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[Engineering of Biomaterials, 103, (2011), 2-3]

Introduction

A successful tissue engineering product must necessarily
result from combining several disciplines dealing with me-
chanical properties, the interaction of the implant with the

surrounding tissue, and also practical clinical experience.
With composites consisting of polymer reinforcement and

a polymer matrix with the possibility of selecting the vol-
ume ratio of the fiber reinforcement to the matrix and also

a suitable orientation, mechanical properties identical with

those of human bone can be obtained [1]. The reason for
their wide use in various medical applications is mainly the
availability of materials with various properties in various

forms and compositions as well as the fact that they can

be hardened directly into the required shape or structure
with the most suitable fiber orientation. Their biocompat-
ibility and mechanical properties can also be enhanced by
inserting a bioactive component into the matrix. Our study
reported in [2] dealt with preparing fiber composites based
on an aliphatic or aromatic polyamide and on a polydimeth-

ylsiloxane (PDMS) matrix modified by calcium phosphates.

We also reported on their mechanical properties and moreo-

ver their biocompatibility [3].

In the case of polymeric composites, it is important to
study their degradation upon exposure to environmental
conditions. Moisture uptake can lead to reduction of me-
chanical properties and change of dimensions [4-5]. The
hygroscopic nature of aramid fibers has to be taken into
account. It has been concluded that poor resistance to
moisture absorption is one of the drawbacks of aliphatic
or aromatic polyamide fabric composites [4]. It is important
to study their moisture absorption behavior in order to es-
timate not only its influence on the mechanical properties
of the composites, but also how this moisture uptake can
be minimized. The aim of this study was to investigate the
moisture absorption behavior of an Aramid/PDMS composite
as a result of short-term immersion in simulated body fluid
(SBF) at 37°C for 28 days. A study was made of the influ-
ence of three kinds of chemical and thermal treatments of
Aramid fabric on the moisture absorption and mechanical

properties of the prepared composites.

Materials and methods

Four kinds of composite materials differing in the chemical
treatment of the fabric were prepared. All composites were
based on an Aramid reinforcement (55 vol.%, Aramid balanced

fabric, based on aromatic polyamide fibers HM 215, Hexcel,
FR) and a PDMS M130 matrix (Lucebni zavody Kolin, CR).

The Aramid fabric was chemically treated by immersion in
three different media: i) by immersion in xylene for 24 hours
(X) as a representative of organic solvents, ii) by immer-
sion in 10 wt% HNO; and 33 wt% H,O, solution at 110°C
for 4 hours (K) as a representative of an acid environment,
and iii) by immersion in 10 wt% KOH and 33 wt% H,0,
solution at 110°C for 4 hours (L) as a representative of an
alkali environment. After these procedures, the fabrics were
washed in deionized water several times until neutral pH
was reached and then dried at 110°C for 4 hours. Treated
and untreated (O) layers were impregnated and then placed
into the curing mould ([0°/90°]) and finally cured under a
pressure of 1.1 MPa at 225°C in an air atmosphere for 4.5
hours and postcured under a pressure of 1.1 MPa at 250°C
for 4 hours. Moisture absorption and mechanical tests were
performed on specimens of (60x6x2) mm (6 samples from
each). Prior to the experiments, all specimens were dried
until a constant weight was attained. The specimens were
immersed in SBF (ISO 23317) at 37°C for 28 days. The
moisture uptake was calculated as the weight gains related
to the weight of the dry specimens. The ultimate strength
in bending and the modulus of elasticity in bending in the
direction of the fiber axis were determined by a four-point
bending set-up using the Inspekt 100 HT material tester
(Hagewald & Peschke, Germany), in accordance with ISO
14125. Unimmersed (dry), immersed, immersed and re-
dried (until a constant weight was reached) samples were
measured. A statistical analysis for all tests was carried out
by nonparametric analysis of variance, at a significance
level of 0.05 (Kruskal-Wallis test, Mann-Whitney as a post
hoc test), and the confidence intervals for the mean values
were calculated at a significance level of 0.05.

Results and discussion

The lowest moisture uptake values after 28 days of im-
mersion in SBF were reached in the case of K composites
(FIG. 1), where all the values display statistically significant
differences. The flexural properties of the four composites
upon moisture saturation were tested and compared with
those of the corresponding dry and re-dried samples; the
results are summarized in FIG. 2 and FIG. 3.

The strength in bending was shown in all cases to be a
strong function of the moisture content of the sample. The
results show that the moisture effects are substantial: losses
of approx. 21% (K) < 31% (X) < 34% (O) < 46% (L) in the
sample strengths were observed at their moisture satura-
tion, in comparison with their dry condition. A comparison of
the immersed and re-dried samples indicates that there is
irreversibility of the acting mechanism in the case of samples
K and L, probably just due to weakening of the reinforce-
ment-matrix bond. In most cases, the modulus of elasticity
in bending is also influenced by the moisture content. From
this point of view, in the case of samples K, the modulus is
not affected by moisture absorption.

The degradation of fiber reinforced polymeric composites
is mainly caused by the deterioration in the load bearing
ability at the interface resulting from failure of the interfacial
bonds [4]. Matrix or fiber degradation and matrix cracking
may also contribute to degradation of the composites.
Our previous study (reported elsewhere [6]) on glass fib-
ers/PDMS composites shows that PDMS is not prone to
degradation in a tissue culture medium. In the case of ara-
mid/PDMS composites, interface debonding was probably
mostly responsible for the mechanical degradation. It is
necessary to verify this assumption by further experiments,
namely determining the extracted silicon (possible PDMS
degradation) and determining the influence of immersion on
the inner composite structure by image analysis.
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FIG. 1. Moisture uptake of the studied composites,
all values show statistically significant differences
(0.05).
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FIG. 2. Ultimate strength in bending of the studied
composites. * denotes statistically significant dif-
ferences (0.05).
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FIG. 3. Modulus of elasticity in bending of the stu-
died composites. * denotes statistically significant
differences (0.05).

Conclusions

This study has investigated the effect of three kinds of
chemical and thermal treatments of aramid fabrics on the
moisture absorption and mechanical properties of polymeric
composites due to short-term immersion in SBF. The results
have demonstrated that surface treatment of aramid fabric
changes the moisture absorption trend. When the aramid
fabric was immersed in 10 wt% HNO; and 33 wt% H,O,
solution at 110°C for 4 hours, both moisture sorption and
mechanical degradation decreased with respect to the
untreated composite.
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Abstract

In order to improve the pore size of the polycapro-
lactone (PCL) and polycaprolactone/hydroxyapatite
(PCL/HAp) nanofibrous scaffolds, salt-leaching
technique together with electrospinning method were
applied. Salt particles were incorporated within the
polymer nanofibrous matrix and then were leached
out to generate some macropores. Microstructure,
pore size distribution and average fibre diameter of the
scaffold were investigated by scanning electron micro-
scopy and PMI capillary flow porometer. Mechanical
properties were determined by means of tensile test.
Presence of hydroxyapatite and chemical characteri-
zation of the scaffold were done by FTIR analysis.

[Engineering of Biomaterials, 103, (2011), 4-7]

Introduction

Although the electrospun nanofibrous structure generates
a network of open-pores, limited pore size restricts its use in
tissue engineering [1-2]. Pore size plays an important role in
the ability of a cell to migrate and infiltrate the electrospun
scaffolds. In this study electrospinning was combined with
salt leaching technique in order to improve the pore size of
electrospun nanofibrous scaffold.

Poly(caprolactone) (PCL) is biocompatible, biodegrad-
able and non-toxic polyester. The good solubility of PCL, its
low melting point (59-64°C), long-term degradation proper-
ties (>24 months to lose total mass) and exceptional blend-
compatibility has stimulated extensive research into its
potential application in the biomedical field [3]. The advan-
tage in using PCL scaffolds in tissue engineering deals with
its desirable biostability [4]. PCL exhibits more prolonged
mechanical strength than other bioresorbable polymeric
materials and degrades at a rate compatible with the bone
regeneration [5]. However its poor hydrophilicity caused
a reduction of cell adhesion, proliferation and differen-
tiation. Electrospinning of PCL along with nanoparticles of
hydroxyapatite can improve the cell attachment kinetics.
Hydroxyapatite (HAp) particles due to its structural and
compositional similarity to minerals of natural bone have
been widely utilized in the fabrication of bone tissue engi-
neering scaffold [6-9]. PCL/HAp composite scaffolds have
an advantage of a more hydrophilic character than pure
PCL scaffold, thus a better interaction with the biological
environment can be achieved [3]. Beside the existence
of bone-bioactive inorganic components within polymer
biomaterials generally favors calcium phosphate mineraliza-
tion followed by an osteogenic differentiation process [10].

This study describes the development and characteriza-
tion of PCL and PCL/HAp fibrous meshes aimed at applica-
tion in bone tissue engineering. The scaffolds were prepared
by combining electrospinning method and a porogen-
leaching technique. Using porogen particles (such as water-
soluble inorganic salts) that will dissolve generating a porous
structure with pore size depending on the size of porogen
particles, an attempt to improve the scaffold porosity was
made. The microstructure, porosity and mechanical proper-
ties of obtained scaffold were examined.

Materials

Polycaprolactone (PCL) was purchased from Sigma-
Aldrich (Mn= 70 000-90 000 g/mol). Chloroform and
methanol (POCH, Poland) were used as solvents. Hydroxya-
patite was produced at the AGH-UST (Cracow, Poland).
An average size of the HAp particles was 23 nm. Fine
sodium chloride (POCH, Poland; particle size: 2.5-4.5 ym)
was used as porogen.

Scaffold processing

In order to prepare PCL and PCL/HAp composite
scaffolds, two types of manufacturing methods were
applied: (1) electrospinning (for pure PCL and PCL/HAp
composite scaffold) and (2) electrospining mixed with
porogen-leaching technique. The manufacturing began
with dissolving 2.5 g of PCL in 40 ml of 1:1 chloroform/
methanol solvent mixture at 50°C. PCL solution was mixed
with 20 wt% of HAp using sonicator. The solutions were
fed into 10 ml plastic syringe fitted with a stainless-steel
blunt needle of 0.7 mm in diameter and an injection rate of
1.5 ml/h using an infusion pump. A high voltage of 30 kV
was applied. The fibres were collected on a flat collector
wrapped with a piece of baking paper sheet which was kept
at a distance of 15 cm from the needle tip. In order to obtain
PCL-salt (PCL/P) or PCL-salt-HAp (PCL/P/HAp) samples,
salt was added over collector during electrospinning. After
electrospinning the specimens were immersed in water for
salt extraction, and after the salt extraction the samples
were dried at 37°C.

Methods

For SEM analysis, the electrospun fibers were sputter-
coated with gold (Jeol, JFC 1200 sputer) and observed with
SEM (JSM 5500, JEOL). The mean fiber diameters were
calculated by selecting 100 fibers randomly observed in the
SEM images. Chemical characteristics of the electrospun
nanofibrous scaffolds were evaluated by FTIR method using
spectrophotometer Nicolet 6700. The spectra were recorded
using fotoacustic reflectance device (MTEC Photoacoustics
300 Thermo Nicolet) at the range of 400-4000 cm™" using at
least 64 scans and 4 cm™' resolution. The mechanical prop-
erties of electrospun samples were measured by uniaxial
testing machine (Zwick-Roell Z 2.5.) under the cross-head
speed of 1 mm/min (n=3). From the stress-strain curves
tensile strength was obtained. Pore size distribution was
measured using PMI capillary flow porometer.

Result and Discussion

Porosity is a key factor in designing scaffold for tis-
sue engineering since proper morphology is needed to
promote tissue growth, cell infiltration and transporta-
tion of nutrients into the scaffold [5]. Electrospinning
method allows to obtain a fibrous scaffolds with a high
porosity due to the high ratio of surface area to volume.
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FIG. 1. SEM images of electrospun PCL scaffolds (a-b) and PCL/P scaffolds prepared by mixed
electrospinning/particle leaching process (c-d).
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prepared by mixed electrospinning/particle leaching process (c-d).
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FIG. 4. Fibres diameter distribution for PCL nonwovens (a);

Pore size distribution for PCL nonwovens (b).

Depending on the polymer/solvent used and various
processing parameters a number of different pore size
can be obtained, however the average pore size in scaf-
fold obtained using electrospinning is insufficient.

FIGs 1-2 show the representative morphologies of
nanofibers obtained from electrospinning of pure PCL
solution (FIG. 1a-b), HAp modified solution (FIG. 2a-b)
and samples prepared from the same solutions but
obtained by mixed electrospinning/porogen leaching
techniques. Pure PCL sample consisted of randomly
oriented, smooth, uniform and bead-free nanofibers.
The morphology of PCL/HAp sample has not been af-
fected much by the addition of HAp. The FTIR analysis
(FIG. 3) confirmed successful incorporation of HAp
particles into PCL nonwoven, which was evidenced by
the presence of phosphate groups peaks (associated
with HAp). The average fiber diameter was about 770
1 340 nm for pure PCL and 560 nm % 170 for modified
PCL/HAp sample (FIG. 4a). It was found that addition of
hydroxyapatite particles into PCL solution reduces the
fiber diameter. Probably the addition of HAp into PCL
solution can cause an increase in net charge density
during electrospinning and hence a larger force of
electrostatic repulsion. The massive increase in elec-
trostatic repulsion tends to increase the surface area
and leads to a decrease of fiber diameter. Therefore the
average diameter of pure PCL fibers was higher than
for PCL/HAp fibers. On the other hand HAp particles
agglomerate easily therefore fibers’ diameter distribu-
tion for both samples is in the range of 300-1150 nm.
Porosity of nanofibrous scaffold depends of randomly
oriented nature of the nanofibers. In the case of PCL/P
and PCL/P/HAp samples, morphology was also slightly
influenced by pore-forming agent. Addition of salt dur-
ing electrospinning resulted in increase of pore size
(FIG. 4b). The average diameter of the PCL/P and
PCL/P/HAp fibers was about 590 nm £ 170 and 560 nm
+ 290, respectively. All samples show bimodal distribu-
tion of pores size. Pure PCL sample exhibited a very
narrow distribution of pore size centered at 1.25 ym
and 1.5 ym whereas for HAp modified sample the
main pore fraction was centered at 1.9 um (FIG. 4b).
PCL/P sample shows a bimodal distribution of pore
size diameter with a significant fraction of porosity in
the range of 3.3 ym and 3.5 pym, which is twice higher
than for electrospun PCL. In the case of PCL/P/HAp
sample the main pore size diameter is in the range of
2.2-2.5 ym. Stress-strain curves and tensile strength
of electrospun nonwovens are shown in FIG. 5a-b,
respectively. It should be considered that higher po-
rosity of PCL/P and PCL/P/HAp nanofibrous scaffold
are responsible for their lower mechanical properties
as compared with pure PCL and PCL/HAp samples.
Unfortunately the mechanical properties were also
affected by the incorporation of HAp nanoparticles.
Inorganic nanoparticles generally agglomerate easily
and cannot be intermixed well. The addition of HAp
serves as weak links in PCL. These weak links become
stress concentrators in continuum matrix and thus re-
duce the tensile strength of the composite nanofibers.
Therefore the tensile strength of pure PCL was higher
than of PCL/HAp sample. Probably the use of disper-
sant in a further study will considerably reduce aggrega-
tion.The tensile strength decreased from 2.22 MPa for
pure PCL nonwoven to 1.48 MPa for material obtained
by mixed electrospinning/porogen-leaching technique
and from 1.33 (PCL/HAp) to 0.92 (PCL/P/HAp).
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Streszczenie

W artykule opisano metode oceny degradacji
struktury zeba ludzkiego poddanego regeneracji
kompozytem polimerowym opartym na zwigzkach
metakrylanowych. Za miare degradacji przyjeto
stopienn zaawansowania procesow zuzycia fizyko-
mechanicznego odniesiony do granicznego poziomu
tego zuzycia. Analizowano szczeline brzezng oraz
mikropekniecia w warstwie brzegowej twardych tkanek
zeba i w materiale wypetnienia. Wykazano, ze labora-
toryjna obserwacja rozbudowy szczeliny w wybranych
obszarach anatomicznej struktury zeba (powierzch-
nia zucia, wypetnienie-szkliwo, wypetnienie-zebina)
moze by¢ podstawg oceny stopnia degradacji catego
uktadu zgb-wypetnienie. Przeprowadzono badania
laboratoryjne, w ktorych wykorzystano zeby ludzkie
trzonowe i przedtrzonowe z wypetnieniami ubytkow
klasy | wg Blacka.

Stowa kluczowe: degradacja, szczelina brzezna,
kompozyt polimerowy, uktad zgb-wypetnienie

[Inzynieria Biomateriatéw, 103, (2011), 8-12]

Wstep

Odzyskanie przez zab leczony zachowawczo zdatnosci
czynnosciowej nie eliminuje w catosci ryzyka ponownego
pojawienia sie prochnicy. Przyczyna tego jest miedzy innymi
zjawisko nieszczelnosci brzeznej, ktorego konsekwencjg
jest proces mikroprzecieku. Mikroprzeciek bakteryjny polega
na penetracji mikroorganizméw i ich proliferacji w przestrzeni
pomiedzy wypetnieniem a sciang ubytku. Nieszczelnos¢
wypetnienia powodowana jest degradacjq struktur tkanek
zeba, w szczegolnosci szkliwa i zebiny oraz samego wypet-
nienia. Wszystkie te struktury sg odmienne pod wzgledem
sktadu oraz wtasciwosci fizyko-mechanicznych. Wiasciwosci
fizyko-mechaniczne struktur badanego uktadu sa istotne dla
charakterystyki degradacji. Niektére z nich przedstawiono
w TABELI 1.
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Abstract

The article focuses on the method of degradation
of the human tooth structure which was subjected to
regeneration by polymer composite based on metac-
rylate compounds. The degree of advancement of
physical and mechanical usage processes related
to the limit level of this usage was considered as the
measurement of degradation. The marginal fissure
and micro-cracks in the border surface of the hard
tooth tissues and in the filling material were analyzed.
It was revealed that laboratory observation of the
fissure expansion in selected areas of anatomical
tooth structure (mastication surface, filling-enamel,
filling-dentine) may constitute the basis of evaluation
of degradation degree of the whole tooth-filling system.
The laboratory tests were carried out in which human
molars and premolars with the fillings qualified as class
| according to Black were used.

Keywords: degradation, marginal fissure, polymer
composite, filling-tooth system

[Engineering of Biomaterials, 103, (2011), 8-12]

Introduction

Getting back the activity usefulness by a tooth treated
preventively does not eliminate totally the risk of another
occurrence of caries. One of the reasons of this is the phe-
nomenon of marginal untightness resulting in the process of
micro-leak. Bacterial micro-leak deals with microorganism
penetration and their proliferation in the space between the
filling and the defect wall. Filling untightness is caused by de-
gradation of tooth tissues structures, particularly that of the
dentine, enamel and filling. All these structures are different
as it comes to their composition and physical and mecha-
nical properties. Physical and mechanical properties of the
studied system structures are crucial for characteristics of
degradation. Some of them are presented in TABLE 1.



TABELA 1. Niektore wiasciwosci fizyko-mechaniczne systemu zab-wypetnienie kompozytowe.
TABLE 1. Selected physical and mechanical properties of the tooth-composite filling system.

Parametr wytrzymatosciowy

Durability parameter

Struktura zeba

Tooth structure
Szkliwo Zebina Miazga
Enamel Dentine Pulp

Wypetnienie kompozytowe
Composite filling

ELS

Modut Sprezystosci / Elasticity modulus [GPa] 48-84,1 14-18,6 2 9

Liczba Poissona / Poisson’s factor 0,2-0,33 | 0,2-0,32 | 0,45 -
Gestosé / Density [g/cm?] 2,9 2,1 - 2,08
Mikrotwardos$¢ / Micro-hardness [HK] 360-390 75 - 40
Wytrzymatos¢ na zginanie / Bending strength [MPa] - - - 93-132
Wspétczynnik intensywnos$ci naprezen 07-15 ) ) )
Coefficient of intensity of stresses [Nemm=?] v

Skurcz polimeryzacyjny / Polymerization shrinkage [%] - - - 1,64 lin.; 1,3 obj./vol.

Parametry wytrzymato$ciowe w wielu publikacjach
uznawane sg jako miary stopnia degradacji — poziomu
resztkowych wartoéci uzytkowych materiatu [1]. W wielu
publikacjach zakfada sie, ze odpornos¢ na wielokrotne
mechaniczne obcigzenia determinowana jest przez para-
metry materiatu uzyskiwane w konwencjonalnych prébach
wytrzymatosciowych [2]. Jednakze trzeba zauwazyé¢, ze
degradacja w rzeczywistych warunkach uzytkowania jest
wynikiem oddziatywania wymuszen o charakterze cyklicz-
nym na caty uktad oraz interakcji struktur zeba i wypetnienia
w wyniku tych wymuszeh.

W przypadku obcigzen sitami zgryzowymi wartosci
naprezen maksymalnych uzyskanych metodg MES [3]
wynosity nawet 500 MPa. Wystepowaty one w strefie styku
wypetnienia z zebing, na dnie ubytku. Maksymalne pionowe
sity zgryzowe (zgodne z kierunkiem osi diugiej zeba) moga
wynosi¢ nawet 1000 N [4], powierzchnia kontaktu przeciw-
stawnych zebéw wynosi od 0,4-2,2 mm? [5], naprezenia
w tych warunkach mogg wynosi¢ nawet 0,45-2,5 GPa [4].
W warunkach Zzucia zeby ludzkie obcigzone sg dodatkowo
sitami Scinajacymi, ktérych wektory przebiegajg w ptasz-
czyznie poziomej i skierowane sg réwnolegle do powierzchni
zucia. W badaniach wiasnych prowadzonych przez autoréw
ustalono, ze w przypadku zebow trzonowych, przy zatozeniu
statej sity zgryzowej réwnej 400 N ich warto$ci wynosza od
kilkunastu do kilkudziesieciu N [6].

Metoda

Do badan wykorzystano zgby ludzkie trzonowe i przed-
trzonowe. Zeby te usunieto ze wzgleddw ortodontycznych i
chirurgicznych. W zgbach wypreparowano ubytki modelowe
klasy | wg. Blacka o gtebokosci trzech milimetréw umozli-
wiajacej kontakt ze szkliwem i zebing. W ubytkach zatozono
wypetnienia z materiatu kompozytowego ELS (Saremco AG)
zgodnie ze wskazaniami producenta. Materiat kompozytowy
zaktadano do ubytku warstwami o grubosci ok. 2 mm kaz-
da i naswietlano lampg halogenowg przez 40 sek. Probki
zebdw przygotowane w sposéb opisany powyzej poddano
cyklicznym obcigzeniom mechanicznym na specjalistycz-
nym stanowisku badawczym symulujacym akt zucia [7].
Degradacje w obszarze styku tkanek zeba i wypetnienia
oceniano za pomocg obserwacji mikroskopowych. W ana-
lizie mikroskopowej wyrozniono trzy anatomiczne obszary:
powierzchnie zucia (mp), obszar styku wypetnienia ze szkli-
wem (e), obszar styku wypetnienia z zebing (d) (RYS. 1).
Za pomocg mikroskopu SEM prowadzono obserwacje
powierzchni zucia. Natomiast w celu oceny degradacji w
ptaszczyznie zgodnej z kierunkiem dtugiej osi zeba (skros-
nej) prowadzono obserwacje na mikroskopie optycznym.
Przekroje zebdw z wypetnieniem wykonano kazdorazowo
po serii cyklicznych obcigzen.

In numerous publications strength parameters are used
as measurements of degradation degree — the level of resi-
dual use values of a material [1]. In a number of publications
itis assumed that resistance to multiplied mechanical loads
is determined by material parameters obtained in the co-
urse of conventional strength tests [2]. However, it shall be
noticed that degradation in actual consumption conditions
results from cyclical stimulation of the whole system as well
as interaction of tooth structures and filling being an outcome
of such stimulation.

In the case of occlusion forces loads, the values of ma-
ximum stresses obtained by MES method [3] amounted to
even 500 MPa. They were noticed in the contact area of
filling and dentine, at the bottom of the defect. Maximum
vertical occlusion forces (compatible with direction of the
long tooth axis) may even equal 1000 N [4], contact surface
of the opposite teeth equals from 0.4 to 2.2 mm? [5], stres-
ses in such conditions may be as high as 0.45-2.5 GPa [4].
In the conditions of mastication, human teeth are additionally
loaded by shearing forces, the vectors of which run hori-
zontally and are directed parallel to the mastication surface.
Authors’ studies showed that, in the case of molars, in the
presence of constant occlusion force equal 400 N, their
values amount from a few to teens of N [6].

Method

Human molars and premolars were used in the tests.
They had been removed due to surgical and orthodontic
reasons. Model defects of class | according to Black each
3 mm deep to enable the contact with the enamel and den-
tine were prepared. ELS (Saremco AG) composite material
was applied to defects in accordance with manufacturer’s
instructions. Composite material was applied in layers, each
2 mm thick, and exposed to light curing lamp for about 40
seconds. Tooth specimens prepared in the above described
manner underwent cyclical mechanical loads at the specially
designed research station simulating a mastication act [7].
Degradation in the contact area between tooth tissues and
filling was observed under a microscope. In the course of
microscope analysis the three anatomical areas were dist-
inguished: mastication surface (mp), contact area between
filling and the enamel (e), contact area between filling and
the dentine (d) (FIG. 1). Observation of the mastication
surface was performed with the use of SEM microscope.
In order to evaluate degradation on the surface compatible
with the tooth long axis direction (through), optical microsco-
pe was used. Tooth sections with a filling were made each
time following cyclic loads series.
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Wyniki

Miary degradacji mechanicznej

Stwierdzono, ze obszar koncentracji najwiekszych napre-
zen podczas eksploatacji zwykle znajduje sie w obszarze
styku bryty wypetnienia i tkanki twardej zeba [9,10], co
skutkuje najwiekszg degradacjg w tym obszarze, zainicjo-
wang skurczem polimeryzacyjnym materiatu wypetnienia
[8]. Umozliwia to ograniczenie obserwacji uktadu do tego
obszaru i diagnozy stanu — poziomu zasobu uzytkowego
na podstawie kompleksowej miary stopnia degradacji. Jako
miare stopnia degradacji wybrano parametr diagnostyczny
0 najbardziej istotnym znaczeniu dla catego uktadu zab-
wypetnienie. Zgodnie z powyzszym jako miare degradac;ji
mechanicznej uktadu zgb-wypetnienie przyjeto wymiary
geometryczne szczeliny brzezne;.

Wyniki pomiaréw szerokosci szczeliny brzeznej w wyrdz-
nionych strefach anatomicznych struktury zeba zostaty pod-
dane kompleksowej analizie statystycznej. Test ,post hoc”
przeprowadzono w celu oceny réznic miedzy wynikami w
kolejnych zakresach obcigzenia. Wybrano test HSD Tukey’a
dla nierownych licznosci bazujgcy na analizie kontrastow w
analizowanych grupach wynikéw pomiaréw. Nie zaobser-
wowano istotnych réznic miedzy wynikami wewnatrz grup
determinowanych liczbg cykli zucia (MC), we wszystkich
anatomicznych strefach pomiaru. Nie wykazano réwniez
istotnych réznic miedzy strefami pomiarowymi w probkach
nie poddanych obcigzeniu oraz w prébkach po 30000
cykli zucia. Natomiast wyniki uzyskane po 60000 i 100000
cykli zucia réznity sie istotnie od wynikéw uzyskanych we
wczesniejszych przedziatach obcigzenia oraz miedzy soba,
we wszystkich anatomicznych strefach pomiaru. Nastepnie,
przeprowadzono analize poziomu uszkodzenia — degradacji
D ukfadu w oparciu o statystyki opisowe rozktadéw szero-
kosci szczeliny (Srednig szerokos¢ szczeliny w kolejnych
zakresach obcigzen). Degradacje ukfadu z wypetnieniem
okreslono wykorzystujgc zmodyfikowane réwnanie Hwanga
i Hana pozwalajace okresli¢ procentowo poziom degradac;ji
w przyjetym zakresie obcigzenia [11].

RYS. 1. Obszary ob-
serwacji mikroskopo-
wych: mp — granica
szkliwo-wypetnienie
na powierzchni zujacej,
e — granica szkliwo-
wypetnienie, d — grani-
ca zebina-wypetnienie,
1 — szkliwo, 2 — zebina,
3 — wypetnienie kom-
pozytowe, 4 — szczelina
brzezna.

FIG. 1. Areas of micro-
scopic observations:
mp — border enamel
- filling on mastica-
tion surface, e — bor-
der enamel-filling, d —
border dentine-filling,
1 —enamel, 2 — dentine,
3 — composite filling,
4 — marginal crevice.

Results

Measurements of mechanical degradation

It was observed that the concentration area of the highest
stresses during exploitation is usually situated in the contact
area of the filling body and the tooth hard tissue [9,10], which
results in the most visible degradation in this area, initiated
by a polymerization shrinkage of the filling material [8]. This
guarantees the limitation of observation of the system to this
particular area and the diagnosis of the state — the level of
consumption reserve on the basis of complex measurement
of degradation degree. Diagnostic parameter of the most
crucial significance for the whole tooth-filling system was
chosen. In accordance with the above, geometrical sizes of
the marginal fissure were accepted as the measurement of
mechanical degradation of the tooth-filling system.

Measurement results of the marginal fissure width in the
distinguished anatomical zones of the tooth structure were
next submitted to the complex statistical analysis. Post hoc
test was carried out in order to evaluate the differences be-
tween the results in subsequent load ranges. Tukey’s HSD
test for unequal representations based on the analysis of
contrasts in the analyzed groups of measurement results
was chosen. No significant differences determined by a
number of mastication cycles (MC) between the results
inside the groups were observed in all anatomical zones
of the measurement. The same was observed in the case
of the specimens which did not undergo a load and in the
specimens after 30000 mastication cycles. The results
obtained after 60000 and 100000 mastication cycles signi-
ficantly differed from the ones obtained in the previous load
ranges and among each other individually, in all anatomical
zones. Next, analysis of the damage degree was performed
— degradation D of the system based on descriptive stati-
stics of fissure width ranges (mean width of the fissure in
subsequent load ranges). Degradation of the system with a
filling was determined with the use of modified Hwang and
Han’s equation which allows to establish percentage degree
of degradation in an accepted load range [11].
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gdzie: D — poziom uszkodzenia, x, — $rednia szeroko$é
szczeliny brzeznej dla probek nie poddanych obcigzeniu,
X, — Srednia szerokos¢ szczeliny w kolejnych zakresach
obcigzenia, xy — Srednia szerokos$¢ szczeliny dla granicznej
liczby cykli obcigzeniowych, n — zakres obcigzenia cyklicz-
nego, N — graniczna warto$¢ obcigzenia cyklicznego.

Graniczng trwato$¢ uktadu z wypetnieniem przyjeto na
poziomie N = 10%° MC. Przebieg funkcji uszkodzenia — de-
gradacji przedstawiono na RYS. 2.

e 100,00

0 0,2 0,4 0,6 0,3 1 12

n/N[MC]

RYS. 2. Przebiegi funkcji degradacji uktadu w
strefach: powierzchni zucia (mp), szkliwa (e),
zebiny (d).

FIG. 2. Function of degradation in the zones of:
mastication surface (mp), enamel (e), dentine (d).

Przedstawione na wykresie przebiegi funkcji degradacji
wskazujg na stabilny przyrost ryzyka (lub prawdopodo-
bienstwa) uszkodzenia uktadu zgb-wypetnienie w strefie
szkliwa (e). Najwyzszg zmiennos$cig charakteryzuje sie
przebieg krzywej degradacji w obszarze zebiny (d). Naj-
nizszym poziomem degradacji w kolejnych zakresach
obcigzenia charakteryzuje sie obszar powierzchni zucia
(mp). Przebiegi wszystkich krzywych wskazujg na sto-
sunkowo stabilny wzrost uszkodzenia. Nie obserwuje sie
zatrzymania przyrostu degradacji, co w tym konkretnym
przypadku oznaczatoby zatrzymanie rozbudowy szczeliny
brzeznej. W przedmiotowych badaniach obserwacja dyna-
miki rozbudowy szczeliny brzeznej w zaleznosci od liczby
cykli obcigzeniowych umozliwia prognozowanie przebiegu
procesu degradacji uktadu zab-wypetnienie. W tym celu
obliczono $rednig predkos¢ propagaciji szczeliny w kierunku
réwnolegtym do powierzchni zucia zeba [12].

dx
v, =—
dn

gdzie: v, — predkos¢ propagac;ji w kierunku réwnolegtym
do powierzchni zucia, x — szerokos¢ szczeliny brzeznej,
n — liczba cykli obcigzenia.

Charakterystyki predkosci propagac;ji (RYS. 3) uzyskane
podczas préby cyklicznych obcigzen dynamicznych wy-
kazujg wspétbieznos¢ w obszarze wypetnienie-zebina (d)
oraz w obszarze powierzchni zucia (mp) w zakresie liczby
cykli obcigzeniowych od 0 do 60000 MC. W kolejnym etapie
obserwaciji (60000 do 100000 MC) wystepuje stabilizacja
predkos$ci propagaciji szczeliny.

_ (xn _xn)

(X5 —xy)

where: D — damage, X, — mean value of marginal fis-
sure width for specimens not subjected to load, x, — mean
value of marginal fissure width in subsequent load ranges,
Xy — mean value of marginal fissure width for the limit number
of load cycles, n — range of cyclical load, N — limit value of
cyclical load.

Limit durability of the system with a filling was accepted
at the level N=10% MC. The course of damage — degradation
function is presented in FIG. 2.

Degradation functions presented in the diagram point out
to the stable risk (or probability) increase of the tooth-filling
system damage in the zone of the enamel (e). The degra-
dation curve in the dentine zone (d) can be characterized
by the highest variability. The lowest degradation degree in
the subsequent load ranges characterizes the area of ma-
stication surface (mp). All curves indicate relatively steady
damage increase. No stoppage of degradation degree can
be observed, which, in this particular case would mean the
retention of the marginal fissure expansion. In the subject
studies, observation of the dynamics of the marginal fissure
expansion in the relation to the number of load cycles allows
for accurate prognosis of the course of the tooth-filling sy-
stem degradation. In order to achieve this, mean speed of
the fissure propagation in the direction parallel to the tooth
mastication surface was calculated [12].

L _dx
Y odn
where: v — propagation speed in the direction parallel
to the mastication surface, x — marginal fissure width, n
— number of load cycles.

Characteristics of propagation speed (FIG. 3) obtained
in the course of cyclic dynamic load tests point out to the
existing concurrency in the filling-dentine (d) area and in
the mastication area (mp) in the range of the number of
load cycles from 0 to 60000 MC. Stabilization of the fissure
propagation speed is observed between 60000 to 100000
MC.
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RYS. 3. Predkosci propagacji szczeliny brzeznej
w strefach: powierzchni zucia (mp), szkliwa (e),
zebiny (d).

FIG. 3. Speeds of marginal fissure propagation in
the zones of: mastication surface (mp), enamel
(e), dentine (d).

11

BI® MATERIALS



12

Whioski

BI® MATERIALS

1. Stwierdzono, ze szczelina brzezna w systemie zab-
kompozytowe wypetnienie stomatologiczne, powstajaca na
skutek skurczu polimeryzacyjnego, powieksza sie systema-
tycznie pod wptywem cyklicznych wymuszen o charakterze
dynamicznym.

2. Wykorzystujac wtasciwe testy statystyczne wykazano,
ze wyniki pomiarow szerokosci szczeliny w wybranych ob-
szarach anatomicznej struktury zeba moga by¢ podstawg
do obliczen i analizy poziomu degradacji uktadu zgb-wy-
petnienie.

3. Stwierdzono, ze dynamika degradacji wypetnienia
oceniana na podstawie pomiarow szerokosci szczeliny
brzeznej w warunkach préby obcigzen mechanicznych
rézni sie w odmiennych obszarach anatomicznych zeba.
W wiekszosci przypadkoéw degradacja uktadu byta wieksza
w obszarze zebiny niz w obszarze szkliwa i na powierzchni
zucia. Zjawisko to jest najprawdopodobniej spowodowane
duzymi réznicami wiasciwosci fizyko-mechanicznych struk-
tur kompozytu polimerowego oraz zebiny, a w szczegdlnosci
niekorzystnym rozktadem naprezen w tej strefie dla wypet-
nien | klasy wg Blacka.

4. Degradacja wypetnienia kompozytowego w praktyce
stomatologicznej nie powinna by¢ oceniana jedynie na
podstawie obserwacji powierzchni zucia poniewaz stan
uktadu na powierzchni zucia nie zawsze jest reprezentatyw-
ny dla catego uktadu. Wnioskowanie o degradacji jedynie
na podstawie obserwacji ograniczonych do powierzchni
zucia uktadu moze prowadzi¢ do przeszacowania trwatosci
wypetnienia.

Podziekowania

Praca naukowa finansowana ze $rodkéw na nauke w
latach 2008-2011 jako projekt badawczy.
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Conclusions

1. It was revealed that the marginal fissure in the tooth-
composite dental filling system which forms as a result of
polymerization shrinkage systematically grows when expo-
sed to cyclical load stimulation of dynamic nature.

2. With the use of relevant statistical tests, it was revealed
that measurement results of the marginal fissure width in
selected areas of the anatomical tooth structure may consti-
tute the basis for calculations and analysis of the tooth-filling
system degradation.

3. It was observed that the dynamics of the filling degra-
dation assessed on the basis of the marginal fissure widths
measurements in the conditions of mechanical load tests
differs in diverse anatomical areas of the tooth. In majority
of cases, the system degradation was greater in the dentine
area as compared with the enamel and mastication areas.
This is probably caused by big differences of physical and
mechanical properties of polymer composite structures and
those of the dentine and in particular, by a negative distri-
bution of stresses in this zone for class | fillings according
to Black.

4. Degradation of composite filling in dental practice
should not be evaluated solely on the basis of the obser-
vation of the mastication surface because the state of the
system in the mastication area is not always representative
for the whole system. Conclusions concerning degradation
made exclusively on the basis of observations limited to the
system mastication surface may lead to overestimation of
the filling durability.
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Streszczenie

Poli(e-kaprolakton) jest materiatem wykorzysty-
wanym jako rusztowanie dla komorek w inzynierii
tkankowej koSci. Na podstawie danych z literatury
oraz naszych wifasnych badan nad reakcjg komorek
osteogennych na bezposredni kontakt z poli(s-kapro-
laktonem) mozna przypuszczac, iz materiat ten moze
wptywac na poziom markerow roznicowania komorek
w kierunku osteoblastow. Celem niniejszej pracy byto
zbadanie wptywu poli(s-kaprolaktonu) na ekspresje
oraz aktywnos¢ wczesnego markera procesu roznico-
wania komorek osteogennych, jakim jest fosfataza za-
sadowa. Przy uzyciu reakcji tanncuchowej polimerazy
DNA z analizg ilosci produktu w czasie rzeczywistym
(real-time PCR) analizowano ekspresje genu fosfatazy
zasadowej natomiast aktywno$¢ enzymu oznaczono
kolorymetrycznym testem firmy Sigma. Otrzymane
wyniki wskazujg, iz kontakt ludzkich osteoblastow
z powierzchnig poli(s-kaprolaktonu) powoduje pod-
wyzszong ekspresje genu fosfatazy zasadowej oraz
podwyzszong aktywnos$c tego enzymu. Fosfataza
zasadowa nie jest specyficznym markerem osteobla-
stoéw, jednakze jej podwyzszony poziom towarzyszy
wczesnym etapom réznicowania w kierunku fenotypu
komorek osteogennych. Uzyskane wyniki uzasadniajg
podjecie dalszych badan nad mozliwym wptywem
poli(e-kaprolaktonu) na réznicowanie osteoblastow.

Stowa kluczowe: poli(e-kaprolakton), osteoblasty,
fosfataza zasadowa, réznicowanie

[Inzynieria Biomateriatéw, 103, (2011), 13-16]

Wprowadzenie

Poli(e-kaprolakton) (PCL) jest biodegradowalnym po-
limerem nalezacym do grupy poliestrow alifatycznych.
Materiat ten ze wzgledu na swoje wiasciwosci stanowi
obiecujgce rusztowanie dla komoérek w dziedzinie inzy-
nierii tkankowej (TEP ang. Tissue Engineering Product).
W ostatnich latach PCL stat sie przedmiotem wielu badan
majacych na celu wykorzystanie go jako potencjalnego
materiatu w regeneracji kosci [1-4]. W dziedzinie tej dgzy
sie do otrzymania materiatu, ktérego funkcja nie powinna
ograniczac sie tylko do tworzenia substytutu tkanki kostne;,
ale ktory rowniez posiadatby zdolnosci osteoindukcyjne.

THE EFFECT OF POLY
(e-=CAPROLACTONE) ON THE
EXPRESSION AND ACTIVITY

OF ALKALINE PHOSPHATASE
IN HUMAN OSTEOGENIC CELLS
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Summary

Poly(e-caprolactone) is a material used as a scaf-
fold for cells in bone tissue engineering. On the basis
of data from literature as well as own research it was
concluded that this material can influence the levels
of markers of cell differentiation towards osteoblasts.
The aim of this paper was to investigate the effect of
poly(e-caprolactone) on the expression and the activity
of the early marker of the cell osteogenic differentia-
tion process — alkaline phosphatase (ALP). Using
the quantitative real time polymerase chain reaction
(real-time PCR) gene expression of the alkaline pho-
sphatase was analyzed; however, the activity of the
enzyme was determined with colorimetric assay from
the Sigma company. The obtained results indicated
that the contact of human osteoblasts with the surface
of poly(e-caprolactone) causes an increased gene
expression of alkaline phosphatase and an increased
activity of this enzyme. Although a high level of ALP
does not prove the PCL influence on the osteoge-
nic differentiation of cells into mature osteoblasts,
because this enzyme is a non-specific marker of the
differentiation process. The obtained results justify
undertaking further studies on the possible impact of
poly(e-caprolactone) on osteoblast differentiation.

Keywords: poly(e-caprolactone), osteoblasts, alkaline
phosphatase, differentiation

[Engineering of Biomaterials, 103, (2011), 13-16]

Introduction

Poly(e-caprolactone) (PCL) is a biodegradability aliphatic
polyester. Due to its properties, this material is a promis-
ing scaffold for cells in the field of tissue engineering (TEP
— Tissue Engineering Product). In recent years, PCL has
become the subject of many studies aimed at using it as
potential material in bone regeneration [1-4]. In this field it
is aspired to receive a material whose function would not
be limited to creating a substitute of the bone tissue, but
which would also have osteoinduction ability. The pos-
sibility of stimulating human mesenchymal cells, obtained
from fat tissue, toward osteoblasts, on the surface of
poli(e-caprolactone) was demonstrated by Reed et al. [5].

13

BI® MATERIALS



14

BI® MATERIALS

Mozliwos$é stymulowania ludzkich komérek mezenchy-
malnych otrzymywanych z tkanki ttuszczowej w kierunku
osteoblastow, na powierzchni poli(e-kaprolaktonu) wykazat
Reed i wsp. [5]. Takze wczesniejsze dotychczas nieopub-
likowane wyniki badan naszego zespotu, przeprowadzone
z uzyciem PCL, ktérego powierzchnie w rézny sposob
zmodyfikowano sugeruja, iz materiat ten wptywa na pod-
wyzszenie aktywnosci wczesnego markera réznicowania
komorek osteogennych, fosfatazy zasadowej (ALP) w ho-
dowli ludzkich osteoblastéw. Wskazujg one miedzy innymi,
iz w przypadku komérek bedacych w bezposrednim
kontakcie z poli(e-kaprolaktonem), ktérego powierzchnie
trawiono wodorotlenkiem sodu, odnotowano az 4-krotny
wzrost aktywnosci ALP w stosunku do wartosci otrzymanych
na powierzchni standardowego naczynia hodowlanego.
Dlatego tez w niniejszej pracy postawiono sobie za cel ocene
wplywu poli(e-kaprolaktonu) na ekspresje oraz aktywnosc
fosfatazy zasadowej w ludzkich prawidtowych komdérkach
kosciotworczych, ktére z powodzeniem wykorzystywane sg
w inzynierii tkankowej kosci [6-7].

Materiaty i metody

Do doswiadczen uzyto krgzkdw wykonanych z poli(e-ka-
prolaktonu) o $rednicy 15 mm i wysokosci 2 mm. Poli(e-ka-
prolakton) (Aldrich, nominalna wartos¢ M, = 80 kDa, M,/M,
< 2) oczyszczono przez rozpuszczenie w acetonie (6%
wl/v, 40°C, 24 h), wytracenie przy intensywnym mieszaniu
w wodzie destylowanej o temperaturze pokojowej, ptukanie
z ciggtym mieszaniem w wodzie destylowanej przez 48 h
stosujac czestg wymiane wody i suszenie prozniowe.

Krazki z PCL otrzymano za pomoca nastepujacej pro-
cedury. Oczyszczony PCL zamrozono w ciektym azocie i
zmielono w miynku laboratoryjnym. Nawazki polimeru (0,41
g) wsypano do cylindrycznych studzienek ($rednica 15 mm,
gtebokos¢ 2 mm) w teflonowej formie. Forme umieszczono
w suszarce prézniowej, usunieto powietrze, po czym pod-
niesiono temperature do 80°C (tj. okoto 20 stopni powyzej
temperatury topnienia PCL) na czas niezbedny do stopie-
nia polimeru i rbwnomiernego wypetnienia studzienek. Po
schtodzeniu forme rozebrano, krazki wyjeto z formy, za-
pakowano prézniowo i wysterylizowano promieniowaniem
gamma (25 kGy).

W badaniach wykorzystywano ludzkie prawidtowe komor-
ki osteogenne (HBDC z ang. Human Bone Derived Cells)
izolowane z fragmentdw kosci pozyskiwanych podczas za-
biegow chirurgicznych (Zaktad posiada zgode Komisji Etycz-
nej Warszawskiego Uniwersytetu Medycznego) zgodnie z
procedurg opisang przez Gallaghera [8] i zmodyfikowang
przez Kudelska-Mazur [9]. Komorki hodowano przez 21 dni
na powierzchni poli(e-kaprolaktonu) oraz standardowego
naczynia hodowlanego (szalki 24-dotkowe (Nunc)), stuza-
cego jako materiat kontrolny. Pozywke hodowlang stanowit
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) z
dodatkiem 10% ptodowej surowicy cielecej (FBS) (Gibco),
1% L-glutaminy (Gibco), 1% mieszaniny antybiotykéw
(Gibco) i 100 uM witaminy C (Sigma), wzbogacony czyn-
nikami réznicujgcymi: 10 nM deksametazonem (Sigma),
witaming D3 oraz 10 mM beta-glicerofosforanem (Sigma).
Komérki hodowano w inkubatorze w temperaturze 37°C,
przy kontrolowanej wilgotnosci wzglednej i 5-procentowej
zawartosci CO,

W wybranych punktach czasowych, tj.: 1, 7, 14 i 21 dnia
oznaczano ilos¢ kwasu deoksyrybonukleinowego (DNA),
ekspresje oraz aktywnosc¢ fosfatazy zasadowej w hodowli
komorek osteogennych. Do pomiaru ilosci DNA, pozwala-
jacej uzyskac¢ informacje o liczbie komoérek, a tym samym
o ich przezywalnosci, postuzyt test PicoGreen (Invitrogen),
polegajacy na fluorescencyjnym barwieniu DNA.

Also, earlier findings of our team (unpublished data) carried
out with use of PCL, with different surface modifications, sug-
gested that this material influences the increase of the activity
of the early marker of osteogenic cell differentiation — alkaline
phosphatase (ALP) in the culture of the osteoblastic cellular
line MG-63. These findings demonstrated that in the case of
cells being in direct contact with poly(e-caprolactone), whose
surface was etched with sodium hydroxide, the activity of
ALP was as much as 4 times higher in relation to the value
received on the surface of the standard tissue culture dishes.
Therefore, the present work aims to assessing the impact
of poly(e-caprolactone) on the expression and activity of
alkaline phosphatase in human bone derived cells that have
successfully been used in bone tissue engineering [6,7].

Materials and methods

The poly(e-caprolactone) (Aldrich, nominal Mn = 80 kDa,
Mw/Mn < 2) was purified by dissolving in acetone (6% w/v,
40°C, 24 h), precipitation in distilled water at R.T. upon inten-
sive stirring, rinsing in distilled water at constant stirring for
48 h with frequent water exchange followed by vacuum drying.

PCL discs were prepared by the following procedure. The
purified PCL was frozen in liquid nitrogen and ground in a
laboratory mill. Pre-weighed amounts (0.41 g) of the polymer
were poured into cylindrical wells (15 mm diameter, 2 mm
depth) of a Teflon mould. The mould was placed in a vacuum
oven, air was removed and the temperature was subsequently
increased to 80°C (i.e. ca. 20 degrees above the melting point
of PCL) for a short time necessary for the polymer to melt and
fill the wells uniformly. After cooling, the mould was disassem-
bled, the solidified PCL discs were removed from the mould,
vacuum-packed and sterilized by gamma rays (25 kGy).

Human bone derived cells (HBDCs) isolated from the
postsurgery trabecular bone chips which would otherwise
be discarded were used in the study. All procedures were
approved by the Local Ethics Committee of the Warsaw
Medical University. The isolation procedure was based on
the protocols described by Gallagher [8], with modification
[9]. The cells were cultured for 21 days on the poly(e-
caprolactone) surface and standard tissue culture (24-well
plate (Nunc)) surface to serve as a control material. The
culture medium consisted of Dulbecco’s Modified Eagle’s
Medium (DMEM) (Gibco) supplemented with 10% fetal
bovine serum (FBS) (Gibco), 1% L-glutamine (Gibco), 1%
antibiotic—antimycotic mixture (Gibco), 100 uM L-ascorbic
acid 2-phosphate (Sigma) and differentiation factors, such
as 10 nM dexamethazone (Sigma), vitamin D3 and 10 mM
beta-glycerophosphate (Sigma). The cells were maintained
in a humidified 5% CO, atmosphere at 37°C.

The amount of deoxyribonucleic acid (DNA), expression
and the activity of alkaline phosphatase in the osteogenic
cells were determined at selected time points: on 1, 7, 14
and 21 day of culture. For the measurement of the DNA
content, which indicates the cell number and their surviv-
ability, PicoGreen assay (Invitrogen) was used, where DNA
is subject to fluorescent staining.

Gene expression of alkaline phosphatase was analyzed
using quantitative real time polymerase chain reaction (Real-
time PCR). For this purpose, total RNA was isolated using the
RNasy Micro Kit (Qiagen) and reverse transcribed into cDNA
using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) according to the manufacturer’s protocol. Gene
amplification and detection was performed with Step One
7500 Real-Time PCR System (Applied Biosystems) using
FAM labeled primers for the qRT-PCR (Applied Biosystems).
The internal control for the target RNA alkaline phos-
phatase (ALP; Hs01029144_m1) was glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Hs99999905 _m1).



Ekspresje genu fosfatazy zasadowej analizowano z wy-
korzystaniem reakcji tanncuchowej polimerazy DNA z analizg
ilosci produktu w czasie rzeczywistym (real-time PCR).
W tym celu przy uzyciu kitu RNasy Micro Kit (Qiagen) wyizo-
lowano catkowite RNA, ktore nastepnie zostato przepisane
na cDNA za pomoca High Capacity cDNA Reverse Trans-
cription Kit (Applied Biosystems) zgodnie z zataczong przez
producenta instrukcjg. Amplifikacja i detekcja genu zostata
przeprowadzona w trakcie jednej reakcji z wykorzystaniem
systemu Step One 7500 Real-Time PCR (Applied Biosy-
stem), zawierajgcego wyznakowane fluorescencyjnie (FAM)
startery. Kontrole endogenng dla ekspresji fosfatazy zasa-
dowej (ALP; Hs01029144_m1) stanowita dehydrogenaza al-
dehydu 3-fosfoglicerynowego (GAPDH; Hs99999905_m1).
W celu wyznaczenia wzglednego poziomu ekspresji bada-
nego genu zastosowano metode komparatywng (2-24¢).

Aktywnos¢ ALP oznaczano w lizatach, metodg koloryme-
tryczng, w ktorej wykrywany jest barwny produkt reakciji, przy
uzyciu kitu Alkaline Phosphatase Activity assay (Sigma).
Aktywnos¢ fosfatazy zasadowej zostata znormalizowana
do ilosci DNA w komadrkach.

Wszystkie oznaczenia przeprowadzono niezaleznie na
komorkach pozyskanych od dwéch réznych dawcow.

Wyniki i dyskusja

Zaréwno na materiale testowanym — poli(e-kaprolakton),
jak i kontrolnym do 14 dnia nastepowat przyrost ilosci DNA,
Swiadczacy o wzroscie liczby komorek, natomiast 21 dnia
obserwowano spadek ilosci DNA w hodowli (RYS. 1), co
moze swiadczy¢ o zahamowaniu wzrostu liczby komérek
zwigzanym z ich przejsciem w faze réznicowania w kierunku
dojrzatych osteoblastéw. Faza ta charakteryzuje sie zaha-
mowaniem proliferacji komoérek i wzrostem ekspresji mar-
keréw typowych dla fenotypu komérek bedacych w trakcie
réznicowania, takich jak fosfataza zasadowa, kolagen typu
I, osteopontyna czy osteokalcyna [10]. Na powierzchni PCL
przezywalno$¢ komérek byta nizsza w stosunku do wartosci
otrzymanych dla standardowego naczynia hodowlanego.
Moze to wynikac¢ z faktu, iz mniejsza liczba komérek bez-
posrednio po wysianiu zaadherowata do powierzchni poli(e-
kaprolaktonu) w poréwnaniu z podtozem kontrolnym.

PCL ®=material kontrolny | control material
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RYS. 1. llos¢ DNA w hodowli komoérek osteogen-
nych. Wyniki badan analizowano statystycznie
stosujac test t-Studenta (*p< 0.05; **p<0.005;
***p<0.0005).

FIG. 1. DNA content in bone derived cells culture.
The results were statistically analyzed with
Student’s t-test (*p< 0.05; **p<0.005; ***p<0.0005).

Changes in the relative expression of the target gene were
calculated using 2-44¢t,

ALP activity was determined in cell lysates, using a
colorimetric method that detected the color reaction prod-
uct using the Alkaline Phosphatase Activity assay (Sigma).
Alkaline phosphatase activity was normalized to the amount
of DNAin the cells.

All assays were carried out independently on cells ob-
tained from two different donors.

Results and Discussion

Both on the tested material — poly(e-caprolactone) — and
on the control material up to 14" day took place an increase
in the DNA content, which indicates an increase in the cell
number, however, on 21t day a decrease in the amount of
DNA was observed in the cell culture (FIG. 1), suggesting a
setback of the growth of the cell number associated with the
transition phase from proliferation to differentiation into ma-
ture osteoblasts. The differentiation phase is characterized
by an inhibition of cell proliferation and an increase of the
expression of markers which are typical for the phenotype
of cells that are in the process of differentiation, including
alkaline phosphatase, type | collagen osteopontin and os-
teocalcin [10]. On the surface of PCL the survivability of cells
was lower compared to the values obtained for the standard
tissue culture dishes. It may have resulted from the fact that
a lower number of cells adhered directly after seeding to
the surface of the poly(e-caprolactone) in comparison with
the control material.

The ALP mRNA expression was higher in the cell culture
on poly(e-caprolactone) compared to the control material
and reached the highest value on day 7 of culture (FIG. 2).
In a similar way to the gene expression, the phosphatase ac-
tivity in cells cultured on the surface of PCL was higher than
the values received for the control material. In the case of
cells cultured in direct contact with the poly(e-caprolactone),
there was observed an up to 10-fold increase in the ALP
activity on day 14, compared to day 1, while on the tissue
culture dish surface only a 5-fold increase in the enzyme
activity was noted (FIG. 3). The increased expression and
the activity of this early marker of osteogenic differentiation,
the alkaline phosphatase, may attest to the fact that the cells
entered the path of differentiation [11]. However, the ALP is
a non-specific marker of differentiation [12] and only on the
basis of its elevated level it cannot be clearly inferred about
cell differentiation towards osteoblasts.

Conclusions

The contact of human osteoblasts with the surface of
poly(e-caprolactone) causes an increased gene expression
of alkaline phosphatase and an increased alkaline phos-
phatase activity. The high level of ALP, both on the RNA level
as well as on the protein, does not prove the impact of the
PCL on the differentiation process of osteogenic cells into
mature osteoblasts, because this enzyme is a non-specific
marker of the differentiation process. However the obtained
results justify undertaking further studies on the possible
impact of poly(e-caprolactone) on osteoblast differentiation.
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i najwiekszg wartos¢ osiagneta 7 dnia hodowli (RYS. 2).
Analogicznie do ekspresji genu, aktywnos¢ fosfatazy dla
komadrek hodowanych na powierzchni PCL przewyzszata
warto$ci otrzymane dla kontroli. W przypadku komérek
hodowanych w bezposrednim kontakcie z poli(e-kaprolakto-
nem) 14 dnia obserwowano az 10-krotny wzrost aktywnosci
ALP w stosunku do dnia 1, za$ na podtozu standardowym
odnotowano tylko 5-krotny wzrost aktywnos$ci enzymu
(RYS. 3). Podwyzszona ekspresja oraz aktywnos¢ tego
wczesnego markera réznicowania osteogennego jakim
jest fosfataza zasadowa mogg swiadczy¢ o tym, iz komorki
weszty na droge réznicowania [11]. ALP nie jest jednak spe-
cyficznym markerem réznicowania [12] i tylko na podstawie
jej podwyzszonego poziomu nie mozna jednoznacznie
whnioskowac o réznicowaniu komorek w osteoblasty.

Whioski

Kontakt ludzkich komérek izolowanych z tkanki kostnej z
powierzchnig poli(e-kaprolaktonu) powoduje podwyzszong,
ekspresje genu fosfatazy zasadowej oraz podwyzszong
aktywnosc tego enzymu. Fosfataza zasadowa nie jest spe-
cyficznym markerem osteoblastow, jednakze jej podwyzszo-
ny poziom towarzyszy wczesnym etapom réznicowania w
kierunku fenotypu komorek osteogennych. Uzyskane wyniki
uzasadniajg podjecie dalszych badan nad mozliwym wpty-
wem poli(e-kaprolaktonu) na réznicowanie osteoblastéw.
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FIG. 2. Gene expression of alkaline phosphatase
(ALP). The results were statistically analyzed with
Student’s t-test (*p< 0.05; **p<0.005; ***p<0.0005).
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results were statistically analyzed with Student’s
t-test (*p< 0.05; **p<0.005; ***p<0.0005).
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Streszczenie

Zastosowanie rusztowan poliestrowych jako bio-
materiatow dla regeneracji tkanki kostnej jest szeroko
podejmowanym tematem badawczym. Udowodniono,
Ze zastosowanie ceramicznych napetniaczy wptywa
na poprawe cytokompatybilnos$ci, wytrzymatosci
mechanicznej oraz mozliwosci kontroli degradacji
materiatow poliestrowych. W niniejszej pracy poddano
obserwacjom in vitro kopolimer poli(kwasu-D,L-mle-
kowego-ko-glikolowego) (PLGA/PLLA) z domieszkg
poli(L,L-laktydu) (PLLA) modyfikowany krzemionkg
— jako potencjalny materiat na rusztowania do rege-
neracji tkanki kostnej. W siédmym dniu hodowli na
badanym materiale zaobserwowano wysokg przezy-
walnos¢ ludzkich komérek osteogennych oraz pod-
wyzszong aktywno$c¢ fosfatazy zasadowej w stosunku
do hodowli kontrolnej, tj. na powierzchni standardowe-
go polistyrenowego naczynia hodowlanego. Prawid-
towg adhezje i rozptaszczenie komérek na badanym
podtozu potwierdzono przy uzyciu skaningowego
mikroskopu elektronowego. Dtugotrwata obserwacja
in vitro zostata przerwana w trzynastym dniu hodowli
ze wzgledu na nagte uwolnienie kwasnych produktéw
koncowych degradacji materiatu, ktére spowodowato
Smier¢ komorek.

Nalezy zatem brac¢ pod uwage, ze ze wzgledu na
specyfike hydrolizy poliestrow w przypadku litych
podtozy moze nastepowac nagromadzenie produktow
degradacji wewnatrz materiatu, a nastepnie ich erup-
cja skutkujgca gwaftownym zakwaszeniem pozyweki.
Biorgc pod uwage mozliwo$¢ unikniecia tego efektu
przy zastosowaniu odpowiedniej architektury rusz-
towan z badanego materiatu i zadowalajgce wyniki
uzyskane w niniejszej pracy, postulujemy, iz materiat
PLGA/ PLLA modyfikowany krzemionkg moze stuzy¢
Jjako odpowiednie podfoze dla ludzkich komdrek os-
teogennych w warunkach in vitro.

Stowa kluczowe: poliestry, krzemionka, degradacja,
regeneracja tkanki kostnej

[Inzynieria Biomateriatow, 103, (2011), 17-22]

CYTOCOMPATIBILITY OF
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Abstract

Polyester scaffolds are widely investigated as
biomaterials for bone tissue regeneration. Several
ceramic fillers were proved to improve their cyfocom-
patibility, mechanical strength and the control over
their degradation. In this study, poly(L-lactide) mixed
with poly(lactic acid-co-glycolic acid) (PLGA/PLLA),
modified with silica filler, was investigated as a can-
didate material for scaffolds for bone tissue regene-
ration. Human bone derived cells were observed in
a culture on solid disks prepared from the examined
material. Cell number and viability was found to be
satisfying and alkaline phosphatase activity was
even higher comparing to the control (cells cultured
on tissue culture polystyrene) after 7 days of culture.
Cell adhesion and spreading was confirmed with
a scanning electron microscope. The prolonged in
vitro culture was inhibited on day 13 due to a sudden
release of acidic end-products of the material degra-
dation, which was lethal for the cells.

Itis postulated that silica modified PLGA/PLLA may
serve as a satisfactory support for human bone cells in
vitro. However, if the material is used in bulk form, the
accumulation of the degradation products within the
material, followed by a rapid acidification of the culture
medium, should be taken into account. This pheno-
menon is harmful for the cells, but it may probably be
avoided by using appropriate scaffold architecture.

Keywords: polyesters, silica, degradation, bone
tissue regeneration

[Engineering of Biomaterials, 103, (2011), 17-22]

Introduction

Synthetic polyesters, particularly poly(D,L-lactic acid)
(PDLLA) and polyglycolic acid (PGA), as well as their copoly-
mer poly(D,L-lactic acid-co-glycolic acid), attracted much
attention as bone regeneration biomaterials [1-3]. Some
polyester-based materials have already been approved for
clinical use and they were assessed as biocompatible and
efficient in tissue regeneration [4,5]. The main advantage is
their bioresorbability, which means that with time the biomate-
rials vanish completely, since their degradation end-products
— lactic and glycolic acids — enter the physiological metabolic
pathways [6]. On the other hand, polyester degradation
rate is difficult to be controlled after implantation in vivo.
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Syntetyczne poliestry, w szczegoélnosci poli(kwas-D,L-
mlekowy) (PDLLA) i poli(kwas glikolowy) (PGA) oraz ich
kopolimer poli(kwas-D,L-mlekowy-ko-kwas glikolowy) sg
atrakcyjnymi materiatami mogacymi postuzy¢ jako narzedzie
w regeneracji tkanki kostnej [1-3]. Niektdre z poliestrowych
biomateriatow zostaty juz zaakceptowane do uzycia klinicz-
nego i ocenione jako materiaty biokompatybilne i skuteczne
w regeneracji tkanek [4,5]. Gtdéwna zaletg tych materiatow
jest ich bioresorbowalnos¢, oznaczajaca ich catkowity
zanik w czasie, dzigki wtaczeniu ich produktow degrada-
cji, czyli kwasu mlekowego i glikolowego, w fizjologiczne
szlaki metaboliczne [6]. Trudne jest jednakze kontrolo-
wanie tempa degradaciji poliestréw po implantacji in vivo.
W konsekwencji ograniczone sa mozliwosci przewidywania
stopnia zakwaszenia tkanek w okolicy wszczepu [7-9] oraz
zmian wiasciwosci mechanicznych materiatu w czasie, co
jest szczegolnie istotne przy zastosowaniu polimeréw do
regeneracji tkanki kostnej. Obecnie wiele uwagi poswigca
sie zastosowaniu dodatkow w postaci réznych napetniaczy
ceramicznych, majacych na celu polepszenie funkcjonalno-
Sci polilaktydow/poliglikolidow. Na przyktad potwierdzono,
ze dodatek hydroksyapatytu poprawia cytokompatybilnosé
poliestréw [10-13]. Czasteczki hydroksyapatytu, a takze
innych trojfosforanéw wapnia czy tez szkta biologicznego,
poprawiaty wytrzymatosé mechaniczng [14-18]. Takze na
stopien degradacji poliestrow mozna wptywaé poprzez
dodatek buforujgcych czastek nieorganicznych, np. trojfo-
sforandw wapnia [19,20] lub, nawet z wiekszg wydajnoscia,
weglanow wapnia [21,22].

Celem niniejszej pracy jest ocena reakcji ludzkich ko-
morek osteogennych na podtoze ztozone z mieszaniny
PLGA/PLLA z domieszka PLLA, modyfikowanej mikroczast-
kami krzemionki. Materiat zostat poddany wstepnej ocenie
cytotoksycznosci jako potencjalne rusztowanie dla inzynierii
tkankowej kosci.

Materialy i metody

Otrzymywanie probek PLGA/PLLA

Kwas poli(L-mlekowy) (PLLA) zsyntetyzowano z L,L-
dilaktydu (Boeringher—Ingelheim) na drodze polimeryzaciji
pseudo-anionowej inicjowanej dietyloetoksyglinem, pro-
wadzonej w suchym 1,4-dioksanie. PLLA wytracono do
metanolu i suszono pod préznig. Surowy polimer rozpusz-
czono w dichlorometanie i wytrzasano z 0,1 N HCI w celu
usunigcia glinu. Po zobojetnieniu 0,1 N roztworem NaHCO; i
przemyciu wodg destylowang polimer wytrgcono dwukrotnie
do metanolu i suszono w prdozni. Ciezar czasteczkowy scha-
rakteryzowano metodg SEC-MALLS. Otrzymano wartosé
Mn =25 400 i Mw/Mn = 1,11 [23].

Poli[(kwas mlekowy)-ko-(kwas glikolowy)] (PLGA),
handlowa nazwa Resomer RG504H, przeznaczony do za-
stosowan medycznych (Boehringer-Ingelheim, Germany),
uzywano bez obrébki. Resomer GR504H jest statystycznym
kopolimerem D,L-dilaktydu i glikolidu o sktadzie molowym
49:51, odpowiednio. Ciezar czasteczkowy Mn wyznaczony
metodg SEC-MALS wynosit 12 400, a wspotczynnik dys-
persji Mw/Mn = 1,24. Przed uzyciem PLGA przesiano przez
sito 200-mesh.

Napetniacz krzemionkowy o ziarnie 10 mikrometréw z
powierzchnig pokrytg kowalencyjnie zwigzanym modyfi-
katorem otrzymano analogicznie jak nanokrzemionke [24].
W pierwszym etapie krzemionke (99,5%, Aldrich) inkubowa-
no przez trzy godziny z 2% (obj./obj.) roztworem 3-glycydok-
sypropylotrimetoksysilanu (GPS) (Aldrich) w toluenie, aby
zwigza¢ z powierzchnig pierscien oksiranowy. Nastepnie
krzemionke przemywano toluenem i suszono w prézni.

In consequence, accumulated acidic end-products may
lead to an inflammatory response [7-9]. Additionally, the
mechanical properties of the material are unpredictable in
time. The latter is of particular importance for the applica-
tions of polyesters in bone tissue regeneration. The addition
of various ceramic fillers is currently widely investigated in
order to improve the functionality of polylactides/polygli-
colides. For example, filling polyesters with hydroxyapatite
enhanced their cytocompatibility [10-13]. Hydroxyapatite,
other tricalcium phosphates or bioglass particles, enhanced
their mechanical strength [14-18]. Also, the degradation rate
of polyester can be influenced by adding buffering inorganic
particles of e.qg. tricalcium phosphates [19,20] or, even more
efficiently, calcium carbonates [21,22].

The aim of this study is an examination of human bone
derived cells’ response toward the PLGA/PLLA modified
with silica microparticle filler. The material is intended to
be used as candidate scaffold for bone tissue engineering.
Particular attention has been paid to the cell response in the
culture prolonged to the stage of the advanced degradation
of the material.

Materials and methods

Polymer disks preparation

The poly(L-lactic acid) (PLLA) was synthesized by pseu-
doanionic polymerization of L,L-dilactide (Boehringer-Ingel-
heim, Germany). The polymerization, initiated with diethox-
yethyl-aluminum, was carried out in dry 1,4-dioxane. The
resulting polymer was precipitated into cold methanol and
dried in vacuum. Then, it was dissolved in dichloromethane
and the alumina from the initiator was removed by shaking
the solution with 0.1 N HCI. After neutralization witha 0.1 N
solution of NaHCO, and washing with distilled water, the
polymer was precipitated twice into cold methanol and dried
under high vacuum. The polymer was characterized by SEC-
MALLS, which gave Mn = 25 400 and Mw/Mn = 1.11. Amore
detailed description has been published elsewhere [23].

Poly[(lactic acid)-co-(glycolic acid)] (PLGA), with the
commercial name Resomer RG504H, of medical grade
(Boehringer-Ingelheim, Germany), was used as received.
The polymer was a random copolymer of D,L-dilactide and
glycolide with a molar ratio of comonomers equal to 49:51,
respectively. lts molecular weight was determined by SEC
and gave Mn = 12 400 and Mw/Mn = 1.24. Prior to use the
copolymer powder was sieved by a 200-mesh grid.

The micron-sized silica filler with a polymer-coated
surface was prepared in the same manner as reported
for nanosilica [24]. The modification consisted of several
steps. First, silicon dioxide particles (99.5%, Aldrich) were
incubated for three hours with a 2% (v/v) solution of 3-gly-
cidoxypropyl trimethoxysilane (GPS) (Aldrich) in toluene
in order to bind an oxirane ring with the surface of silica.
The modified silica was purified by several centrifugations
and redispersions in pure toluene. Then, the dried silica was
added to the solution of living polyoxirane in THF, which
did react with the oxirane ring attached to the surface.
The reaction generated anionic active centers on the silica
surface used for subsequent polymerization of L,L-lactide.

10 g portions of each polymer (Resomer RG504H and
PLLA) and 4.52 g of the silica particles (20% v/v) were
placed in a flask and the flask was rotated horizontally
overnight at 2 rev/s in order to mix all components. Portions
of 255 mg of the stock mixture were pressed in a stainless
steel form (at r.t., 240 MPa, 4 min). The obtained pellets
were 1.5 mm thick and 13 mm in diameter to fit the bottom
of the 24-well dish.

The materials were sterilized by electron beam (25 kGy)
before cell culture.



Zmodyfikowang krzemionke dodano do roztworu zyjacego
polioksiranu w THF, w wyniku czego polioksiran przytgczyt
sie do pier$cienia oksiranowego zwigzanego z powierzch-
nig, generujgc anionowe centrum aktywne, uzyte nastepnie
do polimeryzacji L,L-laktydu.

Porcje 10 g obu polimeréow (Resomer RG504H | PLLA)
oraz 4,52 g modyfikowanej krzemionki (20% wag.) mieszano
przez noc w kolbie obracajacej sie horyzontalnie z szybko-
$cig 2 obr./s. 255 mg mieszanki umieszczano w stalowej
formie i formowano ptytki w temp. otoczenia pod ci$nieniem
240 MPa, przez 4 min. Otrzymano ptytki o grubosci 1,5 mm
i Srednicy 13 mm, mieszczace sie w dotkach 24-studzien-
kowych ptytek hodowlanych.

Prébki sterylizowano radiacyjnie dawka 25 kGy.

Hodowla ludzkich komaérek izolowanych z tkanki kostnej

Do dos$wiadczen uzyto ludzkich komorek izolowanych z
fragmentow tkanki kostnej (HBDCs — od ang.: human bone
derived cells) przy uzyciu metody opisanej przez Gallaghera
[25]. Autorzy posiadajg zgode Komisji Bioetycznej Warszaw-
skiego Uniwersytetu Medycznego na wykorzystanie komo-
rek pochodzgcych z ludzkich tkanek, ktére po zabiegach
operacyjnych przeznaczone sg do utylizacji.

Komérki wysiano na powierzchnie ksztattek polimero-
wych, umieszczonych uprzednio w studzienkach 24-dot-
kowych plytek hodowlanych, w liczbie 250 000 komoérek
na prébke materiatu do oznaczen ilosciowych oraz 50 000
komodrek na prébke materiatu do oceny mikroskopowe;j.
24 godziny po wysianiu komorek podstawowg pozywke
hodowlang Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco) z dodatkiem 10% surowicy bydlecej (FBS), 1%
L-glutaminy, 1% antybiotyku oraz 120 mM 2-fosforanu
L-kwasu askorbinowego wzbogacono w czynniki réznicu-
jace, tj.: 10 nM witamine D3, 10 nM deksametazon oraz
10 nM B-glicerofosforan (Sigma). Zastosowano DMEM
zawierajacy czerwien fenolowa dla kontroli zmian pH (kolor
czerwony oznaczat pH obojetne, zas kolor zétty zakwasze-
nie pozywki).

Pozywke réznicujgcg wymieniano w hodowlach co 2 lub
3 dni. Kontrole w testach ilosciowych stanowity komorki
wysiane w liczbie 500 000 na powierzchnieg polistyrenowych
butelek hodowlanych.

Hodowle prowadzono przez 2 tygodnie w inkubatorze
CO, (37°C, 5% CO,). Oznaczenia ilosciowe planowano
wykonac¢ w 7 i 14 dniu hodowli. Ze wzgledu na nagte za-
kwaszenie medium hodowlanego, ktdre wystgpito w 13 dniu
hodowli, odstgpiono od wykonania oznaczen w dniu 14.

Oznaczanie przezywalnosci komoérek (test XTT)

Test XTT stuzy do oceny efektywnosci przeksztatcania
z6ttego, rozpuszczalnego w wodzie substratu XTT (po-
chodna tetrazolu) przez mitochondrialne dehydrogenazy
do rozpuszczalnego w wodzie formazanu. llos¢ kolorowego
produktu jest proporcjonalna do liczby komérek oraz ich
aktywnosci metabolicznej [26].

Ksztattki umieszczone w ptytkach hodowlanych przeptu-
kiwano roztworem PBS. Nastepnie do kazdej studzienki do-
dawano roztwér XTT (0,45 mM) z dodatkiem metasiarczanu
fenazyny (7,5 uM). Po 4 godzinach inkubacji w 37°C zebrano
supernatanty i w czytniku ptytek ELISA przy dlugosci fali
450 nm odczytano wartos¢ absorbancji barwnego produktu.
Test wykonano w 7 dniu hodowli ludzkich komérek osteo-
gennych osadzonych na powierzchni badanych ksztattek.
Planowano przeprowadzenie oznaczenia takze w 14 dniu
hodowli, jednak ze wzgledu na nagte zakwaszenie medium
13 dnia, powodujace obumieranie komérek, zrezygnowano
z testdw w tym punkcie czasowym (zob. wyniki). Ludzkie
komorki osteogenne hodowane na podtozu polistyrenowych
naczyn hodowlanych postuzyty jako kontrola.

Human bone derived cell culture

Human bone derived cells (HBDCs) were used inthe ® @ @ e @ @ o

experiments described. The cells were isolated from bone
chips by a method described by Gallagher [25]. The au-
thors obtained an approval of the Bioethics Committee of
the Medical University of Warsaw for the experimental use
of human cells from tissues harvested during surgery and
which would otherwise be discarded.

The cells were seeded on the disks placed tightly in a
24-well culture dish in the number of 250 000 per scaffold
for quantitative assays and 50 000 per disk for microscopic
observations. After 24 h the culture medium (Dulbecco’s
Modified Eagle Medium DMEM medium (Gibco) supple-
mented with foetal bovine serum (FBS) (10%), L-glutamine
(1%), antibiotic-antimycotic mixture (1%) and L-ascorbic
acid 2-phosphate (120 mM)) was supplemented with
osteoblastic differentiating agents: vitamin D3 (10 nM),
dexametazone (10 nM) and B-glycerophosphate (10 mM)
(Sigma). Phenol red-containing DMEM was used in order
to control the pH changes (red color means neutral pH,
yellow — aciditation).

The differentiating medium was changed every 2 or 3
days. Cells in the number of 500 000 were cultured on tissue
culture polystyrene bottles as a control for each quantitative
assay and time point.

After cell seeding the dishes were maintained in an
incubator (37°C, 5% CO,) for 2 weeks. After 7 and 14 days,
quantitative assays were planned to be performed. Due to
the sudden culture medium aciditation, which occurred on
the 13" day of culture, quantitative assays planned for day
14 were not performed.

Cell viability testing (XTT assay)

The XTT assay is based on the on the capacity of mito-
chondrial dehydrogenase enzymes in living cells to convert
the yellow water-soluble substrate (2,3-bis(2methoxy-4-
nitro-5-sulfophenyl)-5-[(phenyloamino)carboxyl]-2H-tetrazo-
lium hydroxide) into a highly colored water-soluble formazan
product. The amount of the colored product is proportional
to the number of cells and their metabolic activity [26].

The disks were washed with PBS in a 24-well culture
dish. 1.020 ul of XTT (0.45 mM) and phenazine methosul-
phate (7.5 uM) solution in DMEM was added to each well.
After 4-hour incubation in 37°C, the supernatants (120 ul)
were collected and the absorbances of orange formazan
product dyes were directly read in microplate ELISA reader
at 450 nm. The assay was performed on day 7 in the HBDC
culture on the solid disks. It was planned to be done also on
day 14, but this was abandoned due to the rapid material
degradation on day 13 (see results) which was lethal for
cells. HBDCs cultured on tissue culture polystyrene (TCPS)
served as a control.

Alkaline phosphatase activity (ALP)

Alkaline phosphatase activity was quantified by ALP
Assay Kit (Sigma) on day 7 in the HBDC culture on the solid
disks. The cell lysates were prepared by adding 1 ml of 10
mM TrisHCI-0.1% Triton X-100 into a well of 24-well dish.
The conversion of paranitrophenylphosphate to para-nitro-
phenol by ALP lasted 30 minutes in room temperature and
the absorbance was measured in a microplate ELISAreader
at 405 nm. HBDCs cultured on tissue-culture-polystyrene
(TCPS) served as a control.

DNA quantity (PicoGreen assay)

ALP activity was normalized to the DNA quantity of each
culture. The DNA was measured in the fluorescent assay
PicoGreen (Invitrogen). The cell lysates, described above,
were used according the protocol provided by the producer.
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Aktywnos¢ fosfatazy zasadowej (ALP)

Aktywnos¢ fosfatazy zasadowej oznaczano przy uzyciu
zestawu ALP Assay Kit (Sigma) w 7 dniu hodowli ludz-
kich komodrek osteogennych osadzonych na powierzchni
ksztattek polimerowych. Lizaty komoérkowe przygotowano
poprzez dodanie roztworu 10 mM TrisHCI-0,1% Triton
X-100 do kazdej studzienki ptytki 24-dotkowej. Hydrolize
paranitrofenylofosforanu do para-nitrofenolu przez fosfa-
taze zasadowqg prowadzono w temperaturze pokojowej
przez 30 minut. Nastepnie wykonywano pomiar absorbanc;ji
w czytniku ELISA przy dtugosci fali 405 nm. Hodowla ludz-
kich komérek osteogennych na powierzchni polistyrenowe-
go naczynia hodowlanego postuzyta jako kontrola.

Oznaczenie ilosci DNA (test PicoGreen)

Aktywnosc¢ fosfatazy zasadowej (ALP) znormalizowa-
no do ilosci DNA. llos¢ DNA oznaczono fluorescencyjnie
za pomocg zestawu PicoGreen (Invitrogen). Lizaty komor-
kowe przygotowano wedtug procedury opisanej powyzej
i nastepnie uzyto ich do oznaczen, ktére prowadzono wedtug
protokotu producenta.

Skaningowa mikroskopia elektronowa (SEM)

Prébki materiatu z osadzonymi na nich komérkami utrwa-
lono roztworem glutaraldehydu. Powierzchnie biomateriatéw
obserwowano za pomocg skaningowego mikroskopu elek-
tronowego (Hitachi SEM) w 7 i 13 dniu hodowli.

Wyniki i dyskusja

Przezywalnos¢ komorek (test XTT)

Przezywalno$¢ komoérek oznaczong w 7 dniu hodowli
przedstawiono na RYS. 1. Warto$¢ absorbancji mierzona
testem XTT byta nizsza w hodowlach na badanych materiale
w stosunku do kontroli (komérki hodowane na podtozu poli-
styrenowego naczynia hodowlanego), aczkolwiek jej poziom
przekraczat 70% wartosci uzyskanej w kontroli. Oznaczenia
nie wykonano w 14 dniu doswiadczenia ze wzgledu na na-
gte zakwaszenie pozywki hodowlanej, zaobserwowane w
dniu 13, ktére skutkowato $miercig komoérek. Na podstawie
obserwacji morfologicznej oceniono, ze stan komérek w
dniu poprzedzajacym byt dobry (RYS. 3).

Degradacja poliestréow o wymiarach ponad 1 mm prze-
biega heterogenicznie [27]. Powolna dyfuzja kwasnych pro-
duktéw degradaciji jest przyczyna ich akumulacji wewnatrz
prébki i autoakceleracji procesu. Przy znaczacym postepie
degradacji zewnetrzna warstwa probki takze ulega znisz-
czeniu i nastepuje gwattowne uwolnienie produktéow degra-
dacji prowadzgce do zakwaszenia medium hodowlanego.
Szybkie zakwaszenie medium moze by¢ szkodliwe dla
komodrek w hodowli [28]. Mozliwe jest jednak jego kontrolo-
wanie przez dobodr wielkosci i struktury prébek [29].

Uzyskane wyniki swiadczg o tym, ze badany materiat
moze stanowi¢ odpowiednie podtoze dla ludzkich komoérek
osteogennych, az do czasu nagtej dezintegracji materiatu.
Zjawisko nagtej dezintegraciji litych ksztattek zbudowanych
z PLGA/PLLA powinno by¢ brane pod uwage w czasie
hodowli zywych komoérek.

Aktywnos¢ fosfatazy zasadowej (ALP)

Na RYS. 2 przedstawiono aktywno$¢ enzymatyczng
fosfatazy zasadowej (ALP) oznaczong w 7 dniu hodowli.
Wartosci aktywnosci enzymu znormalizowano do ilosci DNA,
oznaczonej testem PicoGreen. Testu nie wykonywano w 14
dniu, ze wzgledu na nagte zakwaszenie pozywki hodowla-
nej, ktére zaobserwowano w 13 dniu hodowli.

Scanning Electron Microscope (SEM) observations

The control disks (without cells) and the disks with cell
culture were fixed with glutaraldehyde. The surfaces of the
biomaterials were observed in SEM (Hitachi) on day 7 and
on day 13.

Results and Discussions

Cell viability (XTT assay)

Cell viability measured on day 7 is presented on FIG. 1.
XTT absorbance in the culture on the investigated materi-
als is lower than in the control (tissue culture polystyrene),
but still at the level of more than 70%. The assay was not
performed on day 14 due to a sudden culture medium
acidification, which was observed on day 13. This was
accompanied by rapid cell death in the whole population,
although the condition of the cells estimated on the basis
of morphological observation on the previous day was fine
(FIG. 3).
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RYS. 1. Przezywalnos¢ ludzkich komérek
osteogennych mierzona 7 dnia hodowli przy
uzyciu testu XTT. Wyniki badan analizowano
statystycznie stosujac test t-Studenta (*p< 0.05;
**p<0.005; ***p<0.0005).

FIG. 1. Human bone derived cells’ viability mea-
sured on day 7 of culture using the XTT assay.
The results were statistically analyzed with Stu-
dent’s t-test (*p< 0.05; **p<0.005; ***p<0.0005).

The mechanism of degradation of macroscopic devices
made from aliphatic polyesters is heterogenous [27]. It was
established that the degradation is more rapid inside the
sample than at the surface because of the accumulation of
acidic products inside. The advancement of the degrada-
tion process causes a disintegration of the outer layer and
a sudden release of a large amount of acidic compounds.
The rapid acidification may be harmful for cells in the culture
[28]. The scale of the eruption of the acidic degradation
products may be controlled by the size and architecture of
the samples [29].

The obtained results confirm that the investigated mate-
rial might serve as a satisfactory support for human bone
derived cells up to the sudden disintegration of the mate-
rial — a phenomenon which should be taken into account
when PLGA/PLLA- based materials are put in contact with
living cells.

Alkaline phosphatase activity (ALP)

Alkaline phosphatase (ALP) enzymatic activity of the cells
on Day 7 is presented in FIG. 2. The results are normal-
ized to the DNA quantity measured in a PicoGreen assay.
The assay was not performed on day 14, due to a sudden
aciditation of the culture medium, which was observed on
the 13 day of culture.
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RYS. 2. Aktywnos¢ fosfatazy zasadowej (ALP)
znormalizowana do ilosci DNA w 7 dniu hodowli.
Wyniki badan analizowano statystycznie stosujac
test t-Studenta (*p< 0.05; **p<0.005; ***p<0.0005).
FIG. 2. Alkaline phosphatase activity (ALP) normal-
ized to the DNA content on day 7 of cell culture.
The results were statistically analyzed with Stu-
dent’s t-test (*p< 0.05; **p<0.005; ***p<0.0005).

Fosfataza zasadowa jest uznawana za dobry, cho¢
niespecyficzny marker wczesnej fazy roznicowania w kie-
runku osteoblastow [30,31]. Otrzymano zadowalajacy wynik
wskazujacy, iz aktywnosé ALP byta wyzsza w hodowlach
na powierzchni polimerow modyfikowanych krzemionkg
niz w kontroli.

Obserwacje mikroskopowe (SEM)

Obraz komorek na powierzchni badanych materiatow
przedstawiono na RYS. 3. Pomimo trudnosci w obserwac;ji
wynikajacej z rozwiniecia powierzchni podtoza, w obu
punktach czasowych widoczne sg komérki rozptaszczone
na powierzchni materiatu. W 13 dniu widoczne jest wiek-
sze zageszczenie komérek, tworzacych sie¢ na badanej
powierzchni.

Whioski

Kopolimer PLGA/PLLA z domieszkg PLLA zmodyfiko-
wany dodatkiem krzemionki jest materiatem dobrze tolero-
wanym przez ludzkie komérki osteogenne w warunkach in
vitro. Potwierdza to wysoki stopien przezywalnosci komoérek
na materiale oraz wysoka aktywnosc¢ fosfatazy zasadowej
w hodowli ludzkich komérek osteogennych. W czasie prze-
dtuzonej hodowli nalezy bra¢ pod uwage ryzyko nagtego
uwolnienia kwasnych produktéw degradacji do pozywki
hodowlanej, co wywotuje efekt letalny. Poniewaz przebieg
procesu degradacji zalezy do wielkosci fragmentow litego
materiatu poliestrowego, w zastosowaniach, w ktérych
takie materiaty majg stanowi¢ podtoze dla hodowli lub
transplantacji komorek, nalezy wtasciwie dobra¢ strukture
rusztowania.

RYS. 3. Zdjecia SEM ludzkich komérek osteo-
gennych osadzonych na powierzchni badanych
materialéw w 7 dniu hodowli (A) i w 13 dniu
hodowli (B).

FIG. 3. SEM images of human bone derived cells
seeded on the surface of the investigated materials
on day 7 (A) and on day 13 (B).

Alkaline phosphatase is considered a good although not
specific marker of the early stages of osteoblast differentia-
tion [30,31]. The activity of ALP was higher in the culture
on the silica-modified disks than in the control, which is
advantageous.

Scanning Electron Microscope (SEM)

The cells spread on the surface of the investigated
samples are presented in FIG. 3. The cell network is more
dense on day 13.

Conclusions

PLGA/PLLA modified with silica filler is well tolerated by
human bone derived cells in vitro, which was confirmed by
the satisfactory cell viability, as well as by the alkaline phos-
phatase activity, which was found of a higher value than in
the positive control. However, if such material is planned to
be used as a scaffold for cell transplantation, a rapid release
of the acidic end-products of the material degradation into
the culture medium should be expected after a prolonged
culture. This phenomenon has a lethal effect on the cells.
In view of the fact that the intensity of the acid eruption
would depend on the size of the bulk polyester pieces
— due to the nature of the polyesters degradation process
— it is postulated that the scaffold architecture should be
carefully selected.
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Streszczenie

W pracy przedstawiono badania dotyczgce cyto-
toksycznego dziatania hydrozelowych membran
chitozanowych wytwarzanych metodg inwersji faz.
Hydrozelowe membrany stanowi¢ mogg potencjalny
materiat na opatrunki. Badania przeprowadzono na
referencyjnej linii komérkoweyj, fibroblastach mysich
3T3/Balb. Membrany chitozanowe po 24, 48 i 72 h
kontaktu, nie wykazujg dziatania toksycznego.
Plastyfikacia membran w glicerynie wptywa nieko-
rzystnie przezywalnos¢ komorek.

Stowa kluczowe: hydrozel, membrana, dziatanie
cytotoksyczne

[Inzynieria Biomateriatéw, 103, (2011), 23-28]

Wstep

W technologii tzw. nowej generacji opatrunkow istotne
znaczenie zajmujg hydrozele. Spetniajg one podstawowe
wymagania stawiane opatrunkom najwyzszej 3 klasy. Zgod-
nie z nimi opatrunek powinien wykazywac duzg chtonnosg¢,
zatrzymywac wydzieline wraz z zarazkami, stanowi¢ bariere
zewnetrzng dla drobnoustrojow oraz przepuszczac gazy i
pare wodng, nie moze podrazniac rany i reagowac z sub-
stancjami stosowanymi miejscowo, powinien utrzymywac
odpowiednig temperature rany (zblizong do temperatury
ciata), a ponadto by¢ tatwy w uzyciu.

Duza popularnos¢ matryc hydrozelowych wynika z ich
korzystnych wtasnosci a mianowicie: obecnosci wody w
strukturze, biozgodnosci i biodegradowalnosci. Prefero-
wana w leczeniu ran wilgotna terapia przyspiesza bowiem
ziarninowanie, angiogeneze i reepitalizacje. Czas gojenia
rany leczonej w wilgotnym $rodowisku jest krotszy o ok.
50%. Hydrozele wytwarzajg w obszarze rany srodowisko
zblizone do fizjologicznego, pobudzajac naturalne zdolnosci
komérek do proliferacji i odbudowy uszkodzonej tkanki. Do
wytwarzania hydrozeli wykorzystuje sie polimery naturalne
(agar, zelatyna, pektyna) i syntetyczne poli(alkohol winylo-
wy), poli(winylopirolidon), poli(kwas akrylowy), poli(glikol
etylenowy) [1-7].

Duze zainteresowanie budzi rowniez pochodna chi-
tyny - chitozan. Chityna (N-acetylo D-glukozoamina),
jest po celulozie najbardziej rozpowszechnionym po-
limerem w przyrodzie. Z uwagi jednak na trudng roz-
puszczalnos$¢ jej zastosowanie jest ograniczone. Stad
zainteresowanie jej pochodng zwang chitozanem. Chito-
zan powstaje przez hydrolize grup acetyloaminowych.

INVESTIGATION OF THE
CYTOTOXIC ACTIVITY OF
CHITOSAN MEMBRANES
TO BE USED AS DRESSING
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uL. WoLczaNska 213, 90-924 t 6pz, PoLAND
2WRoctaw MebpicaL UNIVERSITY,

DEPARTMENT OF EXPERIMENTAL SURGERY

AND BIOMATERIALS RESEARCH,

uL. PoNiaTowskiEGO 2, 50-326 WRoctAaw, PoLAND

Abstract

Investigations of cytotoxic activity of chitosan
hydrogel membranes produced by the phase inversion
method are presented in the paper. Hydrogel memb-
ranes can be used potentially as a dressing material.
Experiments were carried out on a reference cell line,
mouse fibroblasts Balb/C 3T3. Chitosan membranes
after 24, 48 and 72 h exposure did not reveal any toxic
activity. Plastification of the membranes in glycerin had
a negative effect on cell survival.

Keywords: hydrogel, membrane, cytotoxicity

[Engineering of Biomaterials, 103, (2011), 23-28]

Introduction

In the so-called new-generation dressing technology,
hydrogels occupy an important place. They meet basic
requirements which the highest 3™ class dressings should
satisfy. According to these requirements, dressings should
have high absorbability towards wound exudate and mi-
crobes, constitute an external barrier for microorganisms
and should be permeable for gases and water vapor.
They cannot irritate wound or react with locally adminis-
tered substances. They should retain appropriate wound
temperature (close to body temperature), and finally, they
should be easily applied.

Great popularity of hydrogel matrices is a result of their
advantageous properties, namely the presence of water
in the structure, biocompatibility and biodegradability. Wet
therapy preferred in wound healing enhances growth of
granulation tissue, angiogenesis and reepitalization. The
time of wet wound healing is shortened by about 50%.
In the wound region hydrogels form an environment simi-
lar to the physiological one, stimulating natural cell ability
to proliferate and reconstruct damaged tissues. Natural
(agar, gelatin, pectin) and synthetic (polyvinyl alcohol,
polyvinylpyrrolidone, polyacryclic acid, polyethylene glycol)
polymers are used for hydrogel production [1-7].

Chitin derivative, chitosan, arouses also significant inter-
est. After cellulose, chitin (N-acetyl-D-glucosamine) is the
most popular polymer in nature. However, due to hampered
solubility, its application is limited. This is why its derivative
called chitosan appears so interesting. Chitosan is formed
as a result of hydrolysis of acetylamino groups. The pres-
ence of amino groups in the molecule causes that this poly-
mer has better solubility and can be transformed into useful
forms (microspheres, membranes, sponges, hydrogels).

23

BI® MATERIALS



24

Obecnos¢ w czasteczce grup aminowych powoduje, ze
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wos$¢ przeprowadzenia go w formy uzyteczne (mikrosfery,
membrany, gabki, hydrozele). Z wielu badan na zwierzetach
wiadomo, ze chitozan przyspiesza gojenie ran poprzez:
zwiekszenie naptywu do miejsca zakazenia komorek fa-
gocytujacych (granulocyty segmentowane i makrofagi),
stymulacje migracji i proliferacji komoérek naczyn srodbton-
ka i fibroblastow, a wedtug niektérych badaczy réwniez
keratynocytéw. Wykazano réwniez, ze chitozan dziata
statycznie, a nawet bdjczo na komorki bakterii oraz grzybow
drozdzoidalnych. Hydrozele chitozanowe wytwarzane sg
metoda inwersji faz poprzez neutralizacje soli chitozanu w
zasadowym roztworze wodnym bgdZ wodno-alkoholowym,
w uktadzie polikation (sél chitozanu) — polianion (tri, heksa-
fosforan sodu, alginian sodu,) oraz zele formujace sie w
fizjologicznej temperaturze ciata ludzkiego (przy uzyciu
B-glicerofosforanu sodu, polialkoholu winylowego badz
wykorzystujac aktywnos¢ enzymatyczng ureazy w tempera-
turze 37-40°C). W otrzymane struktury wprowadza¢ mozna
dodatkowe srodki. Obecnos$¢ grup —OH i NH, dzieki ktorym
dane $rodki sg unieruchamiane powoduje stabilnos¢ uktadu
uzalezniong od warunkow, w ktorych sie znajduje (np. pH,
temperatura), co z kolei umozliwia kontrolowang desorpcje
unieruchomionych $rodkéw. Hydrozele chitozanowe badane
sg W kierunku wykorzystania ich jako nosniki lekow, opatrun-
ki (w tym réowniez opatrunki hybrydowe zawierajgce wybrane
srodki farmakologiczne np. przeciwbdlowe, antybiotyki czy
inne wspomagajace proces gojenia rany) oraz scaffoldy
do hodowli komdrkowej [8-22]. Wykorzystanie hydrozeli w
inzynierii biomedycznej wymaga okreslenia w pierwszym
rzedzie ich wlasnosci cytotoksycznych.

W pracy przedstawiono badania dziatania cytotoksycz-
nego membran chitozanowych wytwarzanych metoda
inwersji faz.

Materiat

Do badan cytotoksycznosci wytypowano hydrozelowe
membrany chitozanowe wytworzone metoda inwersji
faz z chitozanu o stopniu deacetylacji SD = 83% i 97%.
Te ostatnie poddano dodatkowo plastyfikacji w 20% roz-
tworze wodnym glicerolu. W dalszej czesci pracy przyjeto
nastepujace oznaczenia:

» hydrozele chitozanowe z chitozanu o stopniu deacetylacji

83%; - (b)
* hydrozele chitozanowe z chitozanu o stopniu deacetylacji
97%; - (c)

* hydrozele chitozanowe z chitozanu o stopniu deacetylacji

97% plastyfikowane w glicerynie - (d)

Membrany wytworzono z octanu chitozanu. Stezenie po-
limeru w roztworze wynosito 8%. Roztwor soli chitozanowej
rozprowadzono na wypoziomowanej ptaskiej powierzchni za
pomocg aplikatora o wysokosci szczeliny 0,8 mm, po czym
bezposrednio ptytke umieszczano w kapieli neutralizujgcej
(10% roztworze wodnym NaOH). Czas trwania neutralizacji
wynosit 24 h. Nastepnie probki odmywano wodg zdejo-
nizowang do uzyskania pH obojetnego przy powierzchni
membrany. Przed oznaczeniem cytotoksycznosci membra-
ny sterylizowano radiacyjnie wykorzystujgc kobaltowe zrédito
promieniowania y ®°Co, przy dawce promieniowania 25 kGy.

Struktura i wtasnosci fizykochemiczne hydrozelowych
membran chitozanowych przedstawione zostaty w publika-
cjach [24-27]. Membrany te charakteryzujg sie stosunkowo
wysoka wytrzymatoscia (w zaleznosci od stezenia polimeru
wynosi ona od 1-3 N/mm?) [24]. Struktura jest rozwinieta na
co wskazuje obraz powierzchni (membran po wysuszeniu lio-
filizacyjnym) pod mikroskopem scanningowym (RYS. 1) [25].

Many experiments on animals show that chitosan can
enhance wound healing by increasing the supply of phago-
cytic cells (segmented granulocytes and macrophages) to
the place of infection and by stimulating migration and pro-
liferation of the cells of endothelium vessels and fibroblasts,
and according to some researchers, also keratinocytes.
It has been proved that chitosan has a static and even bac-
tericidal and fungicidal effect on yeast. Chitosan hydrogels
are formed by phase inversion method through chitosan
salt neutralization in basic water solution or water-alcohol
solution, in the system of polycation (chitosan salt) — poly-
anion (tri, hexa sodium phosphate, sodium alginate) and
gels formed at body temperature (with the use of B-sodium
glycerophosphate, polyvinyl alcohol or employing enzymatic
activity of urease at the temperature 37-40°C). Additional
substances can be introduced into the formed structures.
The presence of —OH and NH, groups, due to which the
substances are immobilized, causes stability of the system
irrespectively of the conditions in which it occurs (e.g. pH,
temperature), which in turn enables controlled desorption
of the immobilized substances. Chitosan hydrogels are
investigated in respect to their applicability as drug carriers,
dressings, including hybrid dressings which contain selected
pharmacological agents, e.g. pain-killers, antibiotics or adju-
vants on wound healing, and scaffolds for cell cultures [8-22].
The use of hydrogels in biomedical engineering requires
primarily the determination of their cytotoxic properties.

Investigations of cytotoxic activity of chitosan membranes
produced by the phase inversion method are discussed in
the paper.

Experimental material

In cytotoxicity investigations chitosan hydrogel mem-
branes formed by the phase inversion method from chitosan
with the degree of deacetylation (DD) = 83% and 97% were
used. The latter membranes were additionally plastified in
20% water solution of glycerol. In following part of paper the
following marks are applied:

» chitosan hydrogels from chitosan with 83% DD - (b)
» chitosan hydrogels from chitosan with 97% DD - (c)
» chitosan hydrogels from chitosan with 97% DD plastified

in glycerin - (d)

The membranes were made from chitosan acetate. Poly-
mer concentration in the solution was 8%. The chitosan salt
solution was distributed on a leveled flat surface by means of
an applicator with slot height 0.8 mm. After that the plate was
placed immediately in a neutralizing bath (10% water solution
of NaOH). The time of neutralization was 24 h. Next, the sam-
ples were washed with deionized water to reach neutral pH
at the membrane surface. Prior to cytotoxicity determination,
the membranes were sterilized by radiation using a cobalt
radiation source y %°Co, at radiation dose 25 kGy.

Structure and physico-chemical hydrogel chitosan
membranes were presented in publications [24-27]. These
membranes are characterized by relatively high strength
(depending on the polymer concentration range from ap-
proximately 1-3 N/mm?) [24]. The structure is developed as
indicated by the image of the surface (membrane after drying,
lyophilization) under the scanning microscope (FIG. 1) [25].
Structure organization depends on the concentration of
polymer in solution and molecular weight of the polymer.
Having the proper concentration of 8% and a specific mo-
lecular weight (500 kDa) the membrane with a high degree
of order (crystallinity) can be obtained [26]. Water fills the
spaces in the structure of pores and occurs as a partly re-
lated. Quantity of water bounded in the structure depends
on the degree of crystallinity [27].



RYS. 1. Obraz membran pod mikroskopem sit
atomowych [24].

FIG. 1. Membrane image under atomic force mic-
roscope [24].

Uporzadkowanie struktury zalezy od stezenia polimeru w
roztworze membranotwdrczym i masy czasteczkowej po-
limeru. Przy odpowiednim stezeniu 8% i okreslonej masie
czasteczkowej (500 kDa) uzyskuje sie membrany o wysokim
stopniu uporzadkowania (krystalicznosci) [26]. Woda w
strukturze wypetnia przestrzenie poréw oraz wystepuje w
postaci czesciowo zwigzanej. Zwigzanie wody w strukturze
zalezy od stopnia uporzadkowania [27].

Metoda badan

Badania wykonano w Pracowni Hodowli Komérkowych,
Katedry i Zaktadu Histologii i Embriologii AM we Wroctawiu.
Badanie przeprowadzono zgodnie z PN-EN ISO 10993-5
.Biologiczna ocena wyrobéw medycznych. Badania cy-
totoksycznosci: metody in vitro” — marzec 2001. Badania
przeprowadzono metodg bezposredniego kontaktu.

Linia komoérkowa

Badania przeprowadzono na referencyjnej linii komérko-
wej, fibroblastach mysich 3T3/Balb otrzymanych z Banku
Tkanek, Instytutu Immunologii i Terapii Doswiadczalnej PAN
we Wroctawiu.

Hodowle komérek prowadzono w pitynie hodowlanym
Eagle’a z dodatkiem 10% inaktywowanej (30 min, 56°C)
surowicy cielecej oraz 100 j/ml penicyliny, 100 ug/ml strepto-
mycyny i 2 mM/ml L-glutaminy w temp. 37°C, w atmosferze
5% CO,. Komorki przeszczepiano stosujgc roztwér 0,25%
trypsyny z 0,02% EDTA w PBS, o pH 7,2.

Badanie dzialania cytotoksycznego metoda bezpo-
sredniego kontaktu

Komoérki fibroblastéw mysich zostaty zatozone na 12-
dotkowych ptytkach firmy NUNC w ilosci 5x10°® kazda. Po
24 godzinach komérki przykleity sie do podtoza i podzielity,
pokrywajac okoto 60% powierzchni ptytki. Po tym czasie
pozywke hodowlang usunieto, a do kazdego z naczyn
dodano nowe medium. Na hodowle komérkowe natozono
probki materiatéw o wymiarach 10x10 mm i inkubowano w
temp. 37°C, w atmosferze 5% CO,. Kazdy materiat oceniano
w 3 powtoérzeniach.

Experimental method

Experiments were made in the Cell Culture Laboratory
of the Department of Histology and Embryology, Wroctaw
Medical University. Tests were carried out according to
the standard PN-EN ISO 10993-5 “Biological evaluation
of medical products. Cytotoxicity tests: in vitro methods”
— March 2001. The tests were performed by the direct
contact method.

Cell line

The experiments were carried out on a reference cell line,
mouse fibroblasts Balb/C 3T3 supplied by the Tissue Bank
of the Institute of Immunology and Experimental Therapy,
Polish Academy of Sciences in Wroctaw.

Cells were grown in culture in Eagle’s medium supple-
mented with 10% inactivated (30 min, 56°C) fetal bovine
serum and 100 U/ml penicillin, 100 pg/ml streptomycin and
2 mM L-glutamine at the temperature 37°C, in the atmos-
phere of 5% CO,. The cells were inoculated using a 0.25%
solution of trypsin with 0.02% EDTA in PBS, at pH 7.2.

Investigation of cytotoxicity by the direct contact
method

Mouse fibroblast cells in the amount 5x108 were placed
on NUNC 12-well plates each. After 24 hours the cells
adhered to the substrate and were divided covering about
60% of the plate surface. After that time the culture medium
was removed and to each vessel a new medium was added.
Next, the cell cultures were covered with 10x10 mm material
samples and incubated at 37°C, in the atmosphere of 5%
CO,. Every material sample was evaluated in 3 replications.

Cytotoxicity evaluation

Quantitative and morphological changes after contacts
with the tested materials were evaluated after 24, 48 and
72 h under a reverse phase-contrast microscope, at a mag-
nification of 10x. Trypan blue staining was used to specify
the number of dead cells. For a drop of cell suspension was
added 1 drop of 0.4% trypan blue in PBS. After 1 minute drop
of suspension was introduced to counting chambers Blirker
and calculated the average of five squares each half of the
chamber and the percentage of dead cells. Toxicity of the
material samples was evaluated based on changes in cell
morphology, survival and ability to proliferate.

Statistical calculations

A statistical analysis was made using the t-Student test.
It was assumed that correlation coefficients were significant
at *p < 0.05, **p < 0.01, ***p < 0.001.

Results and discussion

After 24 h, in the cultures which were in contact with
all tested samples of hydrogel chitosan membranes no
morphological changes in the cells were observed. Cell
proliferation in the cultures with the samples was comparable
and insignificantly lower as compared to control cultures.
No dead cells were found in any culture (FIG. 2,3).

After 48 h, in the cultures which were in contact with all
tested samples of chitosan hydrogel membranes no mor-
phological changes of cells were observed. Cell proliferation
in the cultures with membranes made from chitosan with
83% and 97% degrees of deacetylation without plastifica-
tion in glycerol was slightly higher, and in the cultures with
membranes plastified in glycerol slightly lower as compared
to control cultures. No dead cells were found in any culture
(FIG. 4,5).
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RYS. 2. 24 h hodowla fibroblastéw mysich 3T3Balb/
C: a - kontrola; b - po kontakcie zmembrana z chito-
zanu o stopniu deacetylacji 83%; c - po kontakcie z
membranag z chitozanu o stopniu deacetylacji 97%;
d - po kontakcie z membrang z chitozanu o stop-
niu deacetylacji 97% plastyfikowana w glicerolu.
Fotografie b, ¢, d wykonane poprzez prébki memb-
ran chitozanowych.

FIG. 2. 24 h culture of mouse fibroblasts Balb/C
3T3: a-control; b - after contact with the membra-
ne made from chitosan with 83% DD; c - after con-
tact with the membrane made from chitosan with
97% DD; d - after contact with the membrane made
from chitosan with 97% DD plastified in glycerol.
Photographs b, ¢ and d were taken through the
sample.

RYS. 4. 48 h hodowla fibroblastow mysich 3T3Balb/
C: a - kontrola; b - po kontakcie z membrang
z chitozanu o stopniu deacetylacji 83%; ¢ - po
kontakcie z membrang z chitozanu o stopniu
deacetylacji 97%; d - po kontakcie z membrang z
chitozanu o stopniu deacetylacji 97% plastyfiko-
wana w glicerolu.

FIG. 4. 48 h culture of mouse fibroblasts Balb/C
3T3: a - control; b - after contact with the memb-
rane made from chitosan with 83% DD; c - after
contact with the membrane made from chitosan
with 97% DD; d - after contact with the membrane
made from chitosan with 97% DD plastified in
glycerol.

Photographs b, ¢ and d were taken through the
sample.
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RYS. 3. Proliferacja fibroblastéw mysich 3T3
Balb/C po 24 h w hodowlach z membranami
chitozanowymi.

FIG. 3. Proliferation of mouse fibroblasts Balb/
C 3T3 after 24 h in the cultures with chitosan
membranes.

RYS. 5. Proliferacja fibroblastow mysich 3T3
Balb po 48 h w hodowlach z membranami
chitozanowymi.

FIG. 5. Proliferation of mouse fibroblasts Balb/
C 3T3 after 48 h in the cultures with chitosan
membranes.




Ocena dziatania cytotoksycznego

Zmiany ilosciowe i morfologiczne, po kontakcie z bada-
nymi materiatami oceniono po 24, 48 i 72 h w odwréconym
mikroskopie kontrastowo-fazowym, w powigekszeniu 10x.
W celu okreslenia ilosci martwych komoérek zastosowano
barwienie btekitem trypanu. Do 1 kropli zawiesiny komorek
dodawano 1 krople 0,4% btekitu trypanu w PBS. Po 1 mi-
nucie wprowadzano krople zawiesiny do komory Blrkera i
obliczano $rednig z pieciu kwadratow kazdej potowy komory
oraz procent komérek martwych. Stopien toksycznosci ma-
teriatdw oceniono na podstawie zmian w morfologii komorek,
ich przezywalnosci i zdolnosci do proliferacii.

Obliczenia statystyczne

Analize statystyczng wykonano z wykorzystaniem testu
t-Studenta. Przyjeto, ze wspétczynniki korelacji sg istotne
przy *p <0.05, **p<0.01, ***p<0.001.

Wyniki badan

Po 24 h, w hodowlach po kontakcie z wszystkimi bada-
nymi probkami hydrozelowych membran chitozanowych nie
stwierdzono zmian morfologicznych komdrek. Proliferacja
komoérek w hodowlach z prébkami byta porownywalna i
nieistotnie nizsza w poréwnaniu do hodowli kontrolnych.
W Zadnej hodowli nie stwierdzono komérek martwych
(RYS. 2,3).

Po 48 h, w hodowlach po kontakcie z wszystkimi bada-
nymi probkami hydrozelowych membran chitozanowych nie
stwierdzono zmian morfologicznych komérek. Proliferacja
komorek w hodowlach z membranami z chitozanu o stopniu
deacetylacji 83% i 97% bez plastyfikacji w glicerolu byta
nieistotnie wyzsza, a w hodowlach z membranami plasty-
fikowanymi w glicerolu nieistotnie nizsza w poréwnaniu
hodowli kontrolnych. W Zadnej hodowli nie stwierdzono
komorek martwych (RYS. 4,5).

Po 72 h, w hodowlach po kontakcie z wszystkimi bada-
nymi probkami hydrozelowych membran chitozanowych nie
stwierdzono zmian morfologicznych komérek. Proliferacja
komorek w hodowlach z membranami z chitozanu o stopniu
deacetylacji 83% byta identyczna, a w hodowlach z memb-
ranami z chitozanu o stopniu deacetylacji 97% nieistotnie
nizsza w porownaniu do hodowli kontrolnych. W hodowlach
z membranami plastyfikowaqnymi w glicerolu stwierdzono
istotnie nizszg proliferacje komérek (p = 0,0054) w porow-
naniu do hodowli kontrolnych. W hodowlach kontrolnych i
w hodowlach z membranami chitozanowymi nieplastyfiko-
wanymi stwierdzono 2% komorek martwych. W hodowlach
z membranami plastyfikowanymi stwierdzono 5% komorek
martwych (RYS. 6 7).

k

RYS. 6. 72 h hodowla fibroblastéw mysich 3T3Balb/
C: a - kontrola; b - po kontakcie z membrang z
chitozanu o stopniu deacetylacji 83%; Fotografia
wykonana poprzez prébke; ¢ - po kontakcie z
membrang z chitozanu o stopniu deacetylacji 97%;
d - po kontakcie z membrang z chitozanu o stop-
niu deacetylacji 97% plastyfikowang w glicerolu.
W lewym dolnym rogu widoczna prébka.

FIG. 6. 72 h culture of mouse fibroblasts Balb/C
3T3: a - control; b - after contact with the memb-
rane made from chitosan with 83% DD; the pho-
tograph was taken through the sample; c - after
contact with the membrane made from chitosan
with 97% DD; d - after contact with the membrane
made from chitosan with 97% DD plastified in gly-
cerol. The sample is visible on the bottom left.
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RYS. 7. Proliferacja fibroblastow mysich 3T3
Balb po 72 h w hodowlach z membranami chito-
zanowymi.

FIG. 7. Proliferation of mouse fibroblasts Balb/C 3T3
after 72 h in the cultures with chitosan membranes.

After 72 h, in the cultures which were in contact with all
tested samples of chitosan hydrogel membranes no mor-
phological changes in cells were found. Cell proliferation
in the cultures with membranes made from chitosan with
83% DD was the same, and in the cultures with membranes
made from chitosan with 97% DD it was insignificantly
lower as compared to the control culture. In the cultures
with membranes plastified in glycerol, cell proliferation was
significantly lower (p = 0.0054) as compared to the control
cultures. 2% dead cells were found in the control cultures
and in the cultures with non-plastified chitosan membranes.
In the cultures with plastified membranes 5% dead cells
occurred (FIG. 6,7).
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Na podstawie przeprowadzonych badan stwierdzono,
ze:

1. Membrany chitozanowe z chitozanu o stopniu deacetyla-
Cji 831 97% (nieplastyfikowane) po 24, 48 i 72 h kontaktu,
nie wykazujq dziatania toksycznego.

2. Membrany chitozanowe plastyfikowane w glicerolu, po
24 i 48 h kontaktu, nie wykazujg dziatania toksycznego
na fibroblasty mysie 3T3/ Balb, a po 72 h stabe dziatanie
toksyczne.

3. Hydrozelowe membrany chitozanowe stanowi¢ mogg
potencjalny materiat na opatrunki.
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Conclusions

The experiments lead to the following conclusions:

1. The membranes made from chitosan with 83 and 97%
DD (non-plastified) after 24, 48 and 72 h exposure do
not reveal toxic activity.

2. Chitosan membranes plastified in glycerol, after 24
and 48 h exposure do not show toxic activity on mouse
fibroblasts Balb/C 3T3, and after 72 h they reveal weak
toxic effect.

3. Chitosan hydrogel membranes can be used as a potential
dressing material.
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