatéw kolagenowych sieciowanych przy uzyciu NHS przez:

a)2h,b)8h,c)24h.

FIG. 2. SEM images of the liophylized collagen scaffolds surfaces cross-linked by NHS during: a) 2 h, b) 8 h, c) 24 h.

Ponadto ma umozliwia¢ odpowiednie
wnikanie komoérek do catej objetosci
matrycy, produkcje nowych skfadnikow
macierzy zewnagtrzkomorkowej oraz
waskularyzacje. Obrazy SEM (RYS. 1)
przedstawiajg porowatg strukture mate-
riatdbw kolagenowych.

Otrzymane matryce kolagenowe
posiadaja niejednorodne pory. Analiza
obrazéw dowodzi, iz ich wielko$¢ rézni
sie dla probek kolagenowych siecio-
wanych NHS przez 2, 8 oraz 24 h.

A porow
Srednie pole powierzchni poréw dla

Pole powierzchni

Pore sizes [mm?]

TABELA 1. Srednie rozmiary poréw w liofilizowanym materiale kolageno-
wym sieciowanym przy uzyciu NHS.

TABLE 1. Average size of pores of liophylized collagen materials cross-
linked by NHS.

Sieciowanie NHS Sieciowanie NHS Sieciowanie NHS
przez 2 h przez 8 h przez 24 h

NHS cross-linking NHS cross-linking NHS cross-linking
2h 8h 24 h

0.0572 +0.0323 | 0.0510 +0.0248 | 0.0474 +0.0179

materiatow sieciowanych przez 2, 8 i
24 godziny wynosit odpowiednio 0,0572 mm?, 0,0510 mm?
i 0,0474 mm?2 (TABELA 1). Zgodnie z oczekiwaniami, wy-
dluzenie czasu sieciowania spowodowato zmniejszenie
Srednich rozmiaréw poréw.

Warto jednak zauwazyé, ze liofilizowane materiaty kola-
genowe wykazujg dwa rézne rodzaje struktur. Wewnetrzna
czes¢ jest porowata, podczas gdy zewnetrzna warstwa
prébek stanowi rodzaj zamknietej struktury, pozbawionej
porow (RYS. 2). Na powierzchni materiatdbw obecne sg
liczne podtuzne, wypukte defekty, ktdrych liczba maleje wraz
z wydtuzeniem czasu sieciowania probki.

Proces sieciowania wplywa takze na podatnosé matryc
kolagenowych na degradacje in vitro. Wartosci ubytkow
masy podczas degradacji materiatéw biatkowych siecio-
wanych przy uzyciu NHS przedstawione sg na RYS. 3.

The collagen scaffolds posses heterogeneous pores.
However, the porosity is different for materials cross-linked
during various time periods. Average pore sizes for materials
cross-linked NHS during 2, 8 and 24 hours were respec-
tively 0.0572 mm?, 0.0510 mm? and 0.0474 mm? (TABLE 1).
As it was expected, a longer cross-linking time causes a
decrease of the average value of the porous area.

Itis worth noticing that the lyophilized collagen materials
show two different kinds of the structure. The inner parts are
porous, while the outer layers feature a kind of closed shell
without pores (FIG. 2). The surfaces of the materials are cov-
ered by numerous longitudinal defects, however the number
of defects decrease after longer time of cross-linking.

The cross-linking process also affects the susceptibil-
ity to degradation of the collagen materials. The values of
weight loss during in vitro degradation analysis of collagen
materials cross-linked by NHS are presented in FIG. 3.
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ubytek masy / weight loss [%]

24 48 72 %6 120 144
czas inkubacji / time of incubation [h]

DOsieciowanie /cross-linking 2h B sieciowanie /cross-linking 8h

168

DOsieciowanie / cross-linking 24h

As one can see the degradation process at the
beginning was very fast. Within 72 hours of incuba-
tion all samples have lost more than 20% of their
initial weight. After this time the degradation rate
significantly decreased. The weight loss slightly
increases with the longer time of immersing by NHS
solution. Nowadays several hypothesis concerning
the mechanism of protein cross-linking by NHS are
considered. NHS is the most often described as
reactive towards primary amines, but also reactions
with hydroxyl-containing amino acids have been
reported. During these reactions the amide bonds
are mainly created, but some authors suggest the
formation of ester bonds, which can be hydrolysed
in mild conditions [9].

RYS. 3. Wartosci ubytkow masy podczas analizy degradac;ji

in vitro dla materiatow kolagenowych.

FIG. 3. The values of weight loss during in vitro degradation

analysis of collagen materials.

FIG. 4 shows the swelling ratio of collagen
materials in PBS buffer. It was observed that the
swelling ratio was similar for materials cross-linked
using NHS over 2 and 8 hours, whereas the swell-
ing of collagen cross-linked over a longer time was
reduced.

Jak mozna zauwazy¢, poczatkowo proces degradac;ji
przebiega dos¢ szybko. Po 72 godzinach inkubaciji
w roztworze PBS wszystkie probki utracity powyze;j
20% poczatkowej masy. Jednak po tym czasie tempo
degradacji znaczaco spadto, a masa prébek ulegta
stopniowej stabilizacji. Uwage zwraca fakt, iz wraz %.

w

z wydtuzeniem czasu sieciowania materiatu ubytek 300 4
masy nieznacznie rosnie. Obecnie rozwazanych 600 |
jest kilka hipotez dotyczacych mechanizmu siecio- 400 |
wania przy uzyciu NHS. Zwykle przyjmuje sie, ze 200 |
N-hydroksyimid kwasu bursztynowego najchetniej 0

reaguje z pierwszorzedowymi aminami. Pojawiajg
sie jednak doniesienia mowigce takze o reakcji
NHS z aminokwasami zawierajgcymi ugrupowania

D sieciowanie /cross-linking 2h

05 1 2 3 4 24
czas inkubacji / time of incubation [h]

Bsieciowanie /cross-linking 8h D sieciowanie /cross-linking 24h

hydroksylowe. W efekcie pierwszej reakcji tworzone
sg wigzania amidowe, natomiast druga, jak sugerujg
niektdrzy autorzy, moze prowadzi¢ takze do powsta-
wania wigzan estrowych, ktére nawet w tagodnych
warunkach ulegajg hydrolizie [9].

Na RYS. 4 przedstawiono wartosci stopnia specznienia
zanotowane dla matryc kolagenowych w buforze PBS.
Zaobserwowano, ze wartosci stopnia specznienia sg zbli-
zone dla prébek sieciowanych przez 2 i 8 godzin, natomiast
pecznienie skafoldu sieciowanego przez dtuzszy czas jest
ograniczone.

Wbrew oczekiwaniom, wartos$¢ naprezenia zrywajgcego
badanych materiatéw maleje waz z wydtuzeniem czasu sie-
ciowania (RYS. 5). Podczas procesu neutralizacji tancuchy
kolagenu ulegaja pewnemu uporzadkowaniu. Tworzenie
nowych wigzan sieciujgcych moze zakiécaé te strukture,
a takze ogranicza mobilno$¢ makroczasteczek. To powoduje
sztywnienie materiatu oraz wzrost kruchosci. Probki mogg
sie stawac¢ heterogeniczne na poziomie czgsteczkowym,
co prowadzi do lokalnych koncentracji naprezen podczas
rozciggania. W rezultacie wytrzymato$¢ materiatu maleje.
Moze by¢ to takze efekt zmniejszenia srednich rozmiarow
poréw wraz z wydtuzeniem czasu sieciowania, a przez
to ograniczenia transportu wody do wnetrza materiatu.
Wiadomo, ze materiaty biatkowe bardzo czesto sg kruche
w stanie suchym i znacznie bardziej elastyczne gdy sg
mokre. Wszystkie probki przed pomiarem umieszczane byly
na 15 min w roztworze PBS i ulegaty lekkiemu specznieniu.
Poniewaz czasteczki wody odgrywaja role plastyfikujaca dla
materiatow biatkowych, w zwigzku z tym obnizenie zawar-
tosci wody w matrycy mogto skutkowa¢ pogorszeniem pa-
rametrow wytrzymatosciowych. Takze wartos¢ wzglednego
wydtuzenia przy zerwaniu ulegta zmniejszeniu po dtuzszych
czasach sieciowania kolagenu (RYS. 6).

RYS. 4. Stopien specznienia materialow kolagenowych w
buforze PBS.
FIG. 4. The swelling ratio (E,) of collagen materials in PBS buffer.

Surprisingly, the tensile strength of the materials de-
creases with a longer cross-linking time (FIG. 5). During
neutralization process the collagen chains undergo arrang-
ing. The creation of the new cross-linking bonds may disrupt
the structure and also the macromolecules mobility is limited.
This causes greater stiffness, heterogeneity of the material
and local stress concentration during stretching. As an effect
the mechanical parameters are reduced. This effect may be
also due to a decrease of the pore size after longer cross-
linking time and a limitation of water molecule transport.
It is well known, that protein materials very often are fragile
in a dry state and much more elastic when they are wet.
All samples, before testing, were placed for 15 min in a PBS
buffer whilst they were slightly swollen. Water molecules play
the role of plasticizer in protein materials and their lower
content in the structure results in weaker mechanical resist-
ance. Also the ultimate percentage elongation at breaking
point declines after a longer cross-linking time (FIG. 6.)

In FIG. 7, images of collagen materials after in vitro test-
ing are presented. MTT analysis showed that all samples
were well tolerated by the cells. The qualitative analysis of
color intensity resulting from MTT assay, led to the conclu-
sion that the collagen material cross-linked by NHS for 24
hours demonstrates the best properties as a surface for cell
growth. It is worth noticing, that the cells were distributed
on the surface of the material, but did not migrate into the
inner layer of the scaffolds. This is probably caused by the
lack of open pores on the surface, as it was seen on SEM
images of collagen samples.
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RYS. 5. Wartosci naprezenia zrywajacego (o,) dla
materialow kolagenowych sieciowanych NHS.
FIG. 5. The values of ultimate tensile strength at
breaking point (o,) of collagen materials cross-
linked by NHS.

RYS. 6. Wydtuzenie wzgledne przy zerwaniu (o,)
probek kolagenowych.

FIG. 6. The ultimate percentage elongation at
breaking point (g,) of collagen materials.

&) [5)

)

RYS. 7. Fotografie materialow kolagenowych sieciowanych przy uzyciu NHS przez a) 2 h, b) 8 h, c) 24 h

po tescie in vitro i analizie MTT.

FIG. 7. Photographs of the collagen scaffolds cross-linked by NHS during: a) 2 h, b) 8 h, c) 24 h after in vitro

test and MTT assay.

Na RYS. 7 przedstawiono zdjecia materiatéw kolage-
nowych po przeprowadzonym tescie hodowli komdrkowej
in vitro. Test MTT wykazat, ze wszystkie materiaty sg dobrze
tolerowane przez komorki. Jakosciowa analiza intensywno-
Sci koloru wynikajacego z przeprowadzonego testu MTT
pozwala stwierdzi¢, ze najlepszg powierzchnig dla wzrostu
komoérek charakteryzuje sie materiat kolagenowy siecio-
wany NHS przez 24 godziny. Nalezy jednak zauwazyé¢, ze
komorki rozmieszczone byly rownomiernie na powierzchni
materiatu, lecz nie zaobserwowano ich w gtebi. Brak mi-
gracji komoérek oraz medium do wnetrza skafoldu wynika
najprawdopodobniej z braku wystepowania otwartych poréw
w warstwie wierzchniej materiatu. Potwierdzajg to zdjecia
SEM powierzchni probek kolagenowych.

Conclusions

Our method allows to obtain porous, three-dimensional
collagen scaffolds. The cross-linking of the materials by
N-hydroxysuccinimide influences their properties. The aver-
age pore size, swelling degree and surprisingly, mechanical
properties decrease with a longer cross-linking time. Also
the resistance to in vitro degradation slightly decreases with
the longer time of immersing by NHS solution. All samples
are well tolerated by the cells. It is worth noticing that the
surface material was closed, without pores and cells could
not migrate into the structure of the scaffolds. However, we
suppose that this technique may be used to close cells dur-
ing preparation into the scaffold and protect them from the
environment in the initial period after implantation.

Z ommm® 0 00000 0000000000000 0000000000000000000000

L



Whioski

Zastosowana metoda pozwolita otrzyma¢ porowate,
tréjwymiarowe matryce kolagenowe. Sieciowanie przy
uzyciu N-hydroksyimidu kwasu bursztynowego wptywa na
wiasciwosci tych materiatéw. Sredni rozmiar poréw, stopien
specznienia oraz, co zaskakujace, takze wytrzymatosc¢ na
zerwanie malejg wraz z wydtuzeniem czasu sieciowania.
Takze odpornos¢ na degradacije in vitro maleje po dtuzszym
sieciowaniu. Wszystkie probki byty dobrze tolerowane
przez fibroblasty mysie 3T3. Na uwage zastuguje fakt, ze
powierzchnia materiatu byta zamknieta, pozbawiona porow,
co uniemozliwito komérkom wnikanie do wnetrza skafoldu.
Z drugiej jednak strony, wydaje sie, ze zastosowana metoda
otrzymywania materiatow kolagenowych moze pozwoli¢ na
zamkniecie komoérek w ich wnetrzu i zabezpieczy¢ przed
wptywem srodowiska w pierwszym okresie po implantacji.
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Streszczenie

Ceramika wapniowo-fosforanowa w formie poro-
watego rusztowania na bazie biodegradowalnego
biopolimeru jest materiatem powszechnie stosowanym
Jako wypetniacz ubytkow tkanki kostnej w ortopedii
i stomatologii. Chitozan, ze wzgledu na swoje cha-
rakterystyczne wtasciwosci takie jak: podobienstwo
strukturalne do glikozaminoglikanéw (GAG) macierzy
pozakomorkowej tkanki kostnej, brak toksycznosci,
szybka biodegradacja, podatnos¢ na chemiczng
i enzymatycznq modyfikacje, stymulacja adhezji i pro-
liferacji komorek oraz osteoinduktywno$c, jest czesto
stosowany w inzynierii tkankowej kosci jako sktadnik
kompozytow. W niniejszej pracy, okre$lono parame-
try strukturalne i mechaniczne oraz cytotoksycznos$c¢
2 typéw kompozytéw na bazie chitozanu (chitozan-HA
BIOCER oraz chitozan-HT BIOCER). Testy in vitro
przeprowadzono z wykorzystaniem linii komoérkowej
hFOB 1.19 (ludzkie ptodowe osteoblasty). Cytotok-
syczno$¢ ekstraktow z kompozytéw oznaczono za
pomoca testu LDH. Wyniki badan wyrazZnie wskazujg,
ze wyprodukowane kompozyty na bazie krylowego
chitozanu wykazujg dobre parametry strukturalne
i mechaniczne o duzej zgodnosci z tkankami, sg nie-
toksyczne i przez to sq obiecujgcym materiatem do
stosowania w inzynierii tkankowej koSci.

Stowa kluczowe: chitozan, rusztowanie, struktura,
modut Younga, cytotoksycznos¢

[Inzynieria Biomateriatow 114 (2012) 52-58]

Wstep

Ceramika wapniowo-fosforanowa (gtéwnie HAp, TCP)
w formie porowatego rusztowania, czesto kompozytu na
bazie biodegradowalnego biopolimeru, ze wzgledu na
biozgodnos¢ jest materiatem szeroko stosowanym jako
wypetniacz ubytkow tkanki kostnej w ortopedii i stomatologii
[1-3]. Chitozan ze wzgledu na swoje wasciwosci biologicz-
ne zdaje sie by¢ idealnym biopolimerowym sktadnikiem
kompozytéw do stosowania w inzynierii tkankowej kosci.
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Abstract

Calcium phosphate ceramics in the form of bio-
degradable biopolymer-based, porous scaffolds are
widely used as bone defect filler in dentistry and
orthopedics. Chitosan is often applied in bone tissue
engineering as a component of composites because of
its characteristic properties such as structural similarity
to glycosaminoglycans (GAG) of bone extracellular
matrix, nontoxicity, rapid biodegradation, prone to
chemical and enzymatic modification, stimulation of
cell adhesion and proliferation and osteoinduction.
In this work, the structure, mechanical properties and
cytotoxicity of 2 types of chitosan-based composites
(chitosan-HA BIOCER and chitosan-HT BIOCER)
were evaluated. In vitro cell culture tests were carried
out using hFOB 1.19 cell line (human fetal osteoblast
cells). The cytotoxicity of scaffolds extracts was esti-
mated by LDH test. Our studies clearly indicate that
created krill chitosan-based composites show good
structural and mechanical properties with good com-
patibility with human tissues. Furthermore, produced
composites are nontoxic and thus are promising ma-
terials for bone tissue engineering application.

Keywords: chitosan, scaffold, structure, Young’s
modulus, cytotoxicity

[Engineering of Biomaterials 114 (2012) 52-58]

Introduction

Calcium phosphate ceramics (mainly HAp, TCP) in the
form of porous scaffolds, often biodegradable biopolymer-
based composites, are widely used as bone defect filler in
dentistry and orthopedics according to its biocompatibility
[1-3]. Chitosan, because of its biological properties, ap-
pears to be an ideal biopolymer component of composite for
bone tissue engineering applications. Chitosan is a natural
polysaccharide — partially N-deacetylated derivative of
chitin that derives mainly from exoskeleton of crustaceans
[4,5]. This polysaccharide is often applied in regenerative
medicine because of its characteristic properties such as
nontoxicity, rapid biodegradation, prone to chemical and
enzymatic modification, stimulation of cell adhesion and
proliferation and osteoinduction [6].



Chitozan jest to naturalny polisacharyd, bedacy cze$ciowo
N-zdeacetylowang pochodng chityny, pochodzaca gtéwnie
z egzoszkieletu skorupiakéw [4,5]. Polisacharyd ten jest
czesto stosowany w medycynie regeneracyjnej ze wzgledu
na swoje charakterystyczne wtasciwosci takie jak: brak tok-
sycznosci, szybka biodegradacja, podatno$¢ na chemiczng
i enzymatyczng modyfikacje, stymulacja adhezji i proliferac;ji
komérek oraz osteoinduktywnos$¢ [6].

Celem inzynierii tkankowej jest stworzenie biodegrado-
walnego, porowatego, tréjwymiarowego rusztowania, ktére
miatoby zdolno$¢ wspierania, wzmachniania i organizowania
regenerujacej sie tkanki [7]. W organizmie komorki otoczone
sq przez macierz pozakomoérkowg (ECM), ktéra nie tylko
petni funkcje fizycznej podpory, ale rowniez reguluje procesy
proliferacji i r6znicowania komérek. Dlatego wazne jest,
aby stworzy¢ rusztowanie 3D majace zdolnosé zaréwno
podtrzymywania rekonstrukcji tkanki in vitro, jak i posred-
niczenia w regenerac;ji tkanki in vivo [8,9]. Ze wzgledu na
swoje podobienstwo strukturalne do glikozaminoglikanéw
(GAG) macierzy pozakomoérkowej tkanki kostnej, chitozan
jest czesto stosowany w inzynierii tkankowej kosci jako
skfadnik kompozytu na bazie ceramiki wapniowo-fosfora-
nowej [10,11].

Implanty (rusztowania) powinny charakteryzowac sie
optymalng porowatoscig, modutem sprezystosci oraz
odpowiednimi wtasciwosciami mechanicznymi, co jest
bardzo istotnym zagadnieniem w inzynierii biomateriatow,
zwlaszcza materiatéw stosowanych w chirurgii kostnej czy
w inzynierii tkankowej [12,13]. Z punktu widzenie integracji
implantu z koscig korzystne jest gdy materiat posiada pory
otwarte o wielkos$ci odpowiadajacej strukturom kostnym (50-
450 pym), a porowatos¢ i modut Younga dostosowane sg do
miejsca implantacji [14] (np. kos¢ korowa lub gabczasta).
Taka mikrostruktura umozliwia wrastanie tkanek w zaimplan-
towany biomateriat, a przez to uzyskuje sie dobre potaczenie
implant-tkanka, co rowniez zapewnia odpowiednig wytrzy-
matos$¢ zmeczeniowg implantu i potaczenia [15].

Celem niniejszej pracy bylo stworzenie porowatego
kompozytu na bazie chitozanu oraz okreslenie jego cech
strukturalnych oraz modutu Younga. Ponadto, oznaczono
cytotoksycznos¢ nowych materiatdw kompozytowych z
wykorzystaniem linii komérkowej prawidtowych ludzkich
osteoblastow.

Materialy i metody

Wyprodukowano dwa rodzaje rusztowania z wykorzy-
staniem wielkoczasteczkowego chitozanu (1174 kDa i 73%
stopien deacetylaciji) oraz dwoch typdw ceramiki wapniowo-
fosforanowe;j:

- granul HAp (granule HA BIOCER, @ 0,5-1,6 mm) — kom-
pozyt chitozan-HA BIOCER

- mieszanki granul HAp/TCP (granule HT BIOCER, ® 0,5-
1,6 mm) — kompozyt chitozan-HT BIOCER.
Wielkoczgsteczkowy krylowy chitozan zostat uzyskany dzie-
ki uprzejmosci dr Anny Wojtasz-Pajak z Morskiego Instytutu
Rybackiego w Gdyni. Granule HABIOCER oraz HT BIOCER
uzyskano dzigki uprzejmosci Prezesa firmy Chema Elektro-
met Spotdzielnia Pracy Rzeszéw Jarostawa Proniewskiego.
Chitozan rozpuszczano przez 3 godziny w kwasie octowym
w celu uzyskania klarownego roztworu chitozanu. Nastepnie
do roztworu chitozanu dodano granule HABIOCER lub HT
BIOCER (80% wag.), a otrzymana homogeniczna pasta
zostata uformowana w cylindrycznym pojemniku o srednicy
15 mm. Otrzymane probki o dtugosci 15 mm zzelowano w
roztworze NaOH, a nastepnie przeptukano w wodzie desty-
lowanej i pozostawiono do wysuszenia na 48 godzin.

The goal of tissue engineering is to create biodegrad-
able, porous, three-dimensional scaffold that is capable to
support, reinforce and organize the regenerating tissue [7].
In the body, cells are surrounded by extracellular matrix
(ECM) that not only takes the role of physical support but
also regulates cell proliferation and differentiation processes.
Thus, it is important to create the 3D scaffold that is able to
sustain in vitro tissue reconstruction as well as to mediate
in tissue regeneration in vivo [8,9]. Chitosan, because of its
structural similarity to glycosaminoglycans (GAG) of bone
extracellular matrix, is often applied in bone tissue engineer-
ing as a component of calcium phosphate ceramics-based
composite [10,11].

Implants (scaffolds) should be of optimum poros-
ity, elasticity and suitable mechanical properties, which is
a very important issue in biomaterials engineering, espe-
cially materials used in surgery and bone tissue engineering
[12,13]. Integration of implant with the bone is beneficial
when the porosity of the material is open type and about
the size of the corresponding bone structure (50-450 pm)
and the porosity and elasticity are adjusted to the place
of implantation [14] (e.g. cortical or trabecular bone). This
facilitates to ingrow tissues into implanted biomaterial which
allows for good connection of implant-tissue, which also
provides the appropriate fatigue strength of implant and
the connection [15].

The aim of this work was to produce porous chitosan-
based composites and evaluate their structural and me-
chanical properties such as Young's modulus. Moreover,
the cytotoxicity of the novel composites was assessed using
normal human osteoblast cell line.

Materials and Methods

Two types of scaffolds were produced using high mo-
lecular weight chitosan (1174 kDa and 73% deacetylated)
and two types of calcium phosphate ceramics:

- HAp granules (HA BIOCER granules, ® 0.5-1.6 mm)
- chitosan-HA BIOCER composite

— mix of HAp/TCP granules (HT BIOCER granules, ® 0.5-
1.6 mm) - chitosan-HT BIOCER composite.

High molecular weight krill chitosan was kindly obtained
from dr Anna Wojtasz-Pajak from National Marine Fisher-
ies Research Institute in Gdynia. HA Biocer and HT Biocer
granules were obtained by courtesy of President of Chema
Elektromet Spotdzielnia Pracy Rzeszéow Jarostaw Pro-
niewski. Chitosan was dissolved for 3 hours in acetic acid
solution to obtain clear chitosan solution. Then HABIOCER
or HT BIOCER granules were added into chitosan solution
(80 wt%) and obtained homogenous paste was pressed
into cylinder mould of 15 mm diameter. Prepared samples
of length 15 mm were then gelled in NaOH solution to form
cylinder-shaped scaffolds, washed in distilled water and left
to air dry for 48 hours.

Characterization of HA BIOCER and HT BIOCER gran-
ules size distribution was based on an image analysis using
the Image-Pro Plus software (Media Cybernetics Inc., USA).
Measurements of the mean diameter of grains (average
length of diameters measured at 2 degree intervals passing
through the object’s centroid) and their shape were carried
out. Also the classification of the grain size was made. The
shape of the granules was assessed in two parameters:

- Aspect — ratio between major and minor axis of ellipse,
equivalent to the object,

— Roundness = perimeter?/4mearea, value of 1 means
circle.
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wykorzystujac oprogramowanie Image-Pro Plus (Media
Cybernetics Inc., USA). Wykonano pomiary $redniej $red-
nicy ($rednia dtugosc¢ cieciw przechodzacych przez srodek
ciezkosci poprowadzonych co 2°) i ksztattu ziaren oraz
klasyfikacji ich wielkosci. Ksztalt granul oceniono dwoma
parametrami:

- Aspect — stosunek dtugosci wielkiej i matej osi elipsy
opisanej na obiekcie,

- Roundness = obwod?/4mepowierzchnia, warto$¢ 1 oznacza
ksztatt okragty.

Struktura otrzymanych rusztowan kompozytowych zostata
scharakteryzowana z wykorzystaniem tomografii komputero-
wej Skyscan 1174 wraz z dedykowanym oprogramowaniem
(Skyscan, N.V., Belgia). Podczas skanowania prébka byta
obracana w zakresie katowym 0°+180° z krokiem 0,7°. Po
kazdym kroku obrotu urzadzenie wykonywato 4 zdjecia w
celu usrednienia poziomu ekspozycji, tacznie uzyskano 264
fotografii. Zastosowano réwniez przypadkowe przemieszcza-
nie probki dla kazdej projekcji w celu eliminacji artefaktow.
Obrazy zostaty nastepnie zrekonstruowane do przekrojow
poprzecznych z zastosowaniem oprogramowania NRecon
(Skyscan N.V., Belgia). Po rekonstrukcji uzyskano zestaw
650 obrazéw o izotropowej wielkosci voxela na poziomie
18,3 um w kazdej osi. Zestaw ten byt nastepnie poddany
obrébce, polegajacej na poprawie kontrastu i jasnosci,
a nastepnie zastosowano filtr ,Edge-" w celu ujednorodnienia
jasnosci obrazu a nastepnie poprawiono krawedzie ziaren
filtrem Open (Image-Pro Plus). Tak przygotowany zestaw
analizowany byt przy uzyciu oprogramowania CTAn (po-
rowatos$¢ i cechy strukturalne) oraz dodatkowo dokonano
wizualizacji 3D programem CTVol (Skyscan N.V., Belgia),
przy czym obszar ROI (,0bszar zainteresowan”) o srednicy
12,5 mm i dtugosci 9 mm ustalono w srodkowej czesci probki.
Rezultatem analizy wykonanej na podstawie mikrotomografii
byly dane dotyczace porowatosci (otwarta, zamknieta i cat-
kowita) oraz wielkosci i ksztattu poréw.

Do zobrazowania mikrostruktury wytworzonych ruszto-
wanh kompozytowych zastosowano rowniez mikroskopie
skaningowg SEM (Zeiss ULTRA plus).

Ocene wartosci modutu Younga wykonano na podstawie
pomiardw czasow przejscia fali ultradzwiekowej z doktad-
noscig + 0,1 us, wykorzystujac probnik materiatéw MT-541
(UNIPAN) i gtowice o czestotliwosci 1 MHz. Wymiary
probki (srednica 15 mm i dlugos$¢ 15 mm) spetniajg zato-
Zenia nieograniczonego ciata izotropowego (h/A=12,5>>1).
Ze wzgledu na duzg porowatos¢ materiatu badawczego
(ok. 30%) i zwigzane z tym silne ttumienie fali ultradzwie-
kowej, modut Younga E wyznaczono z réwnania (1), przy
zatozeniu izotropowosci materiatu oraz wartosci liczby
Poisona v=0,26 [16]:

EZPICS-("JFZI)E"V_)ZV) )

gdzie: p — gestos¢ badanego materiatu, C, — predkos¢ fali
w badanym osrodku.

Cytotoksycznos$¢ kompozytéw oszacowano metoda po-
Srednig za pomoca ptynnych ekstraktéw z zastosowaniem
linii komdrkowej prawidtowych ludzkich ptodowych osteo-
blastéow (hFOB 1.19) pozyskanej z banku komdrek ATCC
(American Type Culture Collection, England, UK). W celu
uzyskania ekstraktow, cylindryczne kompozyty zostaty po-
ciete na krazki oraz umieszczone w petnym podfozu hodow-
lanym w stosunku 0,1 g probki/ml podtoza na 24 godziny w
temperaturze 37°C (ISO 10993-5) [17]. Kontrole negatywng
cytotoksycznosci stanowito podfoze hodowlane inkubowane
w takich samych warunkach, ale bez biomateriatoéw. Kontrole
pozytywna cytotoksycznosci stanowit 0,1% roztwér fenolu.

The structure was characterized with the use of computer
tomography (Skyscan 1174, Belgium), along with dedicated
software control. The sample was rotated in the range
0°+180° with 0.7° step during the scan. After each step of
the rotation, the device made 4 images in order to average
level of exposure, 264 images were obtained. The random
movement of samples for each projection was also used
in order to eliminate the artifacts. The images were then
reconstructed into cross-sections using NRecon software
(Skyscan N.V., Belgium). After reconstruction, a set of 650
images with the isotropic voxel size of 18.3 ym in each
axis was obtained. The set was then treated to improve the
contrast and brightness, then the filter "Edge-" was used
for the homogenization of the brightness of image and the
grains edges were corrected with the “Open” filter (Image-
Pro Plus). The set of prepared images was analyzed using
CTAn software (porosity and structural characteristics),
additionally visualization with CTVol 3D software (Skyscan
N.V., Belgium) was performed. The area of the ROI (region
of interest) with a diameter of 12.5 mm and a length of 9 mm
was set in the center part of the sample. The data on the
porosity (open, closed and total), the size and shape of the
pores were the results of the microtomography analysis.

Scanning electron microscopy was also applied to depict
composite scaffolds (Zeiss ULTRA plus).

The Young’s modulus value was assessed on the basis
of measurements the time of ultrasonic wave transition with
an accuracy of 0.1 ps, using device MT-541 (UNIPAN) and
the heads of the frequency of 1 MHz. Dimensions of the
sample (diameter of 15 mm and a length of 15 mm) meet
the assumptions of infinite isotropic body (h/A=12.5>>1). Due
to the high porosity of the tested material (about 30%) and
strong insulation of the ultrasonic wavelength, modulus (E)
was calculated from the equation (1), assuming the isotropic
properties of material and the Poisson’s ratio v=0.26 [16]:
E:p-Cf-(1+v)(1_2v) o

(1-v)

where p is the density and C, is the speed of the wave in
the tested material.

The cytotoxicity of composites was estimated indirectly
by means of fluid extracts using normal human fetal oste-
oblast cell line (hFOB 1.19) obtained from ATCC (American
Type Culture Collection, England, UK). To obtain extracts,
cylinder-shaped composites were cut into discs and im-
mersed in a fresh growth medium for 24 hours at 37°C (ISO
10993-5) [17]. The ratio between the sample weight and
the volume of the extraction vehicle was 0.1 g/ml. Culture
medium incubated in the same conditions but with no test
material served as negative control of cytotoxicity. 0.1%
phenol solution served as positive control of cytotoxicity.
The lactate dehydrogenase (LDH) cytotoxicity test was
performed to estimate cytotoxicity effect of biomaterials
extracts on hFOB 1.19 cell after 24, 48 and 72-hour expo-
sure. LDH test is a very sensitive method that allows for
membrane integrity assessment via measurement of the
amount of cytoplasmic LDH released into the medium by
cells with damaged plasmatic membrane [18]. To assess
cytotoxicity, cells were seeded in flat bottom 96-multiwell
plates in 100 yl complete culture medium at a concentration
of 1.5 x 10° cell/ml. After 24-hour incubation at 34°C, the
growth medium was replaced with 100 pl of the appropri-
ate extracts and 100 pl of 0.1% phenol solution. After 24,
48 and 72 hours of incubation, LDH test was performed
to evaluate extract cytotoxicity. Briefly, 50 pl of the culture
medium was transferred into corresponding wells of new
96-multiwell plate. Then, 100 pl of the LDH mixture (Sigma-
Aldrich) was added to each sample transferred for testing.



RYS. 1. Obrazowanie SEM rusztowan: a) chitozan-HA BIOCER, b) chitozan-HT BIOCER, c) przekréj modelu

wirtualnego.

FIG. 1. SEM imaging of produced scaffolds: a) chitosan-HA BIOCER, b) chitosan-HA BIOCER, c) cross section

of CT virtual model.

Test oparty o aktywnos¢ dehydrogenazy mleczanowej (LDH)
wykonano po 24, 48 i 72-godzinnej inkubacji z ekstraktami
w celu oznaczenia cytotoksycznego wptywu ekstraktow
z biomateriatéw na komoérki hFOB 1.19. Test LDH jest bar-
dzo czutg metoda, ktéra pozwala na ocene integralnosci
btony komérkowej poprzez pomiar ilosci cytoplazmatycznej
LDH uwolnionej do podtoza hodowlanego przez komorki
z uszkodzong btong plazmatyczng [18]. W celu oznaczenia
cytotoksycznosci, zawiesing komoérek doprowadzano do
gestosci 1,5 x 10% kom./ml i rozlewano po 100 pl do dotkéw
w ptytce 96-dotkowej z ptaskim dnem. Po 24 godz. inkubacji
w temp. 34°C delikatnie Sciggano ptyn hodowlany i dodawa-
no po 100 pl/dotek odpowiednich ekstraktéw z materiatéw
oraz 100 pl 0,1% roztworu fenolu — kontrola pozytywna cyto-
toksycznosci. Po 24, 48 i 72 godzinach inkubacji wykonano
test LDH w celu oznaczenia cytotoksycznosci. W skrocie,
50 pl ptynu hodowlanego przeniesiono do odpowiadajacych
dotkéw w nowej plytce 96-dotkowej. Nastepnie do kazdej
probki przeniesionej do testow, dodano po 100 ul mieszanki
LDH (Sigma-Aldrich). Ptytke chroniono przed swiattem
i inkubowano przez 30 minut w temperaturze pokojowej, po
czym odczytano absorbancje przy dtugosci fali 490 nm za
pomocg czytnika do mikroptytek (Biotek ELx50). Absorban-
cje tta zmierzono przy dtugosci fali 650 nm.

Wyniki testu LDH wyrazono jako procent kontroli oraz
przedstawiono jako wartosci srednie + odchylenie standar-
dowe (odch. st.). W celu oceny statystycznych réznic po-
miedzy poszczegolnymi grupami wykonano unpaired t-test.
Istotnos¢ statystyczna byta rozpatrywana przy prawdopo-
dobienstwie P < 0,05 i zaznaczona na wykresie za pomocg
gwiazdek (GraphPad Prism 5, Version 5.03 Software).

Wyniki i dyskusja

Na RYS. 1 przedstawiono obrazy SEM otrzymanych
rusztowan kompozytowych oraz wirtualny model uzyskany
z tomografii komputerowej. Widoczne jest wystepowanie
pojedynczych ziaren i klastréw oraz sieci poréw otwartych
o nieregularnej geometrii i zréznicowanych rozmiarach.

Charakterystyka granul wykonana w oparciu o analize
obrazu przedstawiona zostata na RYS. 2 oraz w TABELI 1.
Najwigkszy udziat majg granule z przedziatu 0,5+0,75 mm
dla kompozytu chitozan-HA BIOCER i ok. 1 mm dla kompo-
zytu chitozan-HT BIOCER. Granule HA BIOCER charakte-
ryzujg sie duzg jednorodnoscig, odwrotnie niz HT BIOCER,
gdzie obserwuje sig rozne rozmiary ziaren. Ziarna majg w
wiekszosci przypadkow ksztalt wielosciandw o wydtuzone;j
jednej z osi, co potwierdzajg wartosci parametrow Aspect
i Roundness, przy czym wartosci deformacji ksztattu w oby-
dwu przypadkach badanych materiatéw sg zblizone.
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RYS. 2. Histogram rozktadu wielkosci granul
HA BIOCER i HT BIOCER.

FIG. 2. Granules size distribution histogram for
HA BIOCER and HT BIOCER.

Plate was protected from light and incubated at room tem-
perature for 30 minutes and the absorbance was measured
at 490 nm, with reference wavelength of 650 nm using
microplate reader (Biotek ELx50).

The LDH test results were expressed as the percent-
age of the control and reported as mean values + standard
deviation (SD). The unpaired t-test was performed to evalu-
ate statistical differences among groups by two population
comparison. Statistical significance was considered at
a probability P < 0.05 and marked by asterisks in the figure
(GraphPad Prism 5, Version 5.03 Software).

Results and Discussion

FIG. 1. shows images of the composite scaffolds obtained
by SEM and also a virtual model derived from tomography.
There is a visible presence of individual grains, clusters and
networks of open pores of irregularly geometry and sizes.

Granules characteristics made on the basis of an image
analysis is shown in FIG. 2 and TABLE 1. The largest part
in the range of 0.5 to 0.75 mm was observed for chitosan-
HA BIOCER composite and about 1 mm for chitosan-
HT BIOCER composite. The HABIOCER granules are char-
acterized by a large homogeneity, compared to HT BIOCER
granules, where different sizes of grains were observed.
In the most cases grains had the shape of polyhedron with
elongated one of the axis, which affirm the values of Aspect
and Roundness parameters; shape deformation values for
both tested materials are approximated.
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TABELA 1. Charakterystyka wielkosciowa granul (+ odch. st.).
TABLE 1. Size characteristics of granules (+SD).

Materiat Sr. érgdnica
Material avg. diameter Roundness
[mm]
HA BIOCER 0.68 +0.29 1.41 £0.33 1.20 £0.18
| HT BIOCER 0.95 +0.34 1.40 +0.33 1.22 +0.18 |

TABELA 2. Porowatos¢ i charakterystyka poréw w badanych materiatach (wartosci srednie).
TABLE 2. Porosity and characteristic of pores in tested materials (average values).

Porowatos¢ +odch. st. Charakterystyka porow +odch. st.

Porosity +SD [%]

Characteristics of pores +SD

kompozyt $r Sredni
composite otwarta zamknieta catkowita ok srg fica
avg. diameter Aspect Roundness
open closed total
[um]
chitosan-
HA BIOCER 9.7 £5.2 245 £3.5 319121 426 +51 2.23 £0.11 5.45 £0.83
chitosan-
I HT BIOCER 7.4 £3.6 22.3+2.6 28.1+1.9 446 +60 2.23 +0.13 5.09 +0.89 I
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FIG. 4. Distribution of mean diameter, Aspect and Roundness of pores for composite: a) chitosan-HA BIOCER,
b) chitosan-HT BIOCER.
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Porowatos¢ obydwu badanych materiatbw miata war-
tos¢ ok. 30% z przewagq poréw zamknietych (RYS. 3 i 4,
TABELA 2). Udziat poréw otwartych oscylowat w granicach
5+10%. Probki miaty niemal statg porowatos$¢ na catej
dtugosci, wykazujac niewielki wzrost porowatosci w gornej
czesci spowodowany technologig produkcji. Srednig $red-
nice poréw oceniono na poziomie 426 ym dla biomateriatu
chitozan-HABIOCER i 446 ym dla biomateriatu chitozan-HT
BIOCER z rozrzutem odpowiednio 51 i 60 um (TABELA 2).
Ksztatt porow byt bardzo nieregularny, o czym swiadczg
wartosci parametrow Aspect i Roundness, odpowiednio
2,23 i 5,45 dla kompozytu chitozan-HA BIOCER oraz 2,23
i 5,09 dla kompozytu chitozan-HT BIOCER, przy czym
warto$¢ odchylenia standardowego wynosita od 4,9% do
17,6% wartosci $redniej.

Uzyskana porowato$c¢ rusztowan jest zblizona do poro-
watosci kosci, a modyfikujac proces wytwarzania mozna
uzyskaé porowatos¢ dostosowang do konkretnych wyma-
gan. Wartosci te sg dobrze skorelowane z wartoscig modutu
Younga, ktéra wynosita:

- chitozan-HA BIOCER: E=1,38 GPa, odch.st. 0,06 GPa
- chitozan-HT BIOCER: E=1,22 GPa, odch.st. 0,15 GPa.

Wysoka porowatos$¢ (30%) powoduje ostabienie kontak-
tu pomiedzy granulami, co przektada sie na zmniejszenie
sprezystosci rusztowania. Stad otrzymane niskie wartosci
modutu Younga, jednakze zblizone do modutu dla kosci
gabczastej (0,18-0,33 GPa) [19]. Zmniejszenie porowatosci
moze w znacznym stopniu podwyzszy¢ modut Younga az
do wartosci uzyskiwanej dla kosci zbitej (17-19 GPa) [20].
Wskazane jest zatem kontynuowanie badan wtasciwosci
mechanicznych w powigzaniu ze strukturg i porowatoscig
kompozytéw na bazie chitozanu w celu uzyskania wysokiej
zgodnosci strukturalno — mechanicznej z tkankami.

Wyniki testu LDH na oznaczenie cytotoksycznosci jedno-
znacznie wykazaty, ze kompozyty chitozan-HA BIOCER oraz
chitozan-HT BIOCER nie wywieraja toksycznego wptywu w
stosunku do komorek linii hFOB 1.19. llo$¢ LDH uwolnionej
do podtoza hodowlanego jest bliska 100% w poréwnaniu
do kontroli przez caty czas trwania doswiadczenia (RYS. 5).

Porosity of both materials had the value of about 30% with
a predominance of closed pore (FIG. 3 and 4, TABLE 2). The
amount of open pores was in range 5+10%. The samples
had almost constant porosity on the entire length, showing
a small increase of porosity in the upper part, caused by
the technology of production. Average pore diameter was
estimated at 426 ym for chitosan-HA BIOCER biomate-
rial and 446 um for chitosan-HT BIOCER biomaterial with
the standard deviation of 51 ym and 60 um respectively
(TABLE 2). The shape of the pores was very irregular, which
provide the values of Roundness and Aspect parameters
respectively 2.23 and 5.45 for chitosan-HA BIOCER and
2.23 and 5.09 for chitosan-HT BIOCER, and the value of
the standard deviation was in the range from 4.9% to 17.6%
of the mean value.

Obtained value of scaffold’s porosity is similar to bone
porosity. It is possible to modify the porosity to the specific
requirements by manufacturing process. These values are
well correlated with the value of the Young’s modulus,
which was:

- chitosan-HA BIOCER: E = 1.38 GPa, SD 0.06 GPa
- chitosan-HT BIOCER: E = 1.22 GPa, SD 0.15 GPa.

High porosity (30%) provokes a weakening of the con-
tact between the granules, thus reducing the elasticity of
scaffolds. Hence the low values of the Young's modulus,
however, received close to the modulus for the trabecular
bone (0.18-0.33 GPa) [19]. Reduction of porosity can sub-
stantially increase the modulus up to a value obtained for
cortical bone (17-19 GPa) [20]. It is therefore necessary to
continue the research of mechanical properties in conjunc-
tion with the structure and porosity composites based on
chitosan in order to obtain high structural — mechanical
compatibility with tissues.

The cytotoxicity LDH test results clearly indicate that chi-
tosan-HA BIOCER and chitosan-HT BIOCER composites do
not exert toxic effect on hFOB 1.19 cells. The amount of LDH
released to the culture medium is near 100% compared to the
control throughout the full length of the experiment (FIG. 5).

LDH test

600 m2ah *
mash

500 72h

400 *

300

200

0

control

% of control I % kontroli

chitosan-HA chitosan-HT
BIOCER BIOCER

0,1% phenol

RYS. 5. Okreslenie cytotoksycznosci ekstraktow
z testowanych kompozytéw za pomoca testu
LDH. Wyniki wyrazono jako wartosci srednie
* odch. st. Istotnos¢ statystyczna byta rozpatry-
wana przy prawdopodobienstwie P < 0,05 i ozna-
czona na wykresie za pomocga gwiazdek.

FIG. 5. Cytotoxicity evaluation of tested compos-
ites extracts by means of LDH test. The results
were expressed as the mean values * SD. Statisti-
cal significance was considered at a probability
P < 0.05 and marked by asterisks in the figure.

Jedynie po 24 godzinach inkubacji z ekstraktem z materiatu
chitozan-HABIOCER, ilo$¢ LDH uwolnionej do podtoza obni-
zyta sie do okoto 90% w poréwnaniu do kontroli, jednak wynik
ten nie byt istotny statystycznie. Uzyskane przez nas wyniki
sg zgodne z obserwacjami prezentowanymi przez innych ba-
daczy. Mecwan i wsp. udowodnili, ze chitozan wykazuje duzg,
biokompatybilno$¢ w stosunku do komorek linii ludzkiego
kostniakomigsaka (Saos-2) [4]. Chun i wsp. wykazali, ze po-
rowate rusztowanie na bazie chitozanu jest biokompatybilne i
wspomaga wzrost pierwotnej linii ludzkich fibroblastow skory
(HDFs) [9]. Natomiast Malafaya i wsp. wykazali, ze ekstrakt
z chitozanowego rusztowania nie wywiera toksycznego
wplywu w stosunku do komarek linii fibroblastow (L929) [8].

After 24 hour of incubation with the chitosan-HA BIOCER
extract, the amount of LDH released to the medium was
decreased to approximately 90% compared to the control,
but the result was not statistically significant. Our results
are in agreement with observations presented by other re-
searchers. Mecwan et al. proved that chitosan shows great
biocompatibility when tested on human osteosarcoma cell
line (Saos-2) [4]. Chun et al. revealed that porous, chitosan-
based scaffold is biocompatible and supports the growth
of primary human dermal fibroblasts (HDFs) [9]. Whereas
Malafaya et al. showed that chitosan-based scaffold extract
does not exert toxic effect on fibroblast cell line (L929) [8].
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Jednakze w innej swojej pracy, Malafaya i Reis udowodnili,
ze rusztowanie na bazie chitozanu wyprodukowane z nie-
spieczonego HAp wywotuje toksyczny efekt w stosunku do
komorek linii L929, co jest spowodowane sorpcjg kationdw
dwuwartosciowych z podtoza hodowlanego, ktore sg nie-
zbedne do adhezji i prawidtowego funkcjonowania komorek.
Co interesujace, to samo rusztowanie wyprodukowane ze
spieczonego HAp nie powoduje sorpcji jondw i nie wykazuje
toksycznego efektu [11].

Whioski

Podsumowujac, na podstawie uzyskanych wynikow
mozna wysnuc¢ wniosek, ze wyprodukowane kompozyty na
bazie krylowego chitozanu wykazujg duze podobienstwo
strukturalne i mechaniczne do tkanek organizmu ludzkiego,
sg nietoksyczne i przez to sg obiecujagcym materiatem do
stosowania w inzynierii tkankowej ko$ci.
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However, another Malafaya and Reis’s report proved that
chitosan-based scaffold produced with unsintered HAp
shows toxic effect on L929 cells, what is provoked by sorp-
tion of divalent cations from the growth medium, which are
necessary for proper cell adhesion and functions. What is
interesting, the same chitosan-based scaffold but produced
with sintered HAp does not cause sorption of the ions and
does not show toxic effect [11].

Conclusions

In summary, basing on the obtained results, it can be con-
cluded that created krill chitosan-based composites exhibit
large structural and mechanical similarity to the tissues of
the human body, are non-toxic and are promising material
for bone tissue engineering application.
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Streszczenie

Powszechnie wiadomo, Ze reaktywne jonowo
biomateriaty indukujg rézne interakcje z otaczajgcym
Srodowiskiem, powodujgc zmiany stezenia jonow,
zwtaszcza kluczowych jonow takich jak wapn, magnez
i fosfor, co moze wptywac na metabolizm i zywotnos¢
komorek.

Gtéwnym skfadnikiem czesci mineralnej kosci
i zebow jest hydroksyapatyt (HAp) (Ca,o(PO,)s(OH),).
W celu polepszenia wiasnosci mechanicznych oraz
poreczno$ci chirurgicznej hydroksyapatytu mozna po-
faczy¢ go z dodatkowym komponentem organicznym
np. polisacharydowym.

W niniejszej pracy oznaczano reaktywno$c¢ jono-
waq oraz cytotoksycznos$c 2 typéw kompozytow na
bazie glukanu (kompozytu glukan-HAp i kompozytu
glukan-C-HAp) oraz poszczegélnych ich sktadnikow:
wysokoporowatych granul hydroksyapatytu (HAp),
wysokoporowatych granul HAp weglanowo-magne-
zowych (C-HAp) oraz glukanu. Reaktywnos$c¢ jonowg
testowanych materiatbw oznaczono za pomocg
absorpcyjnej spektrometrii atomowej (ASA). Bada-
nia in vitro przeprowadzono z zastosowaniem linii
komodrkowej hFOB 1.19 (ludzkie ptodowe osteoblasty)
oraz pierwotnej hodowli fibroblastéw skéry (HSF). Cy-
totoksycznos$c¢ ekstraktow z biomateriatow okreslono
Z uzyciem 2 testow — MTT i NRU.

Wyniki badan wyraznie wskazaty, ze dodatek wyso-
koporowatych granul HAp i C-HAp do glukanu powo-
duje, ze kompozyt jest reaktywny jonowo, co wpltywa
na metabolizm i Zywotno$¢ hodowanych komorek.

Stowa kluczowe: reaktywnos$¢ jonowa, kompozyt,
cytotoksycznos$c, hodowla komoérek

Spis skréotow: hydroksyapatyt (HAp), hydroksyapatyt
weglanowo-magnezowy (C-HAp), absorpcyjna spek-
trometria atomowa (ASA), ludzkie fibroblasty skéry
(HSF), ludzkie ptodowe osteoblasty (hFOB), thiazolyl
blue tetrazolium bromide (MTT), roztwér symulujgcy
ptyny ustrojowe (SBF), test wychwytu czerwieni obo-
jetnej (NRU), roztwor soli fizjologicznej buforowany
fosforanami (PBS), dodecylosiarczan sodu (SDS),
bydleca surowica ptodowa (FBS)

[Inzynieria Biomateriatow 114 (2012) 59-65]
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Abstract

It is widely known that surface-reactive bioma-
terials induce various interaction with surrounded
environment, causing changes in the ion concentra-
tion, especially with respect to the crucial ions such
as calcium, magnesium and phosphorous, what may
significantly affect the cell metabolism and viability.
Hydroxyapatite (HAp) (Ca,,(PO,)s(OH),) is the main
inorganic component of bones and teeth. In order to
improve mechanical properties and surgical handi-
ness of hydroxyapatite, an organic component e.g.
polysaccharide can be added.

In this work, the ion reactivity and cytotoxicity of 2
types of glucan-based composites (composite glucan-
HAp and composite glucan-C-HAp) were evaluated.
Ad(ditionally, the ion reactivity and cytotoxicity of each
component of the composites: highly porous hydro-
xyapatite (HAp), highly porous carbonated-Mg-HAp
(C-HAp) and glucan were evaluated. The ion reactivity
oftested materials was assessed by atomic absorption
spectrometry (AAS). In vitro tests were carried out
using hFOB 1.19 cell line (human fetal osteoblast
cells) and human skin fibroblast primary cell culture
(HSF). The cytotoxicity of biomaterials extracts was
estimated by 2 methods — MTT and NRU.

Our studies clearly indicated that addition of highly
porous HAp and C-HAp granules to the glucan, make
the composite ion reactive, what affects the metabo-
lism and viability of cultured cells.

Keywords: ion reactivity, composite, cytotoxicity, cell
culture

Abbreviations: hydroxyapatite (HAp), carbonated-
magnesium doped hydroxyapatite (C-HAp), atomic
absorption spectrometry (AAS), human skin fibroblasts
(HSF), human fetal osteoblasts (hFOB), thiazolyl blue
tetrazolium bromide (MTT), simulating body fluid
(SBF), neutral red uptake test (NRU), phosphate
buffer saline (PBS), sodium dodecy! sulfate (SDS),
fetal bovine serum (FBS)

[Engineering of Biomaterials 114 (2012) 59-65]
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Powszechnie wiadomo, ze zmiany stezenia jonéw
w srodowisku komérkowym, zwtaszcza kluczowych jonow
takich jak wapn, magnez i fosfor, moga wptywaé na meta-
bolizm i zywotnos¢ komorek. Reaktywne jonowo biomate-
riaty indukuja rézne interakcje z otaczajacym srodowiskiem
(podtozem hodowlanym, SBF, ptynami fizjologicznymi), co
powoduje zmiany stezenia jonéw i hamuje metabolizm ho-
dowanych komérek [1,2]. Dlatego w szczegdlnosci powinno
sie zwrdéci¢ uwage na ocene potencjatu klinicznego tych bio-
materiatow, ktdérych powierzchnia wykazuje znacznag reak-
tywnosc jonowa. Wstepny ,screening” biomateriatéw, ktére
nie indukujg duzych zmian jonowych w srodowisku mozliwy
jest dzieki zastosowaniu uproszczonych modeli in vitro
z wykorzystaniem SBF czy podtoza hodowlanego [3].

Gtéwnym skfadnikiem czesci mineralnej kosci i zebow
jest hydroksyapatyt (HAp) (Ca,o(PO,)s(OH),). Ceramika wap-
niowo-fosforanowa w formie granul, jak i porowatego rusz-
towania (czesto kompozytu na bazie HAp), jest materiatem
powszechnie stosowanym jako substytut tkanki kostnej w
ortopedii i stomatologii. Szerokie zastosowanie tego surowca
jako typowego ortopedycznego biomateriatu wszczepialne-
go, wynika z jego charakterystycznych witasciwosci, takich jak
kosciopodobna struktura, brak toksycznosci i immunogenno-
Sci, bioaktywno$¢ oraz biokompatybilnos¢ [4-6]. W celu po-
lepszenia wtasnosci mechanicznych oraz porecznosci chirur-
gicznej hydroksyapatytu mozna potaczy¢ go z dodatkowym
komponentem organicznym np. polisacharydowym [7,8].
Zastosowany polisacharyd powinien cechowac sie takimi
wiasciwosciami jak brak toksycznosci, szybka biodegradacja,
podatno$¢ na chemiczng lub enzymatyczng modyfikacje
oraz stymulacja adhezji i proliferacji komérek [9]. Ponadto
powinien by¢ dobrym czynnikiem uplastyczniajacym [7].

Celem niniejszej pracy byto okreslenie reaktywnosci jo-
nowej oraz cytotoksycznosci nowych kompozytow: na bazie
HAp o wysokiej porowatosci i glukanu (glukan-HAp) oraz na
bazie hydroksyapatytu weglanowo-magnezowego (C-HAp)
o wysokiej porowatosci i glukanu (glukan-C-HAp). Kompo-
zyt zbudowany z glukanu i wysokoporowatych granul HAp
jest poreczny chirurgicznie oraz charakteryzuje sie dobrymi
parametrami mechanicznymi, zblizonymi do parametréw
kosci gabczastej [7]. Dodatkowo okreslono reaktywnosc¢
jonowaq i cytotoksycznos¢ poszczegodlnych sktadnikow
biomateriatéw: HAp, C-HAp oraz glukanu, co umozliwito
ocene, ktéry komponent kompozytu wykazuje najwiekszg
zdolno$¢ interakcji jonowych z podtozem hodowlanym.

Materialy i metody

Kompozyty glukan-HAp i glukan C-HAp zostaty przy-
gotowane zgodnie z protokotem opisanym w patencie
P-387872 [10].

Zmiany stezenia jonéw Ca?* i Mg?* w podtozu hodowlanym
po inkubaciji z testowanymi materiatami okreslono za pomoca,
absorpcyjnej spektrometrii atomowej (ASA). W tym celu mate-
riaty umieszczono w petnym podiozu hodowlanym w stosunku
0,1 g prébki/ml podtoza i inkubowano przez 24 godziny w tem-
peraturze 37°C w atmosferze 5% CO,. Podioze hodowlane in-
kubowane w takich samych warunkach, ale bez testowanych
biomateriatébw stanowito kontrole. Ekstrakty przygotowano
zgodnie ze standardami ISO 10993-5. Metoda ASA pozwala
na szybkie i wiarygodne oznaczenie jonéw wapnia i magnezu.
W celu oznaczenia zawartosci jonéw Ca?* i Mg?* w probkach
metodg atomowej spektrometrii absorpcyjnej zastosowano
spektrometr ASA firmy Varian, model SpectrAA 240FZ wypo-
sazony w palnik powietrzno-acetylenowy. Oznaczenia wyko-
nano przy dtugosci fal 422,7 nm dla Ca?*i 285,2 nm dla Mg?*.

Introduction

It is well known that changes in the ion concentration of
culture environment, especially with respect to the crucial
ions such as calcium, magnesium and phosphorous, may
significantly affect the cell metabolism and viability. Surface-
reactive biomaterials provoke different ion interactions with
surrounded environment (medium, SBF, physiological fluids)
and cause changes in the ion concentration what inhibits
the metabolism of cultured cells [1,2]. Thus it is important
to realize that specific attention should be paid to evaluate
the clinical potential of the surface-reactive biomaterials
before their application in vivo. An initial screening of the
biomaterial that does not induce large ionic changes in the
environment is possible when simplified model system such
as SBF or culture medium is applied [3].

Hydroxyapatite (HAp) (Ca,,(PO,)s(OH),) is the main in-
organic component of bones and teeth. Calcium phosphate
ceramics in the form of granules and porous scaffolds (often
HAp-based composites) are widely used as bone substitutes
in dentistry and orthopedics. It is extensively applied as a
typical orthopedic biomaterial, because of its characteristic
properties such as bone-like structure, nontoxicity and
nonimmunogenicity, biocompatibility and bioactivity [4-6].
In order to improve mechanical properties and surgical
handiness of hydroxyapatite, an organic component e.g.
polysaccharide can be added [7,8]. Applied polysaccha-
ride should be characterized by specific properties such
as nontoxicity, rapid biodegradation, prone to chemical or
enzymatic modification and simulation of cell adhesion and
proliferation [9]. Moreover, it should be considered as a good
plasticizing agent [7].

The aim of this work was to evaluate the ion reactiv-
ity and cytotoxicity of the novel composites: containing
highly porous hydroxyapatite and glucan (glucan-HAp) and
containing highly porous carbonated-Mg-hydroxyapatite
(C-HAp) and glucan (glucan-C-HAp). The composite con-
taining glucan and highly porous Hap granules, performs
surgical handiness and good mechanical parameters resem-
bling human spongy bone [7]. In addition, the ion reactivity
and cytotoxicity of HAp, C-HAp and glucan alone were evalu-
ated to assess which component of the composite reveals
the greatest ion interactions with culture medium.

Materials and Methods

Composites glucan-HAp and glucan-C-HAp were pre-
pared according to procedure described in Polish Patent
P-387872 [10].

Changes in Ca?" and Mg?* ion concentration of the me-
dium after incubation with test materials were evaluated by
atomic absorption spectrometry (AAS). To assess ion reac-
tivity, materials were immersed in a complete culture me-
dium, the ratio between the sample weight and the volume
of the extraction vehicle was 0.1 g/ml. Then samples were
incubated for 24 hours at 37°C in an atmosphere of 5% CO,.
Culture medium incubated in the same conditions but with no
test material served as a control. Extracts were prepared ac-
cording to ISO 10993-5. The AAS method allows for quickly
and reliably determination of calcium and magnesium ions.
For determination of Ca?* and Mg?* contents in the samples
by the atomic absorption spectrometry method, a Varian AAS
spectrometer, SpectrAA 240FZ model with an air-acetylene
flame was applied. The wavelengths were set to 422.7 nm
for Ca?" and 285.2 nm for Mg?*. Calcium carbonate and
magnesium nitrate(V) were used as standards to prepare
calibration curves with at least 4 concentrations of calcium
or magnesium within the analytical range, respectively.



Odpowiednio, weglan wapnia i azotan(V) magnezu wy-
korzystano do przygotowania roztworow wzorcowych o
przynajmniej 4 stezeniach. W celu eliminacji interferencji
pochodzacych od jonéw fosforanowych(V) dodano chlo-
rek lantanu, w takiej ilosci by osiggna¢ koncowe stezenie
rowne 1%. Stezenie jonéw metali w badanych prébkach
obliczono w oparciu krzywe wzorcowe. Pomiary wykonano
trzykrotnie dla kazdej probki i wyniki podano jako wartosci
Srednie *+ odchylenie standardowe (SD). Przygotowane
w wyzej opisany sposob 100% ekstrakty z testowanych
materiatow byly nastepnie poddane testom na oznaczanie
cytotoksycznosci in vitro.

W celu okreslenia cytotoksycznosci biomateriatow wyko-
nano testy posrednie (z zastosowaniem ekstraktéw) MTT
oraz NRU. Doswiadczenia przeprowadzono z wykorzysta-
niem linii komoérkowej prawidtowych ludzkich ptodowych
osteoblastow (hFOB 1.19) pozyskanej z banku komérek
ATCC (American Type Culture Collection, England, UK) oraz
pierwotnej hodowli fibroblastéw wyprowadzonej z ludzkiej
skory (HSF). W celu izolaciji fibroblastow, mate fragmenty
ludzkiej skory umieszczono w dotkach ptytki 24-dotkowej,
przyklejono do dna dotka za pomoca sterylnej agarozy,
zalano podtozem hodowlanym wzbogaconym o czynniki
wzrostu fibroblastéw i inkubowano przez okres okoto 2
tygodni w temperaturze 37°C i atmosferze 5% CO,. Po tym
czasie w dotkach ptytki 24-dotkowej uzyskano monolayer
komorek, ktére zostaty przekazane do testéw na okreslenie
cytotoksycznosci. Hodowle komérek hFOB 1.19 prowadzo-
no w podtozu DMEM/F12 wzbogaconym o 10% bydlecg
surowice ptodowa (FBS) w temperaturze 34°C i atmosferze
5% CO,, natomiast hodowle ludzkich fibroblastéw skory
(HSF) prowadzono w podtozu RPMI wzbogaconym o 10%
FBS w temperaturze 37°C i atmosferze 5% CO,.

W celu okreslenia cytotoksycznosci zawiesing komorek
linii hFOB 1.19 doprowadzano do gestosci 1,5 x 10% kom./ml,
a zawiesing komorek HSF do gestosci 1 x 10° kom./ml i roz-
lewano po 100 ul do dotkéw w plytce 96-dotkowej z ptaskim
dnem. Po 24 godz. inkubacjiw temp. 34°C —hFOB i 37°C —HSF,
delikatnie sciggano ptyn hodowlany i dodawano po 100 pl/
dotek odpowiednich ekstraktéw z materiatéw oraz 100 pl
0,1% roztworu fenolu — kontrola pozytywna cytotoksycznosci.
Komorki hodowane w podtozu kontrolnym (inkubowanym w
takich samych warunkach co ekstrakty) stanowity kontrole.
Po 24148 godz. inkubacji oznaczono aktywno$¢ metabolicz-
ng komorek metodg MTT. Po 48 godz. ekspozycji na dziata-
nie ekstraktow oznaczono zywotno$¢ komorek metodg NRU.

Test MTT przeprowadzono w celu okreslenia aktywnosci
metabolicznej komdrek po ekspozycji na dziatanie ekstrak-
tow z materiatéw. Po 24 i 48 godz. inkubaciji z ekstraktami,
do dotkow w ptytce 96-dotkowej dodano po 25 pl roztworu
MTT (5 mg/ml w buforze PBS) i plytki umieszczono na 3
godziny w inkubatorze. Krysztaty formazanu powstate w
zywych, aktywnych metabolicznie komoérkach rozpuszczono
dodajac 100 pl/dotek roztworu SDS/HCI (10% SDS przygo-
towany w 0,01 M HCI). Po 12 godzinach inkubaciji, odczytano
absorbancje przy dtugosci fali 570 nm za pomocg czytnika
do mikroptytek (Biotek ELx50).

Test NRU przeprowadzono w celu okreslenia cytotok-
sycznego wptywu ekstraktéw z biomateriatdbw w stosunku
do komérek hFOB oraz HSF. Po 48 godzinnej inkubacji z
ekstraktami, warstwe komorek przeptukano buforem PBS,
a do dotkéw dodano po 100 pl roztworu czerwieni obojetnej
(50 pg/ml w podtozu hodowlanym). Nastepnie ptytki inkubo-
wano przez 3 godziny, roztwor NR usunieto, warstwe komérek
przeptukano dwa razy buforem PBS i dodano po 100 pl/dotek
roztworu rozpuszczalnika (1% lodowaty kwas octowy/50%
etanol/49% woda destylowana). Nastepnie ptytki wytrzgsano
przez 20 minut i odczytano absorbancje przy dtugosci fali
540 nm za pomoca czytnika do mikroptytek (Biotek ELx50).

To eliminate phosphate(V) ions interference during the as-
say, lanthanum chloride was added to reach final concentra-
tion of 1%. Concentration of metal ions in tested solutions
was calculated from the prepared standard curves. The
measurements were repeated three times for each sample
and the results were expressed as mean values * standard
deviation (SD). Prepared 100% extracts were subjected to
the cytotoxicity in vitro tests.

MTT and NRU indirect tests (by means of fluid extracts)
were performed to estimate the cytotoxicity of biomaterials.
The experiments were carried out using normal human
fetal osteoblast cell line (hFOB 1.19) obtained from ATCC
(American Type Culture Collection, England, UK) and hu-
man fibroblast primary cell culture isolated from human skin
(HSF). In order to isolate fibroblasts, small pieces of human
skin were immersed in wells of 24-multiwell plate, the skin
was attached to the bottom by sterile agarose and immersed
in culture medium supplemented with fibroblast growth fac-
tors. After 2-week incubation at 37°C in an atmosphere of
5% CO,, the cell monolayer was obtained and cells were
subjected into in vitro cytotoxicity tests. HFOB 1.19 cells
were cultured in DMEM/F12 medium supplemented with
10% fetal bovine serum (FBS) and maintained at 34°C in
a humidified atmosphere of 5% CO, and 95% air and hu-
man skin fibroblasts (HSF) were cultured in RPMI medium
supplemented with 10% FBS and maintained at 37°C in
a humidified atmosphere of 5% CO, and 95% air.

To assess cytotoxicity, hFOB 1.19 cells were seeded in
flat bottom 96-multiwell plates in 100 ul complete culture
medium at a concentration of 1.5 x 10° cell/ml and HSF
cells at a concentration of 1 x 10° cell/ml. After 24-hour
incubation at 34°C — hFOB and at 37°C — HSF, the growth
medium was replaced with100 pl of the appropriate extracts
and 100 pl of 0.1% phenol solution — positive control of
cytotoxicity. Cells cultured in the control medium (incubated
in the same standard conditions as extracts), served as
control. After 24 and 48 hours of incubation, MTT test was
performed to evaluate cell metabolic activity. After 48-hour
exposure to the extracts, the NRU assay was performed to
assess cell viability.

MTT test was performed to assess metabolic activity of
cells after exposure to materials extracts. After 24 and 48-
hour incubation with extracts, 25 pl per well of MTT solution
(5 mg/mlin PBS buffer) was added and plates were returned
to the incubator for 3 hours. Formazan crystals formed in
live, metabolic active cells were dissolved by adding 100 pl/
well of SDS/HCI solution (10% SDS prepared in 0.01 M HCI).
After 12 hours of incubation, the absorbance was measured
at 570 nm using microplate reader (Biotek ELx50).

NRU test was performed to evaluate cytotoxicity effect of
biomaterials extracts on hFOB and HSF cells. After 48-hour
incubation with extracts, cell layers were rinsed with PBS
buffer and 100 pl per well of neutral red working solution
was added (50 pg/ml in culture medium). Then, the plates
were returned to the incubator for 3 hours, the neutral red
solution was removed, cell layers were rinsed twice with
PBS and 100 pl/well of solvent (1% glacial acetic acid/50%
ethanol/49% distilled water) was added. Then plates were
agitated for 20 minutes and the absorbance was measured
at 540 nm using microplate reader (Biotek ELx50).

In vitro cytotoxicity tests were repeated in 3 separate ex-
periments. The results obtained in MTT and NRU tests were
expressed as the percentage of the control and reported
as mean values + standard deviation (SD). The unpaired
t-test was performed to evaluate statistical differences
among groups by two population comparison. Statistical
significance was considered at a probability P < 0.05 and
marked by asterisks in the figure (GraphPad Prism 5, Ver-
sion 5.03 Software).

61

BI® MATERIALS



62

Testy oceny cytotoksycznosci in vitro zostaty powtorzo-

® o 0 000 0 new 3 niezaleznych eksperymentach. Wyniki testu MTT

BI® MATERIALS

i NRU wyrazono jako procent kontroli oraz przedstawiono
jako wartosci $rednie + odchylenie standardowe (SD).
W celu oceny statystycznych réznic pomiedzy poszcze-
goélnymi grupami wykonano unpaired t-test. Istotnos¢
statystyczna byta rozpatrywana przy prawdopodobienstwie
P < 0,05 i zaznaczona na wykresie za pomocg gwiazdek
(GraphPad Prism 5, Version 5.03 Software).

Wyniki i dyskusja

W celu oceny reaktywnosci jonowej materiatow wykona-
no analize ASA ekstraktéw. W eksperymencie wykazano,
ze materialy oznaczone jako HAp, C-HAp, glukan-HAp
i glukan-C-HAp indukujg istotne interakcje jonowe z pod-
tozem hodowlanym (RYS. 1). Materiaty HAp i glukan-HAp
powodujg sorpcje jonoéw Ca?* i Mg?* z podioza hodowlanego
do krytycznie niskich wartosci. Po 24-godzinnej inkubacji,
zaobserwowano obnizenie stezenia jonéw Ca?* do okoto 9
mg/L (stezenie jondw Ca?" w poditozu kontrolnym byto réwne
46,6 mg/L). Zanotowano réwniez duze obnizenie stezenia
jonéw Mg?* do okoto 5 mg/L w poréwnaniu do podioza kon-
trolnego — 17,7 mg/L. Biomateriaty C-HAp i glukan-C-HAp
powoduja sorpcje jonéw Ca?* z podtoza. Zaobserwowano
obnizenie stezenia jonéw Ca?* do okoto 27 mg/L w poréw-
naniu do podtoza kontrolnego. Biomateriaty zawierajace
w swoim skfadzie granule weglanowo-magnezowe HAp
uwalniajg jony Mg?*do podtoza, powodujac wzrost stezenia
tych jonéw w pozywce do okoto 30 mg/L w poréwnaniu do
podtoza kontrolnego. Glukan nie zmienia stezenia jonéw
Ca?" i Mg?* w podtozu hodowlanym (RYS. 1). Zatem, moz-
na wyciggna¢ wniosek, ze dodatek granul HAp i C-HAp o
wysokiej porowatosci do glukanu powoduje, ze kompozyt
jest reaktywny jonowo. Przypuszczamy, ze spadek steze-
nia kationéw dwuwartosciowych w podtozu hodowlanym
wynika ze spontanicznego tworzenia sie warstwy apatytu
na powierzchni HAp. Podczas gdy wzrost stezenia jonow
Mg?* w podtozu przypisujemy procesowi uwalniania tych
jondw z weglanowego HAp z domieszkg magnezu (C-HAp).
Ekstrakty z materiatébw pozyskane w eksperymencie okre-
Slajgcym reaktywnos¢ jonowg zostaty poddane testom na
oznaczanie cytotoksycznosci — MTT i NRU, w celu oceny
wptywu zmian stezenia jonéw Ca?* i Mg?* na metabolizm i
zywotnos¢ komorek in vitro.
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RYS. 1. Zmiany stezenia jonéw Mg? i Ca** w
testowanych ekstraktach oszacowane metoda
ASA. Wyniki wyrazono jako wartosci srednie *
odchylenie standardowe (SD).

FIG. 1. Mg? and Ca? ion concentration changes
of tested extracts evaluated by AAS. The results
were expressed as the mean values * standard
deviation (SD).

Results and Discussion

To assess materials ion reactivity, AAS analysis of ex-
tracts was performed. The experiment revealed that materi-
als marked as HAp, C-HAp, glucan-HAp and glucan-C-HAp
induce great ion interactions with culture medium (FIG. 1).
HAp and glucan-HAp materials provoke sorption of Ca?* and
Mg?* ions from culture medium to critically low values. After
24-hour incubation, decrease of Ca?* ion concentration to
approximately 9 mg/L was observed (Ca?*ion concentration
of control medium was 46.6 mg/L). Also large decrease of
Mg?* ion concentration to approximately 5 mg/L compared to
the control medium — 17.7 mg/L was found. C-HAp and glu-
can-C-HAp biomaterials cause sorption of Ca?* ions from the
medium. We observed decrease of Ca?* ion concentration
to approximately 27 mg/L compared to the control medium.
Biomaterials consisting of carbonated-Mg-HAp (C-HAp)
release Mg?* ions to the medium causing increase of Mg?*
ion concentration to approximately 30 mg/L after 24-hour
incubation compared to the control medium. Glucan does
not change Ca?* and Mg?* ion concentration of culture me-
dium (FIG. 1). Thus, it can be concluded that highly porous
HAp and C-HAp used as additives to the glucan, make the
composite ion reactive. We suggest that decrease of divalent
cations in the culture medium is caused by spontaneous
apatite layer formation on the surface of HAp. Whereas,
we assign increase of Mg?* ions in the medium to process
of releasing of these ions from magnesium doped carbon-
ated hydroxyapatite (C-HAp). Material extracts obtained
from ion reactivity experiment were subjected to MTT and
NRU cytotoxicity assays to evaluate the effect of Ca?* and
Mg?* ion concentration changes on cell metabolism and
viability in vitro.

Cells such as osteoblasts or fibroblasts need to adhere
to the surface of culture flask or biomaterial to maintain
their biological activity and viability. It is widely known that
cell-material surface interaction are mediated by inegrins,
which require divalent cations, mainly Mg?* and Ca?, to be
activated. Thus, it is important to realize that critically low
concentration of Mg?* and Ca? ions may affect cell adhe-
sion and viability [1].

In the present work, the MTT test was performed to evalu-
ate the cytotoxic effect of biomaterial extracts on hFOB 1.19
cells and HSF cells after 24 and 48-hour exposure. The MTT
assay was described to estimate cell viability and prolifera-
tion. Only viable, metabolic active cells with active mitochon-
drial dehydrogenases have ability to intracellular reduction
of yellow tetrazolium salt to purple formazan. Chemicals that
act as toxic agents, inhibit dehydrogenases activity and for-
mazan production [11]. The MTT test revealed that materials
marked as HAp, C-HAp, glucan-HAp and glucan-C-HAp re-
duced significantly metabolic activity of hFOB cells just after
24-hour incubation with extracts and formazan production
was gradually decreased with time (FIG. 2a). After 48-hour
exposure to the extracts, cell metabolic activity was signifi-
cantly reduced to approximately 60-65% compared to the
control cells. Glucan extract did not induce cytotoxic effect
and hFOB cell metabolic activity was approximately 100%
throughout the full length of the experiment. The MTT test
results obtained for HSF cells also showed cytotoxic effect
of HAp, C-HAp, glucan-HAp and glucan-C-HAp extracts
(FIG. 2b). After 24-hour incubation, only HAp and glucan-HAp
extracts decreased significantly HSF cells metabolic activity
to 78.5% (P=0.0086) and 81% (P=0.0342) respectively com-
pared to the control cells. However, after 48-hour exposure,
formazan production was significantly reduced by all tested
extracts: HAp and glucan-HAp extracts decreased HSF
metabolic activity to approximately 33%, C-HAp and glucan-
C-HAp to approximately 64% compared to the control cells.



Komorki takie jak osteoblasty czy fibroblasty muszg
ulec adhezji do powierzchni naczynia hodowlanego lub
biomateriatu, aby zachowac¢ zywotnos¢ i swoja biologiczng
aktywnos¢. Powszechnie wiadomo, ze w interakcjach ko-
mérka—powierzchnia materiatu posredniczg integryny, ktére
do swojej aktywnosci wymagajg obecnosci kationéw dwu-
wartosciowych, gtéwnie Mg?* i Ca?*. Zatem, bardzo wazne
jest, aby zdac sobie sprawe, ze krytycznie niskie stezenie
jonow Mg?* i Ca? moze znaczgco wptywacé na adhezje
i zywotnos¢ komorek [1].

W niniejszej pracy, test MTT wykonano w celu okresle-
nia cytotoksycznego wplywu ekstraktéw z biomateriatéw
w stosunku do komorek linii hFOB i HSF po 24 i 48-godzin-
nej inkubacji z eluatami. Metode MTT opracowano w celu
okreslania zywotnosci komorek oraz badania ich prolife-
racji. Zasada testu opiera sie na reakc;ji, ktéra zachodzi w
zywych, metabolicznie czynnych komérkach przy udziale
mitochondrialnej dehydrogenazy bursztynianowej i polega
na redukcji zottej soli tetrazoliowej (MTT) do purpurowego
formazanu. Zwiazki dziatajgce toksycznie hamujg aktyw-
nos¢ dehydrogenaz, a tym samym powstawanie barwnego
produktu ich reakcji [11]. Test MTT wykazat, ze materiaty
oznaczone jako HAp, C-HAp, glukan-HAp i glukan-C-HAp
redukowaly istotnie statystycznie aktywno$é metaboliczng
komoérek hFOB juz po 24-godzinnej inkubacji z ekstrak-
tami, a produkcja formazanu zmniejszata sie stopniowo
w czasie (RYS. 2a). Po 48-godzinnej ekspozycji na dziatanie
ekstraktow, aktywnos¢ metaboliczna komorek byta istotnie
zredukowana do okoto 60-65% w poréwnaniu do kontroli.
Ekstrakt z glukanu nie wywierat cytotoksycznego wptywu
w stosunku do komérek hFOB, a aktywnos$¢ metaboliczna
utrzymywata sie na poziomie okoto 100% przez caty czas
trwania doswiadczenia. Wyniki testu MTT uzyskane dla
komérek HSF réwniez wykazaty cytotoksyczny dziatanie
ekstraktow z HAp, C-HAp, glukan-HAp i glukan-C-HAp
(RYS. 2b). Po 24-godzinnej inkubaciji, jedynie ekstrakty
z HAp i glukan-HAp obnizyty istotnie statystycznie meta-
bolizm komoérek HSF do odpowiednio 78,5% (P = 0,0086)
i 81% (P = 0,0342) w poréwnaniu do kontroli. Jednak, po
48-godzinnej ekspozycji na dziatanie ekstraktow, produk-
cja formazanu byta istotnie statystycznie obnizona przez
wszystkie testowane materiaty: ekstrakty z HAp i glukan-
HAp obnizyly aktywno$¢ metaboliczng komérek HSF do
okoto 33%, a ekstrakty z C-HAp i glukan-C-HAp do okoto
64% w poréwnaniu do kontroli. Test MTT wykazat, ze
ilos¢ formazanu produkowanego przez komoérki HSF po
24-godzinnej ekspozycji na dziatanie ekstraktu z glukanu
wynosita 111,5%, a po 48 godzinach inkubacji aktywnos¢
metaboliczna komoérek jedynie w niewielkim stopniu ale
istotnie statystycznie obnizyta sie do 82,3% (P = 0,0276)
w poréwnaniu do kontroli (RYS. 2b).

W niniejszej pracy, test NRU przeprowadzono w celu
oceny zywotnosci komérek hFOB i HSF po 48-godzinnej
ekspozycji na dziatanie ekstraktéw z materiatéw. Badanie
cytotoksycznosci z wykorzystaniem barwnika — czerwieni
obojetnej (NR) — opiera sie na zdolnosci zywych komérek
do jego wychwytu oraz gromadzenia go w lizosomach
komérek. Wychwyt NR wzrasta w czasie inkubaciji, a ilo$¢
zaabsorbowanego barwnika jest proporcjonalna do ilosci
zywych komorek. Uszkodzenie btony komoérkowej lub
btony lizosomu przez rézne zwigzki chemiczne powoduje
obnizenie wychwytu czerwieni obojetnej przez komorki [12].
Test NRU wykazat, ze biomateriaty oznaczone jako HAp,
C-HAp, glukan-HAp i glukan-C-HAp redukowaty istotnie
statystycznie zywotno$¢ komoérek hFOB i HSF (RYS. 3).
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RYS. 2. Okreslenie cytotoksycznosci testowanych
ekstraktow z biomaterialow za pomoca testu MTT
(A — cytotoksycznos¢ ekstraktow w stosunku do
komoérek hFOB, B — cytotoksycznosc¢ ekstraktow w
stosunku do komoérek HSF). Wyniki wyrazono jako
wartosci srednie * SD. Istotnos¢ statystyczna byta
rozpatrywana przy prawdopodobienstwie P < 0,05
i oznaczona na wykresie za pomoca gwiazdek.
FIG. 2. Cytotoxicity evaluation of tested biomate-
rials extracts by means of MTT test (A — cytotoxici-
ty effect of extracts on hFOB cells, B — cytotoxicity
effect of extracts on HSF cells). The results were
expressed as the mean values * SD. Statistical sig-
nificance was considered at a probability P < 0.05
and marked by asterisks in the figure.

The MTT test showed that the amount of formazan produced
by HSF cells exposed to the glucan extract for 24 hours
was 111.5% and cell metabolic activity was only slightly
but statistically significant decreased with time to 82.3%
(P =0.0276) after 48-hour exposure compared to the control
(FIG. 2b).

In this study, the NRU test was performed to evaluate
hFOB and HSF cell viability after 48-hour exposure to the
material extracts. The NRU cytotoxicity assay allows to as-
sess cell viability using neutral red dye (NR). Viable cells
have ability to take up and incorporate NR in their lysosomes.
Incorporation of NR increases with time of incubation and
the amount of absorbed dye is proportional to the number
of viable cells. Chemicals that damage cell membranes or
lysosomes membranes will decrease the cell ability to take
up neutral red dye [12]. NRU test revealed that biomaterials
marked as HAp, C-HAp, glucan-HAp and glucan-C-HAp
reduced significantly hFOB and HSF cell viability (FIG. 3).
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Jednakze, zywotnos¢ komorek hFOB byta jedynie w niewiel-
kim stopniu, ale istotnie statystycznie zredukowana do okoto
75-80% w poréwnaniu do kontroli. Zywotno$é komérek HSF
po ekspozycji na dziatanie ekstraktow z HAp i glukan-HAp
byta obnizona do odpowiednio 46% (P=0,0024) i 41,6%
(P=0,0035) w poréwnaniu do kontroli. Ekstrakty z C-HAp
i glukan-C-HAp redukowaty zywotnos¢é komoérek HSF do
okoto 65% w poréwnaniu do kontroli. Test NRU wykazat,
ze ekstrakt z glukanu nie wptywat na zywotno$¢ komorek
hFOB i HSF (zywotnos¢ wynosita ponad 100% dla obu
typow komorek). Bazujgc na uzyskanych wynikach testu
NRU, mozna zasugerowac, ze biomateriaty oznaczone
jako HAp, C-HAp, glukan-HAp i glukan-C-HAp wykazujg
mniej toksyczny wptyw w stosunku do komoérek hFOB niz
w stosunku do komérek HSF (RYS. 3).

Wykonane przez nas testy na oznaczenie cytotok-
sycznosci in vitro jednoznacznie wskazuja, ze ekstrakty
z biomateriatéw HAp, C-HAp, glukan-HAp i glukan-C-HAp
zachowuja sie jak zwigzki toksyczne i powoduja znaczaca
redukcje aktywnosci metabolicznej i zywotnosci komérek.
Jest to zgodne z wynikami uzyskanymi w eksperymencie
na okreslenie reaktywnosci jonowej, ktore wykazujg, ze
wspomniane biomateriaty powodujg duze zmiany w stezeniu
jonéw w podtozu hodowlanym.

Nasze obserwacje sg zgodne z wynikami prezento-
wanymi przez innych autoréw. Malafaya i Reis wykazali,
ze biomateriat na bazie chitosanu wyprodukowany z nie-
spieczonego hydroksyapatytu powoduje sorpcje kationéw
dwuwartosciowych do krytycznie niskich wartosci, co istotnie
wptywa na zywotnos¢ komaérek in vitro [1]. Nasz poprzedni
raport rowniez udowodnit, ze r6znorodne biomateriaty wy-
kazujg rozne interakcje jonowe z podiozem hodowlanym
i powodujg duze zmiany w stezeniu jonéw Ca?* i Mg, co
hamuje metabolizm hodowanych komérek. Jednak, wazne
jest, aby zdac¢ sobie sprawe, ze staty przeptyw ptyndw fizjo-
logicznych in vivo moze powodowaé, ze sorpcja jondw Ca?*
i Mg?* stanie sie zjawiskiem korzystnym, przyspieszajacym
proces mineralizacji tkanki kostnej po implantaciji [2].

Whioski

Podsumowujgc, na podstawie uzyskanych wynikéw z
analizy ASA mozna wysnuc wniosek, ze dodatek granul HAp
o wysokiej porowatosci do glukanu, powoduje, ze kompozyt
jest reaktywny jonowo. Wyniki testéw na oznaczanie cyto-
toksycznosci sugeruja, ze duze zmiany stezenia kluczowych
jonoéw w podtozu hodowlanym moga hamowa¢ metabolizm
i wptywaé na zywotnos¢ hodowanych komérek.

RYS. 3. Okreslenie zywotnosci komérek hFOB
i HSF po zadziataniu ekstraktami z biomateriatéw za
pomoca testu NRU. Wyniki wyrazono jako wartosci
srednie * SD. Istotnos¢ statystyczna byta rozpatrywa-
na przy prawdopodobienstwie P < 0,05 i oznaczona
na wykresie za pomoca gwiazdek.

FIG. 3. Viability evaluation of hFOB and HSF cells
after exposure to biomaterials extracts by means of
NRU test. The results were expressed as the mean
values % SD. Statistical significance was considered
at a probability P < 0.05 and marked by asterisks in
the figure.

However, hFOB cell viability was only slightly but statistically
significant reduced to approximately 75-80% compared to
the control cells. Viability of HSF cells after exposure to HAp
and glucan-HAp extracts was decreased to 46% (P=0.0024)
and 41.6% (P=0.0035) respectively compared to the control.
C-HAp and glucan-C-HAp extracts reduced HSF viability
to approximately 65% compared to the control cells. NRU
assay showed that glucan extract did not affect hFOB and
HSF cell viability (viability was over 100% for both type of
cells). Basing on the obtained NRU assay results, it can
be suggested that biomaterials marked as HAp, C-HAp,
glucan-HAp and glucan-C-HAp exert less cytotoxic effect
on hFOB cells than on HSF cells (FIG. 3).

Our in vitro cytotoxicity tests clearly indicate that HAp,
C-HAp, glucan-HAp and glucan-C-HAp extracts act as
cytotoxic agents and cause significant reduction of cell
metabolic activity and cell viability. It is in agreement with
the ion interaction experiment results, which showed that
these biomaterials cause large ion concentration changes
of culture medium.

Our observations are in agreement with the results
presented by other authors. Malafaya and Reis revealed
that chitosan-based scaffold produced with unsintered hy-
droxyapatite provokes sorption of divalent cations to critically
low values, what significantly affects cell viability in vitro [1].
Our previous report also proved that various biomaterials
reveals different ion interaction with culture medium and
cause great changes in Ca* and Mg?* ion concentration,
what inhibits the metabolism of cultured cells. However, it is
important to realize that constant flow of physiological fluids
in vivo can make sorption of Ca?* and Mg?* ions beneficial
phenomena that enhance mineralization process of bone
tissue after implantation [2].

Conclusion

In summary, basing on the AAS analysis results, it can be
concluded that addition of highly porous HAp to the glucan,
make the composite ionic reactive. Cytotoxicity test results
reveal that large changes in the crucial ion concentration
of the medium may inhibit metabolism of cultured cells and
affect their viability.
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