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IzABELLA RAJZER

ATH, UNIVERSITY OF BIELSKO-BIALA,

FacuLTy oF MATERIALS AND ENVIRONMENTAL SCIENCES,
INSTITUTE OF TEXTILE ENGINEERING AND POLYMER MATERIALS,
DEPARTMENT OF PoLYMER MATERIALS,

WiLLowa 2, 43-309 BieLsko-BiatA, PoLAND

E-MAIL: IRAJZER@ATH.BIELSKO.PL

Abstract

In this study, nanofibrous composite scaffolds
have been fabricated in order to mimic the physical
architecture of native extracellular matrix. Gelatin is
a good candidate to mimic the chemical composition
of natural collagen. It has many integrin-binding sites
for cell adhesion and differentiation, which are found
in collagen. However, electrospun scaffold made
of gelatin had very poor mechanical properties.
Therefore, in this study, bilayer nanofibrous scaffolds
made of gelatin and poly(caprolactone) were produ-
ced by sequential electrospinning. The microscopic
morphology, mechanical properties and porosity of
electrospun bilayer gelatin/polycaprolactone scaffold
were investigated.

[Engineering of Biomaterials, 104, (2011), 2-4]

Introduction

In tissue engineering, scaffold are designed to serve as
a temporary, artificial extracellular matrix (ECM) in order
to provide an optimal environment for cells adhesion, pro-
liferation and differentiation. Moreover the matrix should
provide mechanical support and regulate cell activities.
Gelatin as well as gelatin/synthetic polymers, have been
gaining interest as a tissue engineering scaffold [1-5].
Gelatin exhibits similar properties to collagen, excellent
biodegrability, non-antigenicity and cost efficiency [6].
Beside gelatin can promote cell adhesion, migration, dif-
ferentiation and proliferation [7]. However, poor mechani-
cal properties and water solubility have restricted gelatin’s
applications as nanofibrous scaffold in tissue engineering
field. Recent studies have shown that combination of
natural origin polymers (such as gelatin) within

By combining mentioned above parameters we can tailor
the final microstructure of scaffolds [13-14].

In this study electrospinning of bilayer gelatin/polycapro-
lactone was found to be an efficient technique to modify
PCL scaffolds. The incorporation of gelatin improved the
hydrophilicity of gelatin/PCL nanofibrous scaffold and PCL
provided a mechanical support.

Materials and methods

Gelatin (type A, from porcine skin) was purchased from
Sigma-Aldrich. To prepare spinning solutions, 3 g of gelatin
were dissolved in 30 ml of trifluoroethanol. Polycaprolactone
(PCL) was purchased from Sigma-Aldrich (Mn= 70 000
- 90 000 g/mol). Chloroform and methanol 1:1 (POCH,
Poland) were used as solvents for this polymer.

Scaffold fabrication

The electrospinning system (made by Institute of Textile
Engineering and Polymers Materials, ATH, Bielsko-Biata)
consisted of a high-voltage power supply, an infusion
pump, a stainless-steel blunt-ended needle, a 10 ml plas-
tic syringe and a custom-made rotating collecting drum.
For electrospinning each sample of the prepared solu-
tions was stocked in a 10 ml plastic syringe with a needle
whose inner diameter was 0.7 mm and the filled syringe
was set up in the electrospinning apparatus. Both solutions
were electrospun at a fixed voltage of 30 kV and distance
(15 cm) between needle tip and collector. Baking paper
sheet wrapped on a rotating metal drum was used as the
collecting device. In order to obtain bilayer gelatin/PCL scaf-
fold, first PCL solution was electrospun and then gelatin was
e-spun over PCL nanofibrous substrate (FIG. 1). In addition
two other scaffolds made of PCL and gelatin were obtained
as reference materials.

Characterization of scaffolds

The surface morphology of the composites scaffolds was
examined using scanning electron microscopy (SEM, Jeol
JSM 5500). Pore size distribution was determined using PMI
capillary flow porometer [15]. Mechanical properties of the
electrospun gelatin, gelatin/PCL and PCL scaffolds were
determined using uniaxial testing machine (Zwick-Roell Z
2.5.) under a cross-head speed of 1.0 mm/min. All samples
were cut into strips of 20 x 100 mm (weight x length). At least
three samples were tested for each of electrospun fibrous
scaffold. The thickness of samples was measured with a
Thickness Tester (TILMET 73). A pressure of 2 kPa was
applied for all of the thickness measurements.

synthetic polymers would optimize the physi-
co-chemical and biological properties [8-9].
Polycaprolactone (PCL) is a bioresorbable

polymer with excellent mechanical properties § PCL
[10]. However PCL has an intrinsic hydrophobic SD"-m\O:

chemical nature, and its poor surface wetting
and poor interaction with biological fluids make
cell adhesion and proliferation less intensive
[11-12].

In order to produce bilayer gelatin/polyc-
aprolactone scaffold, an electrospinning tech-
nigue has been applied. Electrospinning is an
easy and effective method that has been used
to produce nanofibrous scaffolds out of wide
range of materials. A number of processing pa-

Electrospinning of gelatin/PCL scaffold

gelatin gelatin
solution T —
~

PCL —7

-
N

+

A

rameters such as: applied voltage, polymer flow
rate, and capillary-collector distance can greatly
influence the properties of the generated fibres.

FIG. 1. The electrospinning process of bilayer samples.



Results and
Discussion

In order to mimic the physi-
cal architecture of natural
extracellular matrix, a method
to fabricate nanofibrous gela-
tin/PCL composite scaffold
was developed in this study.
FIG. 2 shows the SEM micro-
graphs of composite bilayer
gelatin/PCL scaffolds (both
sides: FIG. 2c-d), as well as
pure gelatin (FIG. 2a) and pure
PCL (FIG. 2b) as reference
samples. The microstructures

(a) gelatin
NN ANAKA ]

scaffold were similar to those
of proper reference materials.
The ribbon shaped fibers of
gelatin nonwoven scaffold
had a thickness of 200-700
nm and a width up to 5 pm.
Rapid solvent removal from g
the surface of the jettended to [ HuRim" X (Y
form a skin on the jet as dried. [ ?;“‘? Qg}
As the evaporation pro- J8:= -% --’-‘&
gressed, the skin remained @"‘A-AA"!!-V-’
as a hollow tube, which col-
lapsed into flat ribbon. Small
branches between fibers were
observed in the case of gelatin
fibers as well as on the gelatin
side of composite scaffold.
The SEM images of PCL and PCL side of composite scaffold
showed smooth and bead free surfaces of the nanofibers.
The diameter of electrospun PCL fibers ranges from 300
nm to 1.2 ym. The pore size and interconnectivity between
pores are also important parameters of the scaffolds.
Pore size of the pure PCL scaffold were measured to be
in the range of 1-2 ym whereas for pure gelatin scaffolds
2-16 pm (FIG. 3). Addition of gelatin onto PCL scaffold
increased the average pore diameter of nanofibrous com-
posite scaffold. Fiber structure, geometrical arrangement
of the fibers, individual fiber properties and interaction
between fibers greatly influence the mechanical properties
of nanofibrous scaffold. Representative stress-strain curves
for gelatin, PCL and gelatin/PCL scaffolds are shown in
FIG. 4. Compared with gelatin/PCL and pure PCL electro-
spun scaffolds, the gelatin nanofibrous sample showed
relatively low mechanical properties. The addition of PCL
greatly increased the strength and elastic behavior of the
composite fibrous scaffold. The enhanced properties of
finer diameter fibers (PCL) are attributed to the gradual
ordering of the molecular chains and modest increase in
the crystallinity of the fibers.

Since the gelation temperature of gelatin is very close to
cell culture temperature (37°C) the gelatin scaffold must be
crosslinked to improve its thermal and mechanical stabili-
ties prior to its tissue engineering applications [12]. Further
study will be focus on physical and chemical crosslinking
methods for gelatin and on the incorporation of bioactive
inorganic nanoparticles within the gelatin/PCL phase
reaping up the combinatory roles of bone—bioactivity and
rigidity of inorganic phase, degrability and hydrophilicity of
gelatin and optimal mechanical properties of PCL.

S
h-__.

- Al NNt AN
of both sides of composite & ?j{@&{%ﬁ!&;“‘@}v

gelatin/PCL scaffold.

=

s e, U

(c) Composite: gelatin side

o n -\.l .

e

(b) Polycaprolactone (PCL)

(d) Composite: PCL side

FIG. 2. SEM micrograph of (a) gelatin nanofibers, (b) PCL nanofibers, (c-d) bilayed
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FIG. 3. Pore size distribution of electrospun gelatin,
PCL and gelatin/PCL scaffolds.

Conclusions

A significant amount of research has been directed to
electrospinning nanofibrous scaffolds targeted for bone
tissue regeneration. Moreover there is increasing research
on the surface modifications in order to regulate cell functions
from the initial cell adhesion to osteogenic stimulation of
cells. In this work nanofibrous gelatin/PCL scaffolds have
been successfully fabricated by electrospinning technique.
Obtained results clearly showed that electrospun bilayer
gelatin/polycaprolactone composite had better mechanical
properties and pore size distribution than pure gelatin
scaffold. The enhanced strength and porosity of obtained
electrospun material would be very beneficial for tissue
engineering applications. The cross-linking study of the
composite and analysis of their in vitro behavior are in
progress in our laboratory.
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Abstract

The paper presents results of experiments on forma-
tion of nonwoven fabrics from PLA biopolymer. Fibrous
structures with parameters advantageous for application
as a scaffold for tissue engineering were prepared from
polylactide by melt-blown technology. Process optimi-
zation enables to obtain ultra-fine fibers. Sizes of pores
formed in the material during melt-blown process can
be tailored by formation of fibers of defined diameters.

Keywords: melt-blown, fibers, PLA, nonwoven

[Engineering of Biomaterials, 104, (2011), 5-7]

Introduction

Fibrous structures due to the advantageous high surface
to volume ratio are good materials for tissue scaffolding
purposes. When engineering fibrous scaffolds not only fibers
diameters but also distances between fibers, forming pores
should be taken into account, to ensure cells migration into
the fibrous network and cells mobility within this network. In
order to do this one need to remember is that the average
size of cell can be at the range of 10-50 ym in the case of
osteoblast, fibroblast or chondrocyte [1], so that the pores
of sufficient diameters are indispensible to avoid shearing of
cells during their migration within the fibrous network [2].

Ultra-thin polymer fibers have great potential for applica-
tions in a wide variety of fields, including sensors, filtration
and separation membranes or biomedical applications,
however the final application strongly depends on polymer
composition used for fibers spinning. Conventional methods
of fiber formation based on fiber drawing allow to obtain fib-
ers of diameters at the level of 10-100 um. In order to obtain
fibers of smaller diameters one has to apply more compli-
cated methods, including bi-component spinning of two
different polymers, melt-blown or electrospinning [3-5]. Each
of those methods has advantages and drawbacks. Bi-com-
ponent spinning of two different polymers allows to obtain
continuous bunches of parallel, long micro fibers, however
it is a multi-step process. The electrospinning is a versatile
method of formation on ultra-thin fibers both from the melt
and the solutions, however is still a challenge to scale-up
of the process up to quantities of kg/h. The third method,
melt-blown is a method capable of formation ultra-fine fibers
in form of nonwoven in a one stage, but it is limited only to
thermoplastic polymers [3,5]. In melt-blown process molten
polymer is extruded from the die holes, and then streams
of high velocity hot air attenuate the polymer streams to
form microfibers, which are subsequently laid randomly on
the collecting screen forming self-bonded nonwoven web.

Fibers’ thickness depends on combination of parameters
including melt-temperature and viscosity as well as velo-
city and temperature of hot air. The schematic draw of the
process is presented in FIG. 1. Even though polypropylene
has been so far the most popular polymer used in melt-blow
processes, the other thermoplastic polymers, including
polylactide, can be used in this process as well [6]. In this
work we will discuss morphology and selected physical
properties of 3D structures obtained by melt-blown spinning
of polylactide which indicate that melt-blown spinning of PLA
can be potentially useful for fabrication of biodegradable
polymeric scaffolds for tissue engineering.

f) Dryer ‘:l PLA

\ § / Gear Meltblown
\ g/ pump die

280°C[— | 250°C

Extruder

air velocity
50-150 m/s

110 mm |

&/ L
Collector

FIG. 1. Schematic drawing of melt-blown process.

Materials and methods

Nonwoven samples were fabricated from commercial
grade NatureWorks®PLA 3051D using lab-scale melt-blown
setup WX34 based on single screw extruder (d=25 mm)
and flat die head with 80 orifices (diameter 0.5 mm) which
enable formation of nonwoven web of 80-100 mm width.
The efficiency of WX34 setup is up to 10 kg/h which can
be reached in the case polypropylene with high melt-flow
index, but in presented case nonwovens were formed with
efficiency of 0.4; 0.6; 0.8 and 1 kg/h. Air velocity which at-
tenuated the molten polymer stream into the fiber was at the
range of 50-150 m/s. Other processing parameters such as
temperatures, pressure, output and conveyor velocity were
registered automatically and are given in TABLE 1. Process-
ing temperatures were evaluated from DSC experiments
(TA Instruments 5100). In order to prevent viscosity changes
due to hydrothermal degradation nonwovens were formed
form polymer dried previously to the water content of 0.025%
(250 ppm), according to producer’s recommendation.

Diameters of fibers were estimated based on SEM
analysis (Jeol JSM 5500LV). Basis weight of fibrous webs
was measured according to standard (PN-83/P-04602).
Timlet-73 setup was used to measure the thickness. Density
of nonwoven was calculated from samples geometry. Mean
pore size and pore sizes distribution were estimated using
PMI capillary flow porometer.

TABLE 1. Processing parameters of melt-blown PLA
nonwovens formation.

Temperature of heating Ill ;28
zones [°C] i 555
Temperature of pump [°C] - 255
Temperature of spinret [°C] - 250
Melt temperature [°C] - 268
Temperature ofaif [C] |5 o ouifow | 215
Distance from spinret to ) 110
conveyor [mm]
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Results and Discussions

According do DSC analysis (FIG. 2)
NatureWorks PLA 3051D should be
processed at temperature above
160°C. The polymer is stable at least
to 250°C, however TGA (not shown
here) confirmed stability up to at least
280°C. The temperature of molten
polymer during the process was
established experimentally, that is at
registered melt temperature of 268°C
process was stable and quality of
obtained nonwovens was satisfactory
(organoleptic estimation).

As observed from SEM micro-
photographs presented in FIG. 3
diameters of fibers depend on proc-
ess efficiency and air velocity. The
thinnest fibers with diameters at the
level of up to 5 um were obtained in
the case of spinning with medium
air velocity (100 m/s) and the lowest
efficiency. Too high air velocity (150
m/s) resulted in breaking of polymer
streams before they were attenuated
into thin fibers. As the effect relatively
thick entangled fibers were formed.

Due to the intensive contraction of §

the solidifying broken fibers there can
be observed characteristic structures
on the fibers’ surface (FIG. 3 b1, c1),
which were not observed in the case
of fibers solidified by air of lowest
velocity (50 m/s) (FIG. 3 a1). On the
other hand when the air velocity is too
low (~50 m/s) the drawing forces are
not enough to form thin fibers, how-
ever the fibers are relatively straight
and smooth. The surface roughness
which is the result of uneven radial
solidification resulting in shrinkage
of polymer can be beneficial as
it potentially could enhance cells
attachment.

Melt blown process allows to fab-
ricate materials of controlled porosity,
dependent mainly on the diameters
of entangled fibers, as only thickness
of fibers crossing each other limits
distances between them [7]. Results
of porosimetric studies (TABLE 2)
have confirmed that the lower were
diameters of fibers the smaller were
average pores sizes. The same was
observed in the case of pore sizes
distribution, which was much more
narrow in the case of the thinnest
fibers. The knowledge of processing

parameters is critical for the sake of \'

construction of 3D structure, which
can be formed by subsequent forma-
tion of layers composed of fibers of
different diameters and porosity. The
example of such possible structure is
presented in FIG. 4.

0.0
-0.21 |
ss.560g /16108°C
S -041 r
ES
3
o
S -067
T
0.8
1561.07°C
1% 0 50 100 150 200 250
Exolp Temperature (°C)

FIG. 2. DSC scan of raw PLA 3051D; estimation of processing temperatures,
glass transition region and melting region.

FIG. 3. SEM microphotographs of melt-blown PLA microfibers spun at variable
air velocity: a) 50 m/s; b) 150m/s; c) 100 m/s.

Z—..........................................
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TABLE 2. Parameters of nonwovens obtained by melt-blown process.

Thickness of Average Main fraction ,Bubble point”
nonwoven pore sizes of pores
[mm] [um] [um]
a 270 3.05 45.1 41.8-47.4 412
| b 120 1.25 82.5 79.2-86.2 420 |
| c 30 0.38 13.8 13.4-14.3 23 |
I(*) Bubble point - material’s largest through-pore I
Conclusions

FIG. 4. An example of layer-by-layer structure of
PLA melt-blown nonwoven composed of fibers of
different diameters.
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Abstract

Porous poly(L-lactide-co-glycolide) (PLGA) memb-
ranes were prepared by solvent-casting/porogen
leaching method. Poly(ethylene-glycol) (PEG) with
two molecular weights was used as a pore former.
Mechanical properties of the membranes were analy-
zed in tensile test. Topography, pore size and surface
roughness were characterized by atomic force micro-
scopy on both sites of the membranes. PEG leached
out percentage, thickness and wettability were also
measured. Osteoblast-like cells were cultured on the
membranes for 24 h and 6 days, and morphology,
distribution and number of adhered cells as well as
secretion of proteins and nitric oxide were measured.
The results show that PEG molecular weight affected
size and distribution of pores on both surfaces of the
membranes. It resulted also in different mechanical
characteristics of the membranes. In vitro experi-
ments show that the membranes support adhesion
and growth of osteoblast-like cells suggesting their
usefulness for guided tissue regeneration (GTR).

Keywords: PLGA, PEG, porous membrane, phase-
separation method, GTR

[Engineering of Biomaterials, 104, (2011), 8-13]

Introduction

Membranes are widely used in medical applications, e.g.
for separation and purification purposes, as scaffolds for
tissue engineering, in drug delivery systems, artificial organs,
diagnostic devices and guided tissue regeneration (GTR) [1-4].
GTR, a biological treatment concept, is aimed to ensure that
cells with capacity to regenerate a particular type of lost or
diseased tissue are allowed to colonize the defect/wound
during healing using a barrier membrane [5]. This procedure
was developed particularly for the treatment of dental bone
defect to ensure that periodontal ligament cells, bone cells,

and cementoblasts selectively repopulate the periodontal
wound area and protect the unwanted re-growth of the
gingival epithelium and connective tissue [6,7].

Membranes can be prepared by different methods such
as electrospinning [8], sintering [2] and freeze-gelation meth-
od [9]. Another method that is of great interest because of
the simplicity and cost efficiency is phase separation [10,11].
In this method, usually there are two types of polymers
present: one of them remains in the end-use and the other is
removed as a pore former [12]. Phase separation was used
to produce porous poly(L-lactide) membranes with PEG as
a porogen by Nakane et al. [13] and Tsuji et al. [14].

PLGA is an interesting synthetic polymer to produce
barrier membranes for GTR in periodontology, because of
their biodegradability and biocompatibility [15,16]. Moreo-
ver its advantage is degradation by hydrolysis resulting in
release of non-toxic degradation products, i.e. lactic acid
and glycolic acid. These compounds are produced naturally
in the human body in different physiological pathways and
eliminated by Krebs cycle as water and carbon dioxide, so
their toxicity is minimal [17].

PEG is a polymer widely used in several biotechnological
and biomedical applications. For example, it prevents protein
adsorption, facilitates formation of multi-phase polymeric
systems; it is also non-immunogenic and non-antigenic. With
its low reactivity and high solubility in water it has attracted
much attention to be used as a pore former [13-14,18].

It was shown that depending on the molecular weight and
concentration of the porogen, solvent type and weight ratios
of the polymers, it is possible to control the microstructure
of the resulting membranes [2,4,10]. Owen et al [19] studied
cell behavior in PLGA/PEG blends, and concluded that these
membranes have a great potential to be used in clinic, more
specifically in GTR.

The goal of this study was to produce PLGA porous mem-
branes by using PEG with two different molecular weights
to obtain specific porous microstructures. The pores were
created by leaching out water-soluble PEG from PLGA/PEG
blends. A physical and mechanical characterization of the
membranes was performed to study their applicability in
GTR. Moreover, a biological experiment was conducted in
order to provide information about biocompatibility and inter-
action between osteoblast-like cells and the membranes.

Experimental

Materials

PLGA with 85:15 molar ratio of L-lactide and glycolide
and molecular weights M,=100 kDa and M,=210 kDa was
synthesized in bulk by ring-opening polymerization using
low toxic zirconium compound as an initiator [16]. As a pore
former, PEG purchased from Aldrich, Germany (molecular
weight M,=1450 Da and M,=200 Da) was used.

Membrane preparation

PLGA was dissolved in dichloromethane (POCh, Gliwice,
Poland) (10% wt/vol.) with magnetic stirring overnight. Then
60 wt% of PEG was added to the PLGA solution and left
under stirring during 20 min. After that 7.5 ml of the solu-
tion was slip-casted on a Petri dish and dried in air and in
vacuum. Next PEG was leached out in ultra-high quality
water (UHQ, Elga Purelab, UK) during 4 days, to obtain a
porous structure. The resulting membranes were cut into
circles (1.4 cm in diameter) and sterilized in ethanol (70%).
After, they were washed in phosphate buffer saline (PBS)
and UV light-sterilized for 20 min at both sides.



Membrane characterization
Atomic force microscopy (AFM)

The topographical images of both surfaces of the mem-
branes were taken on atomic force microscope (Explorer,
Veeco, USA) in contact mode at room temperature. The size
of pores and roughness (Ra) of the obtained membranes
were measured.

Wettability

Wettability of the membranes was estimated by water
drop shape analysis (DSA 10, Kriss, Germany). Water
contact angle was averaged from 10 droplets with a vol-
ume of 0.20 ul which were placed on both surfaces of the
membranes.

Tensile test

Tensile testing was conducted with universal testing
machine (Zwick 1435, Germany). The test speed was
100 mm/min with 0.1 N pre-load, specimen length of 40 mm
and specimen width of 5 mm

Percentage of PEG leached out

To ensure PEG removal, leaching out was performed by
excessive washing with UHQ water. Percentage of PEG
leached out from the membrane was calculated from the
equation (1):

PEG_leach_out(%)=100% — % *100% (1)

f

where W, and W; were the weights of membranes before

and after leaching, respectively.

Thickness
The thickness of each membrane was measured in six
different places using a micrometer screw.

Biological experiment
Cell culture and seeding

Osteoblast-like cells MG-63 (LGC/ATCC, UK) were
cultured in MEM (PAA, Austria) medium supplemented
with foetal bovine serum (10%) (Sigma, Germany), penicil-
lin-streptomycin (1%), sodium pyruvate (0.1%) and amino
acids (0.1%) (PAA Austria). For subcultures, cells were
trypsinized, suspended in culture medium and 1.3x10*
cells were seeded on each sample and cultured in 5% CO,
atmosphere at 37°C. The cells were then analysed in two
time points: 24 h and 6 days.

Cells morphology and distribution

The cells were fixed in paraformaldehyde and stained
with acridine orange solution (1 mg/ml, Sigma, Germany) in
order to perform a microscopic observation by fluorescence
microscope (Zeiss Axiovert 40, Carl Zeiss, Germany).

Crystal violet

Crystal violet (CV) is a useful assay to analyze quantita-
tively the relative density of cells adhering to the material.
First paraformaldehyde was used to fix the cells. Next the
samples were washed with PBS and 0.5 ml of CV solution
(0.5% CV in 20% of methanol) (Sigma, Germany) was
added. After washing the samples with tap water, CV was
extracted in 1 ml of 100% methanol. 10 minutes later,
100 ul of the supernatant were transferred to a 96 well-plate
and the absorbance was measured at 570 nm using a Multi-
scan FC Microplate Photometer (Thermo Scientific, USA).

Protein content

To determine the total content of protein in the cells’ ® @ @ o @ ® o

supernatants, the bicinchoninic acid test (BCA, Sigma
Germany) was carried out. The BCA reagent was prepared
just before the assay by mixing CuSQO, solution (4%) with
BCA in the proportion of 1:50. Then 10 ul of the supernatant
and 200 pl of BCA reagent were added to a 96 well-plate.
After 30 min incubation in dark the absorbance was meas-
ured at 540 nm.

Nitric oxide level

Nitrite/nitrate production, an indicator of nitric oxide (NO)
synthesis, was measured in cell culture supernatants by
the Griess reaction. To perform this assay Griess reagent
A—0.1% naphthalethylenediamine dihydrochloride (Sigma
Germany) in water and Griess reagent B — 1% sulfanila-
mide (POCH Poland) in 5% H,PO, were mixed (1:1, v/v).
Next 100 ul of the supernatant and 100 ul of the Griess
reagent (A+B) were transferred to 96-well plate. The absorb-
ance was measured at 540 nm.

Results

Characterization of PLGA membranes
Atomic force microscopy

FIG. 1 shows AFM pictures for scan areas of 20 um x 20 um
and 100 um x 100 um of both sides (top, e.g. air-cured and
bottom, e.g. glass-cured) of the membranes produced with
two PEGs differing in molecular weight (200 Da and 1450 Da).
It can be seen that PLGA/PEG 200 has similar porous
topography on both sides. The size of pores (TABLE 1)
and average roughness (FIG. 2) of this membrane are the
same. On the other hand PLGA/PEG 1450 membrane has
an asymmetric microstructure: the top surface is non-porous,
while the bottom surface has the highest roughness and
the biggest pores.

Wettability

The contact angle measurements were carried out to
evaluate wettability of PLGA/PEG membranes. The results
are presented in TABLE 1. The contact angle is about 85°
for all the surfaces, except for bottom surface of PLGA/
PEG1450, for which contact angle is about 10 degrees lower.
However the results are not significantly different according
to t-test (p < 0.05).

Tensile test

Mechanical properties of the samples were evaluated in
tensile test and three parameters were measured: tensile
strength Rm (MPa), Young’s Modulus (MPa) and total elon-
gation at break €, (%). TABLE 2 shows the results for the
membranes and FIG. 3 shows representative stress-strain
curves. Both membranes have similar tensile strength and
Young’s modulus but PLGA/PEG 200 membrane has sig-
nificantly higher elongation at break.

PEG leached out percentage and membranes’ thickness

The results of percentage of PEG leached out and
membranes’ thickness are shown in TABLE 2. As it can be
seen PEG leaching out from both membranes is slightly
higher than 60 wt%. The thickness of the membranes, as
expected, is about 50 pm.
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100x100

PLGA/PEG 200
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PLGA/PEG 1450

hottom

W i :

FIG. 1. AFM images of PLGA membranes obtained with use of PEG 200 (A,B,C,D) and PEG 1450 (E,F,G,H); top
surface (A,C,E,G), bottom surface (B,D,F,H); scanned areas: 100 um x 100 ym (A,B,E,F) and 20 pm x 20 pm
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° TABLE 1. Pore size and contact angle of PLGA/PEG
00 T membranes obtained with different molecular
weight of PEG. Data are expressed as average *
200 standard deviation, n=30-40 for pore size and n=10
_ mTop for contact angle, nd=not detectable. Diamond (¢)
E Bottom indicates statistically significant difference accor-
E 300 T ding to t-test between the groups: p<0.05.
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FIG. 2. Roughness obtained by AFM image analysis PLGA/ Top nd 85+5
for top and bottom surfaces of the membranes: PEG 1450
PLGA/PEG 200 and PLGA/PEG 1450. Data are Bottom | 5.75 + 0.20* 76 £ 15
expressed as average * standard deviation, n=3.

Diamond (¢) indicates statistically significant dif-
ference according to t-test between the groups:
p<0.05.
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TABLE 2. Mechanical properties, thickness and
percentage of PEG leached out of PLGA membra-
nes (PLGA/PEG) obtained with different molecular
weight of PEG. Tensile strenght (Rm), Young’s mo-
dulus (E-Modulus), total elongation at break (&¢.)-
Data are expressed as average * standard deviation,
n=6 for thickness, n=3 for PEG leached out and n=5
for tensile test. Diamond (¢) indicates statistically
significant difference according to t-test between
the groups: p<0.001.

PEG
Rm E-Modulus ¢q,, |eached

Thick-

Membrane [MPa] [MPa] [%] out ness

[wt%] i)

Strain (%)

FIG. 3. Tensile test representative curves of PLGA
membranes obtained using different molecular
weight of PEG.
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FIG. 4. Measurement of cells’ attachment by crystal violet test performed
after 24 h (A) and 6 days of culture (B) on PLGA/PEG 200 and PLGA/PEG
1450 membranes of both surfaces (top and bottom), PLGA foil and TCPS
as the control (total TCPS absorbance = 1). Data are expressed as average
* standard deviation, n=4. Asterisks (*), circles (o) and diamonds (¢) indi-
cate statistically significant differences from the TCPS control, PLGA and
between the groups, respectively: *p<0.05; **p<0.01; ***p<0.001.
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FIG. 5. Level of proteins (A) and level of nitric oxide NO (B) detected in the
supernatants from cell cultured for 24 h and 6 days on PLGA/PEG 200 and
PLGA/PEG 1450 both surfaces, PLGA foil and TCPS. Data are expressed as
average * standard deviation, n=4. No significant differences were found
according to t-test.

In vitro experiment
Cells morphology and distribution
Fluorescence microscopy observa-
tion showed that the number of cells
after 6 days was higher than after 24 h
and the cells were well spread. On all
the surfaces including control PLGA foil
and TCPS the cells were distributed ho-
mogenously, except the bottom surface
of PLGA/PEG 1450, where the cells
tended to grow in agglomerates (data
not presented).

Crystal violet

CV staining, which is often used for
the indirect quantification of number of
adherent cells, stains DNA that can be
quantified in a spectrophotometer [20].
All results were recalculated in relation to
the values obtained from control TCPS
wells (total TCPS absorbance = 1).
As it can be seen in FIG. 4 there are
significant differences between control
samples (TCPS and PLGA foil) and the
membranes. The number of adherent
cells is higher on the membranes than
on controls after 1 day. The same ten-
dency is visible after 6 days. However,
after 6 days of culture, there is also a
significant difference between PLGA
and TCPS. Moreover, significant dif-
ferences between both surfaces of the
membrane PLGA/PEG 200 are found.

Protein content

The BCA protein assay combines the
reduction of Cu?* to Cu'* by protein in an
alkaline medium with the highly sensitive
and selective colorimetric detection of
the cation Cu'* by bicinchoninic acid [21].
The obtained results from this experi-
ment are presented in FIG. 5A. The total
amount of protein in the supernatants
from cell cultures on all the materials
is similar in both time points. There are
not statistically significant differences
between the samples.

Nitric oxide level

NO plays an important role in sev-
eral physiological processes including
vascular regulation, immune responses
and neural communication [22]. The NO
value is similar for both time points and
materials evaluated (FIG. 5B).

11

BI® MATERIALS



12

Discussion
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The main purpose of this work was to produce resorb-
able membranes by phase separation/porogen leaching and
evaluate their physical, mechanical and biological proper-
ties. Two different types of PLGA membranes were produced
with PEG 200 Da and 1450 Da, as pore formers. Surface and
mechanical properties of the membranes were character-
ized. Moreover the membranes were tested in contact with
osteoblast-like cells to study their cytocompatibility.

The total percentage of PEG leached out from the blends
(TABLE 2) of around 63%, was slightly higher than the ex-
pected value, because the ratio PEG/PLGA used to produce
the membranes was 60/40. One can assume that excessive
washing was enough to ensure the PEG removal, creating a
porous structure; however it probably accelerated hydrolytic
degradation of the PLGA structure.

In order to study the membranes’ morphology, AFM
analysis was carried out. There was a considerable differ-
ence in the membranes’ topography: PLGA/PEG 200 top
and bottom surfaces presented similar Ra values and similar
size of pores while PLGA/PEG 1450 had distinct values for
each surface. The air-cured surface was non-porous, while
on the glass-cured surface bigger pores were present.

This fact can be explained by the formation mechanism
of the porous structure. Due to higher molecular weight of
PEG 1450, PEG-rich domains were bigger and sediment to
the bottom surface; that is why, after leaching, this surface
was more porous than the air-cured surface [23]. On the
other hand the use of PEG with low molecular weight led to
a homogeneous distribution of PEG-rich domains in PLGA-
rich phase. For these reasons PLGA/PEG 200 membrane
was more homogeneous while PLGA/PEG 1450 membrane
presented an asymmetric microstructure. The results from
this study are consistent with our previous results for PLGA
membranes obtained with the use of PEGs with molecular
weight in the range 300 — 3400 Da [24].

The wettability test showed that for more smooth sur-
faces, the contact angle was higher, meaning the surface
was more hydrophobic. This is in agreement with Wentzel
theory, which is describing the influence of the surface
roughness on wettability [25]. Another possible explanation
of lower contact angle on bottom surface of PLGA/PEG
1450 membrane is that hydrophilic PEG was not leached
out properly. However this hypothesis should be ruled out,
because percentage of PEG leached out from the membrane
was as expected.

The mechanical analysis by the tensile test confirmed
that application of PEGs with different molecular weight
resulted in the membranes with different mechanical char-
acteristics. The membranes had the same tensile strength
and Young’s modulus, but different elongation at break
(FIG. 3, TABLE 2). The higher flexibility of PLGA/PEG 200
membrane is an important parameter for material handling
during the surgery.

Biological tests were performed in order to evaluate the
properties of the materials important from the point of view
of possible medical applications. With the aim to verify cell
morphology and distribution during cell culture, a fluorescent
microscopy assay was done. The cells adhered and grew on
the membranes with a cell number increasing from day 1 to
day 6. Microscopic observations showed that higher rough-
ness and porosity of the bottom surface of PLGA/PEG 1450
membrane on day 1 resulted in agglomerated groups of cells
within the pores which are not well spread and therefore the
material was not homogeneously colonized. After 6 days the
cells colonized the entire surfaces of the membranes.

Crystal violet staining was conducted in order to study
the cells attached after 24 h and 6 days of culture. The
results show a high absorbance value for the PLGA/PEG
1450 membrane in both time points and surfaces (FIG. 4).
However these values are not credible because probably
the dye remained trapped in the membrane especially in
PLGA/PEG1450 and therefore it is rather difficult to infer
about the adhered cell number from these data.

The results of protein level (FIG. 5A) demonstrated the
same protein concentration after 24 h than 6 days of culture.
This can be explained by the fact that in the beginning of
cell culture the medium was fresh, i.e. proteins from serum
were present in the medium. At day 6 probably an equilibrium
between consumed and produced proteins was reached.

Itis well known that NO plays an important role in cellular
metabolism. Although a high value of NO can involve toxicity
including disruption of mitochondrial respiration, enzyme
inhibition, lipid peroxidation and genetic mutation. This
toxicity is mediated by intermediates such as N,O, and
peroxynitrite [26]. As it was verified (FIG. 5B) the NO level
was low for the cells cultured on all the materials suggesting
that the materials are not toxic for osteoblast-like cells.

Conclusions

It was demonstrated in this study that solvent-casting
leaching-out PEG from PLGA/PEG blends is a very use-
ful method to obtain PLGA porous membranes prospec-
tive for biomedical applications. Mechanical properties,
microstructure, pore size and distribution of the pores in
the membranes can be controlled by molecular weight
of PEG used. Interestingly, higher molecular weight PEG
provides asymmetric membranes with non-porous skin in
the air-cured surface and the membranes are rather brittle.
Contrarily, low molecular weight PEG provides membranes
with homogenously distributed pores within the membranes,
which are highly deformable. It was proven that PLGA
membranes allow cellular colonization in vitro, which is of
key importance for GTR application in the clinic.
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Abstract

Tkanka chrzestna charakteryzuje sie matq zdo-
Inoscig regeneracji oraz niewielkim potencjatem
do prawidtowej odbudowy, dlatego tez, dotychczas
stosowane metody leczenia uszkodzen chrzgstki sq
niewystarczajqce. Nadzieje na przetom w leczeniu
wielu chordb chrzgstki, jak rowniez regeneracje tej
tkanki, daje inzynieria tkankowa wykorzystujgca m.in.
syntetyczne polimery z grupy poliestréw alifatycznych
i poliweglanow takie jak kopoolimery glikolidu, e-kapro-
laktonu, L-laktydu oraz trimetylenoweglanu zsyntety-
zowane za pomocq nowatorskiej metody wykorzystu-
Jgcej jako inicjator polimeryzacji acetyloctan cyrkonu.
W ramach niniejszej pracy dokonano oceny biozgod-
nosci wybranych biodegradowalnych materiatow w
oparciu o poziom sekrecji prozapalnych cytokin IL-1a
i IL-1B, IL-6 oraz IL-8 oznaczonych metodg ELISA.
Sposréd badanych polimeréw biodegradowalnych pod-
toza o sktadzie PCLGA 92:8, PLAGA 85:15, PLATMC
70:30, PLATMC 30:70, PLATMC 50:50 wydajg sie
charakteryzowac najwiekszq biozgodno$cig, gdyz ich
obecnos¢ nie powodowata istotnego wzrostu sekrecji
cytokin prozapalnych przez chondrocyty rosngce na
ich powierzchni. Pozostate badane materiaty poli-
merowe powodowaty pewne niepozgdane reakcje
komérek zwigzane ze stymulacjg uwalniania niekto-
rych sposrod analizowanych cytokin prozapalnych
przez chondrocyty. Uzyskane wyniki pozwolity na
wyciggniecie wniosku, iz podtoza wykonane z ana-
lizowanych w pracy polimeréw biodegradowalnych
zsyntetyzowanych przy uzyciu acetyloacetonianu cyr-
konu zastuguja na dalszg uwage, gdyz niosg nadzieje
na umozliwienie leczenia ubytkow tkanki chrzestnej.

Stowa kluczowe: chondrocyty, IL-6, IL-8, polimery
biodegradowalne

[Inzynieria Biomateriatow, 104, (2011), 14-22]

Cartilage characterizes low potential to regeneration
and proper reconstruction. Nowadays, methods
of cartilage lesions treatment are unsatisfactory.
Tissue engineering is very promising in therapy of
many cartilage injures as well as regeneration of
this tissue. Biodegradable aliphatic polyesters and
polyesterocarbonates such as copolymers of glycolide,
L-lactide, e-caprolactone and trimethylene carbonate
were synthesized using a novel method employing
non-toxic zirconium acetylacetonate as initiator of
polymerization. The aim of the study was to examine
biocompatibility of selected biodegradable materials
based on the level of secretion of proinflammatory
cytokines IL-1a, IL-18, IL-6 and IL-8. Our results
show, that among the studied biodegradable polymers
the PCLGA 92:8, 85:15 PLAGA, PLATMC 70:30,
PLATMC 30:70, 50:50 PLATMC were characterized
by highest biocompatiblity, because they do not cause
a significant increase in secretion of proinflammatory
cytokines by chondrocytes growing on their surface.
Other polymers could cause up-regulation of some
proinflammatory cytokines secretion by chondrocytes
cultured on their surface. The other tested polymeric
materials did not induce the release of proinflammatory
cytokines by chondrocytes. Generally, it should be
concluded that the studied biodegradable copolymers
synthesized with the use of zirconium acetylacetonate
as initiator of polymerization deserve further attention,
as being promising for the treatment of cartilage
defects.

Keywords: chondrocytes, IL-6, IL-8, biodegradable
polymers

[Engineering of Biomaterials, 104, (2011), 14-22]



Wprowadzenie

Tkanka chrzestna charakteryzuje sie matg zdolnoscig
regeneraciji i niewielkim potencjatem do prawidtowej odbu-
dowy. Wiasciwos$¢ ta jest gtdownym czynnikiem ograniczaja-
cym skuteczne leczenie ubytkow w jej obrebie. Dotychczas
stosowane metody leczenia uszkodzen chrzastki sg
niewystarczajgce. Nadzieje na przetom w leczeniu wielu
choréb chrzastki, jak rowniez regeneracje tej tkanki, daje
inzynieria tkankowa [1]. Rozwdj inzynierii tkankowej oraz
wspotczesnych form terapii schorzen tkanki chrzestnej jest
zwigzany z poszukiwaniem nowych biozgodnych i bioresor-
bowalnych materiatbw mogacych postuzy¢ do wytworzenia
nosnikow dla komorek. Jedng z istotnych wiasciwoséci bio-
degradowalnych biomateriatow wedtug A. V. Lloyd’a [2] jest
brak zdolnosci do indukcji stanu zapalnego lub toksycznej
odpowiedzi po ich implantacji do organizmu. Duze nadzieje
wigze sie z syntetycznymi polimerami z grupy poliestrow
alifatycznych i poliweglandw. Polimery glikolidu, e-kaprolak-
tonu, L-laktydu oraz weglanu trimetylenu sg powszechnie
badane pod katem ich wykorzystania do konstrukcji rusz-
towan dla komorek.

Homeostaza tkanki chrzestnej jest zalezna od odpowie-
dzi komoérek tej tkanki na auto- oraz parakrynne czynniki
anaboliczne i kataboliczne produkowane zaréwno przez
chondrocyty, jak i inne komérki organizmu. Zaburzenie
réwnowagi pomiedzy procesami anabolicznymi i katabo-
licznymi prowadzi do powstawania zmian patologicznych
zwigzanych miedzy innymi z modyfikacjg wtasciwosci
substancji podstawowej chrzastki, jej sktadu chemicznego i
struktury, czego konsekwencjg sg zmiany degeneracyjne [3].
Istotng role w metabolizmie tkanki chrzestnej odgrywa sie¢
cytokin, sposrod ktérych wyrdznia sie cytokiny o dziataniu
anabolicznym (ij. IGF-1, TGF-B, bFGF) oraz katabolicznym
(np. IL-1, IL-8, TNF-qa, IFN-y) [4,5].

Do gtéwnych cytokin prozapalnych uczestniczacych w
stymulacji proceséw katabolicznych w chrzgstce oraz jej
degradacji w przebiegu réznych choréb nalezg IL-1a i IL-
1B. Stymulujg one chondrocyty do syntezy metaloproteaz
oraz proteaz serynowych, jednocze$nie hamujac synteze
tkankowych inhibitoréw metaloproteaz, czego konsekwencjg
jest degradacja macierzy chrzestnej [6,7]. Cytokiny te indu-
kujg takze produkcje prostaglandyn i wolnych rodnikéw oraz
powodujg zahamowanie syntezy widkien kolagenowych a
takze proteoglikandéw chrzastki [8-11]. Efekt kataboliczny
na chrzastke wywierajg réwniez IL-8 i IL-6, ktérych synteza
podlega kontroli IL-1 oraz TNF-a. Interleukina 8 jest jedng
z gtéwnych cytokin o dziataniu chemotaktycznym (stad
zaliczana jest réwniez do grupy chemokin). Odpowiada ona
za catoksztatt procesu transmigracji leukocytéw z krwi do
tkanek. Pobudza migracje neutrofiléw przez srédbtonek oraz
wzmaga ich adhezje do biatek macierzy pozakomorkowe;j.
Ponadto aktywuje w neutrofilach procesy degranulacji i
wybuchu tlenowego. Indukuje rowniez proces angiogenezy.
Ze wzgledu na wiasciwosci chemotaktyczne, stymulujgce
proliferacje oraz aktywujace komérki uktadu immuno-
logicznego, IL-8 jest jednym z kluczowych mediatoréow
standéw zapalnych. Prowadzi do nagromadzenia komorek
zapalnych w chrzgstce, a w konsekwencji produkcji przez
te komérki enzymow jg rozktadajacych takich jak elastaza,
kolagenaza czy zelatynaza [12]. IL-6 jest cytoking o wielo-
kierunkowym oddziatywaniu i uwazana jest za jeden z waz-
niejszych czynnikéw regulujacych mechanizmy obronne.
Petni wazng role w reakcjach zapalnych oraz procesie
krwiotworzenia. Wplyw tej cytokiny na tkanke taczng jest
ztozony. Uczestniczy w aktywacji proceséw zapalnych
oraz stymuluje sekrecje metaloproteaz, przez co wptywa
na degradacje chrzgstki. Czesto jest przedstawiana jako
kofaktor katabolicznych efektéw IL-18 w chrzastce [8].

Introduction

Cartilage characterizes low potential for regeneration
and capability to proper reconstruction. This property is a
major factor, which limits the treatment of cartilage lesions.
Nowadays, methods of healing of cartilage injuries are un-
satisfactory. Tissue engineering is very promising in cartilage
treatment and it aims at enabling to restore the structure
and function of the damaged tissue [1]. Development of tis-
sue engineering and modern therapies of cartilage cure is
dependent on studies of new biocompatible, bioresorborable
materials used as cells’ carriers. According to Lloyd et al
[2], implanted biomaterial should not induce inflammatory
reactions and cause a toxic effect in the organism. Synthetic
polymers like aliphatic polyesters and polycarbonates are
widely used in clinical practice as very good materials for
biodegradable implants. Polymers of glycolide, e-caprolac-
tone, L-lactide and trimethylene carbonate are commonly
tested for use in the construction of scaffolds for cells.

Homeostasis of cartilage is dependent on the response
of chondrocytes to para- and autocrine, catabolic and ana-
bolic factors which are produced by both chondrocytes and
other types of cells in the organism. Imbalance between
anabolic and catabolic processes results in the formation of
pathological changes connected with, inter alia, modification
of ground substance properties, its chemical composition
and structure which results in degenerative changes [3].
An important role in cartilage metabolism is contributed
by a network of cytokines, that can be classified into two
categories: anabolic cytokines (IGF-1, TGF-B, bFGF) and
catabolic cytokines (IL-1, IL-8, TNF-a, IFN-y) [4,5].

Interleukin 1 (IL-1) plays the main role in the patophysiol-
ogy of cartilage damage. IL-1a and IL-18 are classified as
major proinflammatory cytokines involved in the stimulation
of catabolic effect in cartilage and its degradation in the
course of various diseases. They stimulate chondrocytes
to produce several matrix—degrading proteases including
matrix metalloproteinases and serine proteases. Simul-
taneously, they inhibit the synthesis of tissue inhibitors of
matrix metalloproteinases which results in degradation of
cartilage matrix [6,7]. These cytokines also augment the
production of prostaglandins and free radicals and inhibit
the synthesis of collagen and cartilage proteoglycans [8-
11]. IL-1 and TNF-a induce cartilage cells to produce
other catabolic mediators, such as interleukin 8 (IL-8) and
interleukin 6 (IL-6). IL-8 is a chemokine, one of the main
chemotactic cytokines. It is responsible for the whole proc-
ess of transmigration of leukocytes from blood to tissues.
This cytokine plays an essential role in the recruitment
and activation of neutrophils. It stimulates the migration of
neutrophils through endothelium and increases their adhe-
sion to extracellular matrix proteins. This chemokine also
induces neutrophil degranulation and respiratory burst. IL-8
exerts a potent angiogenic impact on endothelial cells. Due
to the chemotactic properties, stimulating proliferation and
activating immune cells, IL-8 is one of the key mediators of
inflammation. It causes accumulation of inflammatory cells
in the cartilage and, consequently, production by these cells
enzymes, such as elastase, collagenase and gelatinase
which decompose cartilage [12]. Interleukin 6 is a multi-
functional cytokine that is one of the most important factors
regulating immune response and inflammation. IL-6 plays an
important role in hematopoesis. The impact of this cytokine
on the connective tissue is complex. IL-6 participates in
the activation of inflammatory response and enhances the
secretion of matrix metalloproteinases, which affect the
degradation of cartilage. IL-6 is commonly presented as a
cofactor of the catabolic effects of IL-1(3 in the cartilage [8].
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Hamuje rowniez wytwarzanie przez chondrocyty agrekanu i
kolagenu typu 11 [13,14]. Jednak rola tej cytokiny w regulaciji
funkcji chondrocytéw jest niejednoznaczna, gdyz moze ona
wywiera¢ na chrzgstke réwniez efekt protekcyjny, miedzy
innymi poprzez stymulacje wytwarzania biatek bedacych
inhibitorami mediatoréw odczynu zapalnego takich jak
tkankowe inhibitory metaloproteaz (TIMP) [15]. Doniesienia
wskazujgce na zahamowanie proliferacji chondrocytéw w
obecnosci IL-6 przemawiajg jednak za jej niekorzystnym
wplywem na chrzastke [14].

Niekorzystng role oméwionych cytokin w przebiegu
choréb zapalnych tkanki chrzestnej potwierdzajg liczne
wyniki prac eksperymentalnych i klinicznych. Zwiekszong
ekspresje IL-1, IL-6 i IL-8 stwierdzono w chrzgstce 0sob cier-
piacych na zwyrodnieniowe choroby stawow [16]. Rowniez
w ptynie stawowym i maziéwce stawowej chorych na reu-
matoidalne zapalenie stawdw stwierdza sie zwiekszone
stezenia IL-6, IL-1B i IL-8 [17, 18]. Udowodniono takze,
ze stezenia IL-6 w surowicy i ptynie stawowym korelujg z
klinicznymi objawami stanu zapalnego (goraczka i niedo-
krwistoscig), wskaznikami klinicznymi takimi jak sztywnos¢é
poranna czy liczba zajetych stawdw, a takze parametrami
laboratoryjnymi (wartoscig OB, stezeniem CRP) [19].

Biomateriaty, wszczepione do organizmu zywego, powinny
przejac okreslone funkcje organizmu wykazujac jak najwiek-
szg biokompatybilnos¢. Idealny biomateriat nie powinien
wywiera¢ negatywnego wptywu na uktad immunologiczny, a
zaburzenie jego homeostazy powinno by¢ jak najmniejsze.
Jednak biomateriaty, wszczepione do organizmu, podlegajg
podstawowym prawom patofizjologii ciata obcego, w efekcie
czego moga wywotywac reakcje zapalne o zréznicowanym
nasileniu [20]. Odpowiedz na biomateriat moze sig charakte-
ryzowac reakcjg zapalng z udziatem mediatoréw zapalenia z
grupy cytokin, sposrod ktorych wazng funkcje petnig cytokiny
prozapalne, a w szczegolnosci IL-1, IL-6 i IL-8 [21].

Przeprowadzone badania in vitro obejmowaty ocene
sekrecji prozapalnych cytokin (IL-1a, IL-1(3, IL-6 i IL-8)
przez ludzkie chondrocyty hodowane na powierzchni
biodegradowalnych podtozy polimerowych. Polimery ana-
lizowane w pracy zawieraty rézne kombinacje jednostek
komonomerycznych (glikolidylowe, kaproilowe, laktydy-
lowe, weglanowe) oraz réznity sie udziatem procentowym
tych jednostek w tancuchach kopolimerowych. Materiaty te
zostaty zsyntetyzowane przy uzyciu nietoksycznego inicja-
tora polimeryzacji — acetyloacetonianu cyrkonu. Poliestry
alifatyczne sa grupg biomateriatéw znajdujaca coraz wiecej
zastosowan medycznych. Zwigzki te degradujg na drodze
hydrolizy, a powstajace produkty sg nietoksyczne i tatwo
ulegaja eliminacji z ustroju [22]. Tradycyjne metody syntezy
biodegradowalnych polimeréw wykorzystujg jako inicjator
polimeryzacji toksyczne zwigzki cyny. Niestety nie mozna
catkowicie wyeliminowac tych zwigzkéw z otrzymanego poli-
meru, czego konsekwencjq jest ich stopniowe uwalnianie w
organizmie. Bezpiecznag alternatywa jest synteza polimeréw
przy uzyciu bardziej biozgodnych inicjatoréw tego procesu,
do ktérych nalezy acetyloacetonian cyrkonu.

Materiaty i metody

Kopolimery wykorzystane w badaniach (TABELA 1)
zsyntezowano w oparciu o procedury opisane we wczes-
niejszych publikacjach [23]. Kopolimeryzacje prowadzono z
wykorzystaniem jako inicjatora acetyloacetonianu cyrkonu
(Zr(Acac),). Eksperymenty przeprowadzono na o$miu mate-
riatach polimerowych: 1) poli(e-kaprolaktono-ko-glikolid) 92:8
(PCLGA 92:8); 2) poli(L-laktydo-ko-glikolid) 85:15 (PLAGA
85:15); 3) poli(L-laktydo-ko-e-kaprolakton) 75:25 (PLACL
75:25); 4) poli(L-laktydo-ko-weglan trimetylenu) 70:30
(PLATMC 70:30; 5) poli(L-laktydo-ko-weglan trimetylenu)

It was also demonstrated to down-regulate aggrecan and
type Il collagen synthesis by chondrocytes [13,14]. How-
ever, this cytokine may also have protective effects in the
cartilage. Some works have reported that IL-6 induced the
expression of the tissue inhibitors of matrix metalloprotein-
ases (TIMP) [15]. However, reports indicating inhibition of
chondrocytes proliferation in the presence of IL-6 signify its
adverse impact on the cartilage [14].

Numerous results of the experimental and clinical stud-
ies confirm the negative role of these cytokines in causing
cartilage inflammatory diseases. Increased expression of
IL-1, IL-6 and IL-8 was found in the cartilage of patients suf-
fering from degenerative joint disease [16]. Elevated levels of
these cytokines were found in the synovial fluid and articular
synovial tissue of patients with rheumatoid arthritis [17,18].
It has been proven that elevated levels of IL-6 in serum and
synovial fluid correlate with clinical signs of inflammation (fe-
ver, anemia), clinical symptoms including morning stiffness,
number of inflamed joints, as well as increased laboratory
parameters: level of C reactive protein (CRP) and a raised
erythrocyte sedimentation rate (ESR) [19].

Biomaterials after implantation into the organism should
take over certain body functions showing the highest bio-
compatibility. The perfect biomaterial should not adversely
affect the immune system and minimize the disturbance
of homeostasis. However, biomaterials, implanted into the
body, are subjected to basic roules of the pathophysiology
of foreign body, so they may cause inflammatory reactions
of various severity [20]. Biological responses to implanted
materials may be characterized by an inflammatory reac-
tion. Implanted biomaterial may alter the secretion of protein
inflammatory mediators such as IL-1, IL-6 and IL-8 [21].

The aim of the present study was to examine the secre-
tion of proinflammatory cytokines (IL-1a, IL-1B, IL-6 and
IL-8) by human chondrocytes cultured on the biodegrad-
able polymeric materials. Polymers analyzed in this work
are characterized by various structure of comonomer units
or different comonomer units molar ratio. All of the copoly-
mers were synthesized with the use of nontoxic zirconium
acetylacetonate as an initiator of polymerization reaction.
Biodegradable synthetic aliphatic polyesters seem very
promising in medical applications. These polymers degrade
in the body by hydrolysis, and their degradation products
are non-toxic and may be metabolized or easily eliminated
from the body [22]. Traditional methods of the synthesis of
biodegradable polymers employ highly toxic tin compounds
as the initiators of polymerization. Complete elimination of
these compounds from the polymers is practically impossible
which results in their slow penetration into the organism.
Safe alternative is the synthesis of polymers using more
biocompatible initiators of this process, which include zir-
conium acetylacetonate.

Materials and methods

All of the copolymers (TABLE 1) were synthesized
on the basis of copolymerization procedures described
previously [23]. Copolymeryzations were conducted with
zirconium acetyloacetonate (Zr(Acac),) as initiator. Eight
biodegradable polymers have been selected to our study:
1) poly(e-caprolactone-co-glycolide) 92:8 (PCLGA 92:8);
2) poly(L-lactide-co-glycolide) 85:15 (PLAGA85:15); 3) poly(L-
lactide-co-e-caprolactone) 75:25 (PLACL 75:25); 4) poly(L-
lactide-co-trimethylene carbonate) 70:30 (PLATMC 70:30);
5) poly(L-lactide-co-trimethylene carbonate) 30:70 (PLATMC
30:70); 6) poly(glycolide-co-trimethylene carbonate) 30:70
(PGATMC 30:70); 7) poly(L-lactide-co-e-caprolactone-co-
glycolide) 66:24:10 (P(LA-CL-GA) 66:24:10); 8) poly(L-
lactide-co-trimethylene carbonate) 50:50 (PLATMC 50:50).



30:70 (PLATMC 30:70); 6) poli(glikolido-ko-weglan trime-
tylenu) 30:70 (PGATMC 30:70); 7) poli(L-laktydo-ko-¢-
kaprolaktono-ko-glikolid) 66:24:10 (P(LA-CL-GA) 66:24:10);
8) poli(L-laktydo-ko-weglan trimetylenu) 50:50 (PLATMC
50:50). Podtoza polimerowe, na ktérych prowadzono
hodowle chondrocytéw scharakteryzowano na podsta-
wie liczbowo $redniej masy molowej (Mn), dyspers;ji (1,),
temperatury zeszklenia (T,) oraz parametréw opisujacych
mikrostrukture fancuchoéw tj. srednia dlugos¢ jednostek
laktydylowych, glikolidowych, kaproilowych i weglanowych
(odpowiednio — 1k, lsg, lcaps Ir), WSpGtczynnik beztadnoséci (R)
oraz wspotczynnik transestryfikacji drugiego stopnia (TII).
Wartosci analizowanych parametréw dla poszczegolnych
materiatébw polimerowych przedstawiono w TABELI 1.
Kopolimery rozpuszczano w 1,1,1,3,3,3-Heksafluoro-2-
propanolu (1,1,1,3,3,3-HFIP; Fluka) i wprowadzano do stu-
dzienek mikroptytek do hodowli komdérkowych. Mikroptytki
suszono na powietrzu, a nastepnie w prozni, w celu cal-
kowitego usuniecia rozpuszczalnika. Optaszczone ptytki
wyjatawiano promieniowaniem y (25 kGy).

Materiat do badan stanowity chondrocyty izolowane
z chrzestnych fragmentéw przegrody nosowej 33-letnigj
pacjentki wg uprzednio opisanej metody [24]. Komorki
wykorzystywane jako inokulum hodowano w pozywce MEM
zawierajacej 10% bydlecej surowicy ptodowej (FBS), peni-
cyline (100 U/ml), streptomycyne (100 ug/ml), suplement
»,MEM-Non Essential Amino Acids” (1x) i bufor Hepes (10
mM). Hodowle prowadzono w polistyrenowych naczyniach z
filtrem bakteriologicznym (Nunc Easy Flasks) w temperatu-
rze 37°C w atmosferze zawierajacej 95% powietrza i 5% CO,
o wilgotnosci 95%. W celu zbadania sekrecji prozapalnych
cytokin IL-1aq, IL-1B, IL-6 i IL-8, przez chondrocyty rosnace na
powierzchni badanych materiatéw, do studzienek mikroptytki
optaszczonych polimerami wprowadzono 5x10° komérek w
200 I pozywki. Komorki te hodowano przez 3 kolejne doby.
Nastepnie wymieniono medium i kontynuowano hodowle
przez 24 godziny. Réwnolegle prowadzono eksperyment, w
ktérym komorki rosngce na powierzchni polimeréw inkubo-
wano w obecnosci IL-18 o stezeniu 1 ng/ml. Po zakonczeniu
hodowli zebrano pozywke w celu oznaczenia w niej poziomu
cytokin. Pomiary stezenia IL-1a i IL-18 wykonano metodg,
ELISAKkorzystajac z zestawu odczynnikéw firmy BioLegend.
Stezenia IL-6 i IL-8 oznaczono wykorzystujac testy ELISA
MAX™ (Biolegend). Oceny liczby komorek, zakotwiczonych
na powierzchni mikroptytek, dokonano przy uzyciu testu
,CYQUANT Cell Proliferation Assay Kit” (Molecular Probes).

TABELA 1. Charakterystyka badanych kopolimeréw.
TABLE 1. Characterization of the studied copolymers.

The characterization of copolymers was conducted on the
basis of number-average molecular mass (Mn), dispersity
(I,), glass transition temperature (T,) and parameters that
describe the polymer microstructure, i.e. the average
length of the lactidyl, glycolidyl, caproyl, carbonate blocks
(respectively — I, lsg, lcaps I+ ), randomization ratio (R)
and transesterification ratio (T,) (TABLE 1). The copoly-
mers were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol
(1,1,1,3,3,3-HFIP; Fluka). Solutions of the studied polymers
were used as the polymeric films coating 96-well cell culture
plates. The plates were dried under the air atmosphere
and then in the vacuum for complete solvent evaporation.
Coated microplates were sterilized with exposure to y-ir-
radiation (25 kGy).

Chondrocytes were isolated from the cartilage frag-
ments of the nasal septum of thirty three years old women
as described previously [24]. Cells were cultured in a hu-
midified 5% CO, atmosphere at 37°C in polystyrene flasks
with bacteriological filter (Nunc Easy Flasks). The cells
were grown in Minimum Essential Medium (MEM) supple-
mented with 10% fetal bovine serum, penicillin (100 U/ml),
streptomycin (100 pg/ml), MEM-Non Essential Amino Acids
(1x) and 10 mM Hepes buffer. The cells were seeded into
96-well plates coated with the studied copolymers at an
initial density 5x103 cells/well in 200 uyl medium. After 72
h, the medium was aspirated and the cells were exposed
to the freshly prepared medium for 24 hours. Then, the
culture medium was collected for IL-1a, IL-18, IL-6 and
IL-8 assay. The effect of the polymers on proinflammatory
cytokines secretion was determined in both unstimulated
and stimulated with interleukin-13 (1 ng/ml) cells. Cytokines
level was measured by an enzyme-linked immunosorbent
assay. The amount of IL-1a and IL-1B secreted into the
culture supernatant was determined using BioLegend’s
reagents according to the Sandwich ELISA Protocol. IL-8
and IL-6 concentration in supernatants was measured by
commercially available ELISA MAX™ kits (Biolegend) ac-
cording to the vendor’s protocol. Cells number in cultures
growing on the studied biopolymers and in control cultures
was determined using the ,CyQUANT Cell Proliferation
Assay Kit” (Molecular Probes).

The average length
Type of polymer of the blocks R

1 | poly(e-caprolactone-co-glycolide) 92:8 40 2.0 | -46 IIGG_=41'€;4 1.1 | 1.15
Cap — T

2 | poly(L-lactide-co-glycolide) 85:15 63 | 21 | 33 292 041 | 02
GG -

3 | poly(L-lactide-co-e-caprolactone) 75:25 60.3 | 2.1 35 ,/LL =_51'1731 0.68 -
Cap — '-

4 | poly(L-lactide-co-trimethylene carbonate) 70:30 36 2.0 42 /Tz_%‘gé 0.5 | 2.78
LL -

5 | poly(L-lactide-co-trimethylene carbonate) 30:70 175 | 20 | 8 st 057 | 0.63
L= Ue

6 | poly(glycolide-co-trimethylene carbonate) 30:70 60 | 15 | 2 }357_26-2 03 | -
I =525

7 | poly(L-lactide-co-g-caprolactone-co-glycolide) 66:24:10 50 1.9 29 Isg=0.94 - -
leap= 5.9

8 | poly(L-lactide-co-trimethylene carbonate) 50:50 267 | 20 | 23 hz 1o 0.82 | 22.6
T_ .
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Wczesniejsze badania wykazaty, ze polimery glikolidu,
e-kaprolaktonu, L-laktydu oraz weglanu trimetylenu syntezo-
wane przy pomocy nietoksycznego inicjatora polimeryzac;ji
- acetyloacetonianu cyrkonu charakteryzujg sie, z punktu
widzenia inzynierii tkankowej, odpowiednimi wtasciwos-
ciami mechanicznymi oraz szybko$cig degradaciji [25,26].
Przeprowadzone badania dowiodty, Zze na powierzchni
tych kopolimeréow mozliwy jest wzrost licznych rodzajéw
komorek, w tym réwniez chondrocytéw, przy czym nie
obserwowano cytotoksycznego dziatania tych podtozy na
komarki [27,28].

W ramach niniejszej pracy dokonano oceny biozgodno-
Sci wybranych biodegradowalnych materiatéw w oparciu o
poziom sekrecji prozapalnych cytokin przez komorki rosnace
naich powierzchni. W przeprowadzonym eksperymencie nie
stwierdzono sekrecji IL-1a oraz IL-1B zaréwno przez kon-
trolne hodowle chondrocytow, jak i przez komorki rosnace
na testowanych materiatach polimerowych. Swiadczy to o
braku konstytutywnej sekrecji tych cytokin przez badane
chondrocyty. Pozwala takze na przypuszczenie, ze badane
materiaty polimerowe nie indukujg sekrec;ji, przez chondro-
cyty rosnace na ich powierzchni, badanych cytokin. Jest to
istotne z uwagi na fakt, ze peptydy te petnig kluczowa role
w rozwoju stanu zapalnego oraz uczestniczg w destrukc;ji
chrzgstki. Brak konstytutywnej ekspresji IL-1a i IL-1B przez
ludzkie chondrocyty wykazali Seid i wsp. [29]. Autorzy
zaobserwowali jednak indukcje ekspresji analizowanych
cytokin przez komorki stymulowane IL-1B. Réwniez Aida
i wsp. [9] nie stwierdzili ekspresji IL-13 przez izolowane
ludzkie chondrocyty, obserwowali natomiast istotny wzrost
badanej cytokiny w odpowiedzi na stymulacje komorek IL-
18. Badania prowadzone przy uzyciu mikromacierzy biatko-
wych nie wykazaty obecno$ci IL-1 w medium chondrocytow
stymulowanych IL-1 lub TNF [30], autorzy uwazajg jednak,
ze jedng z mozliwych przyczyn braku obecnosci tej cytokiny
w medium hodowlanym moze by¢ jej szybka degradacja w
obecnosci metaloproteaz oraz zrzucanie receptorow wia-
zgcych IL-1 z powierzchni komérek i ich dziataniem jako
receptory wytapujace [31].

Oznaczenia stezenia IL-6 w hodowlach chondrocytow
wykazaty, ze komorki te wydzielajg konstytutywnie IL-6 na
poziomie wynoszacym s$rednio 38 + 13 pg/1000 komérek.
Aktywacja chondrocytéw przez wprowadzenie do pozywki
IL-1B prowadzita do istotnego wzrostu sekreciji tej cytokiny
(2556 + 275 pg/1000 komoérek). Profil uwalniania IL-6
przez chondrocyty rosnace na powierzchni analizowanych
biomateriatéw przedstawiono na RYS. 1A. Stwierdzono,
ze najwyzszg sekrecjg analizowanej interleukiny charak-
teryzowaty sie chondrocyty rosngce na powierzchni kopo-
limeru PGATMC 30:70, a obserwowany wzrost wzgledem
komadrek kontrolnych byt istotny statystycznie (RYS. 1A).
Natomiast nie stwierdzono znamiennych statystycznie, w
odniesieniu do kontroli, zmian poziomu wydzielania IL-6
w przypadku chondrocytéw rosngcych na pozostatych
podtozach polimerowych. W warunkach oddziatywania
na komoérki IL-13 obserwowano wzrost uwalniania IL-6,
zarowno w hodowlach kontrolnych jak i rosngcych na
powierzchni badanych materiatéw. Profil sekreciji IL-6 przez
stymulowane IL-18 chondrocyty rosnace na powierzchni
analizowanych polimeréw przedstawiono na RYS. 1B.
Istotny wzrost wydzielania badanej cytokiny obserwowano
w przypadku komoérek hodowanych na podtozach P(LA-CL-
GA) 66:24:10 oraz PGATMC 30:70. Najwyzsze stezenie
IL-6 stwierdzono w medium hodowlanym komorek rosng-
cych na powierzchni terpolimeru P(LA-CL-GA) 66:24:10.

Results and Discussion

It has previously been shown, that polymers of glycol-
ide, e-caprolactone, L-lactide and trimethylene carbonate
synthesized with the use of a novel method employing
non-toxic zirconium acetylacetonate as initiator of polym-
erization displayed suitable mechanical properties and
degradation rate [25, 26]. The in vitro studies have shown
that it is possible to grow different cell types, including
chondrocytes on the studied polymeric films. These co-
polymers do not induce cytotoxic effects on cells growing
on their surface [27,28].

In the present experiment we have studied biocompat-
ibility of the selected biodegradable polymers based on
the level of proinflammatory cytokines released by cells
growing on their surface. Our study did not show secre-
tion of IL-1a and IL-1B, neither by the control cultures of
chondrocytes nor by cells growing on the tested polymeric
films. This indicates that chondrocytes are not able to con-
stitutively secrete these proinflammatory cytokines. This
also suggests that the tested polymeric materials do not
induce secretion of the tested cytokines by chondrocytes
growing on their surface, which is important due to the fact
that these peptides play a key role in inflammation and are
involved in the destruction of cartilage. Also Seid et al. [29]
did not observe constitutive secretion of IL-1a and IL-1B by
human chondrocytes. However, these authors observed
significantly enhanced production of these cytokines upon
activation of cells with IL-1[3. Aida et al. [9] found no secre-
tion of IL-1B by isolated human chondrocytes too, but the
cells responded with significant increase of this cytokine
secretion to stimulation with IL-13. Research carried out
with the use of protein microarrays did not reveal the
presence of IL-1 in the medium of chondrocytes cultures
stimulated with IL-1 or TNF [30]. However, the authors
consider that the absence of these cytokines in the culture
medium could be explained by their rapid degradation by
metalloproteinases or by shedding IL-1 and TNF receptors
from the cell surface to function as soluble receptors that
capture their respective cytokines [31].

Chondrocytes released constitutively IL-6 at a mean
amount of 38 £ 13 pg/1000 cells. Secretion of IL-6 by
these cells was up-regulated in response to IL-18 stimula-
tion (2556 + 275 pg/1000 cells). Profile of IL-6 release by
chondrocytes growing on the analyzed polymer films is
shown in FIG. 1A. As shown in FIG. 1A, the highest con-
centrations of the analyzed interleukin were observed in
chondrocytes growing on the surface of copolymer PGAT-
MC 30:70, and the observed increase in IL-6 secretion was
statistically significant. In contrast, there was no statistically
significant difference (in relation to the control) in the secre-
tion of IL-6 by cells cultured on the other polymeric films.
We have also studied the effect of IL-13 on chondrocytes
growing on the surface of the tested biomaterials in re-
spect to IL-6 production. The experimental data presented
in FIG. 1B indicate that IL-6 secretion was increased by
IL-1B in both, control cultures and cells growing on the
surface of the biomaterials. The statistically significant
increase in |IL-6 secretion was observed in cells cultured
on P(LA-CL-GA) 66:24:10 and PGATMC 30:70. The high-
est concentration of IL-6 was found in the medium derived
from cells cultured on terpolymer P(LA-CL-GA) 66:24:10.
Among the tested biomaterials statistically significant el-
evation of IL-6 release by both chondrocytes unstimulated
and stimulated with IL-13 was observed only in cultures
growing on one polymeric material: PGATMC 30:70.
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RYS. 1. Sekrecja IL-6 przez chondrocyty rosnace na powierzchni materiatéw polimerowych wyrazona w pg przy-
padajacych na 1000 komoérek przez komoérki niestymulowane (A) oraz rosnace w obecnosci IL-1g (B). Srednia
SD, *P<0,05; (C. kontrola; 1. PCLGA 92:8; 2. PLAGA 85:15; 3. PLACL 75:25; 4. PLATMC 70:30; 5. PLATMC 30:70;
6. PGATMC 30:70; 7. P(LA-CL-GA) 66:24:10; 8 PLATMC 50:50).

FIG. 1. Effect of various polymer films on IL-6 secretion (pg/1000 cells) by chondrocytes unstimulated with
IL-1B8 (A) and stimulated with IL-18 (B). Mean £ SD, *P<0.05; (C. control; 1. PCLGA 92:8; 2. PLAGA 85:15; 3. PLACL
75:25; 4. PLATMC 70:30; 5. PLATMC 30:70; 6. PGATMC 30:70; 7. P(LA-CL-GA) 66:24:10; 8. PLATMC 50:50).
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RYS. 2. Sekrecja IL-8 przez chondrocyty rosnace na powierzchni materiatéw polimerowych wyrazona w pg przy-
padajacych na 1000 komérek przez komoérki niestymulowane (A) oraz rosnace w obecnosci IL-1B (B). Srednia +
SD, *P<0,05; (C. kontrola; 1. PCLGA 92:8; 2. PLAGA 85:15; 3. PLACL 75:25; 4. PLATMC 70:30; 5. PLATMC 30:70;
6. PGATMC 30:70; 7. P(LA-CL-GA) 66:24:10; 8. PLATMC 50:50).

FIG. 2. Effect of various polymer films on IL-8 secretion (pg/1000 cells) by chondrocytes unstimulated with
IL-1B8 (A) and stimulated with IL-18 (B). Mean % SD, *P<0.05; (C. control; 1. PCLGA 92:8; 2. PLAGA 85:15; 3. PLACL
75:25; 4. PLATMC 70:30; 5. PLATMC 30:70; 6. PGATMC 30:70; 7. P(LA-CL-GA) 66:24:10; 8. PLATMC 50:50).

Sposréd badanych polimerdw istotny statystycznie wzrost
sekreciji IL-6 (wzgledem kontroli) zaréwno przez chondrocyty
niestymulowane jak i aktywowane IL-13 obserwowano w
przypadku polimeru o sktadzie PGATMC 30:70. Zdolnos¢ do
ekspresiji i sekreciji IL-6 przez chondrocyty zostata potwier-
dzona w badaniach eksperymentalnych. Konstytutywng pro-
dukgcije tej interleukiny udowodnit w swoich doswiadczeniach
Bender i wsp. [32], wskazat on rowniez na IL-1f3 jako czynnik
stymulujacy wytwarzanie IL-6 (zaréwno na poziomie syntezy
mRNA jak i sekrecji) przez chondrocyty rosngce w postaci
monowarstwy, a takze w hodowli tkankowej oraz agarozo-
wej. Pojawiajq sie takze publikacje wskazujace na brak eks-
presji IL-6 przez ludzkie chondrocyty nie poddane dziataniu
czynnikdw stymulujgcych takich jak IL-1B. Jednoczesnie
wykazano znaczacy wzrost ekspresiji interleukiny 6 oraz jej
receptoréw indukowany obecnoscia IL-18, co wskazuje na
jej role promujaca dziatanie IL-6 [9].

Chondrocyty wykazywatly zdolno$é do konstytutywnej
sekrecji IL-8 (RYS. 2A). Ich aktywacja poprzez wprowa-
dzenie do medium IL-1B spowodowata ponad 400-krotny
wzrost uwalniania badanej cytokiny (874 + 554 pg/1000
komorek) (p<0,01). Obecnos¢ IL-8 stwierdzono row-
niez w medium hodowlanym chondrocytéw rosngcych
na powierzchni badanych materiatow polimerowych, a
stezenie tej cytokiny byto zalezne od rodzaju polimeru.

The ability of chondrocytes to express and secrete IL-6
was confirmed in other experimental studies. Bender et
al. [32] reported that chondrocytes secreted constitutively
IL-6 and that stimulation with IL-18 enhanced production
of IL-6 (both at the level of mMRNA synthesis and secre-
tion) by chondrocytes growing in monolayer cultures, as
well as in organ and agarose cultures. Some publica-
tions indicate that chondrocytes failed to produce IL-6
in the absence of stimulating agents such as IL-1B. Aida
et al. [9] reported significant increase of expression of
interleukin-6 and its receptors induced by IL-1B, which
indicates its role in promoting the action of IL-6 [9].
Chondrocytes secreted constitutively IL-8 (FIG. 2A).
As shown in FIG. 2, IL-18 by itself enhanced IL-8 produc-
tion by 400-fold to 874 + 554 pg/1000 cells compared to
the basal secretion (p<0.01). Chondrocytes growing on the
surface of the tested polymeric films also secreted IL-8, and
the concentration of this cytokine was dependent on the
type of biomaterial. In the absence of stimulation by IL-1(,
the greatest increase of IL-8 concentration was observed
in cultures growing on PGATMC 30:70, the observed ef-
fect was statistically significant. PLACL 75:25 have also
promoted the significant increases in the secretion of IL-8.
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W warunkach braku stymulacji IL-18 najintensywniejsza,
sekrecje obserwowano przez chondrocyty zakotwiczone
na podtozu polimerowym o sktadzie PGATMC 30:70, a
obserwowany efekt byt istotny statystycznie. Znaczacy
wzrost wydzielania IL-8 obserwowano réwniez w przypadku
komorek rosngcych na polimerze o sktadzie PLACL 75:25.
Stezenia IL-8 oznaczone w medium znad hodowli chondro-
cytow rosngcych na pozostatych podtozach polimerowych
nie roznity sie istotnie od wartosci w kontroli. Aktywacja
hodowli IL-1f prowadzita do wzrostu sekrec;ji IL-8. W warun-
kach oddziatywania na komérki IL-1B3 najwieksze uwalnia-
nie chemokiny obserwowano w przypadku chondrocytéw
rosngcych na powierzchni P(LA-CL-GA) 66:24:10 (wzrost
3-krotny, istotny w odniesieniu do kontroli). Znamienny
statystycznie wzrost sekrecji IL-8 w odniesieniu do kontroli
stwierdzono takze w przypadku komoérek rosnacych na
podtozu PGATMC 30:70. W przeprowadzonym doswiad-
czeniu nie wykazano istotnych wzgledem kontroli zmian
sekrecji IL-8 przez stymulowane IL-1 chondrocyty rosnace
na powierzchni pozostatych analizowanych polimeréw.
Doniesienia literaturowe dotyczace konstytutywnej ekspresji
IL-8 przez ludzkie chondrocyty nie pozwalajg na wysuniecie
jednoznacznych wnioskéw. Badania Aidy i wsp. [9] wykazaty
ekspresje tej chemokiny przez chondrocyty zaktywowane
IL-1B, nie stwierdzono jednak ekspres;ji IL-8 w komodrkach
nie poddanych dziataniu IL-1B. Inne doniesienia wskazujg
na konstytutywng oraz stymulowang w obecnosci IL-13
ekspresje |IL-8 przez ludzkie chondrocyty [29]. Réwniez
badania prowadzone na modelu konskich chondrocytow
wykazaty zdolnos¢ tych komérek do ekspresji nie tylko
IL-8 ale réwniez innych cytokin w tym réwniez IL-6 [33].
W ostatniej z przytoczonych publikacji udowodniono takze,
ze stymulacja komérek IL-13 prowadzita do znaczacego
wzrostu ekspresiji tych cytokin.

Analizowane podtoza sg badane w zwigzku z ich
potencjalnym wykorzystaniem w leczeniu ubytkow tkanki
chrzestnej u ludzi. Wazne sg jednak szczegétowe badania
biozgodnosci analizowanych polimerow a takze produktow
ich degradaciji. Istotnym elementem jest rowniez odpowiedz
organizmu na implant. Wszczepienie implantu nie powinno
powodowac ostrej lub przewlektej odpowiedzi zapalnej
gospodarza. Silna i dlugotrwata reakcja zapalna moze
prowadzi¢ do ,,obluzowania” implantu oraz utrudnia¢ proces
regeneracji tkanki. Jednym z parametréw pozwalajgcych
na okreslenie rozwoju reakcji zapalnej jest sekrecja media-
torow tego procesu, do ktorych zaliczamy analizowane w
prezentowanej pracy cytokiny. Sposréd badanych polimeréw
biodegradowalnych, podioza otrzymane z PGATMC 30:70,
P(LA-CL-GA) 66:24:10, a takze PLACL 75:25 powodowaty
pewne niepozadane reakcje komorek, poniewaz prowadzity
do istotnego wzrostu sekrecji cytokin prozapalnych (IL-6
oraz IL-8) przez chondrocyty rosngce na ich powierzchni.
Pozostate badane materiaty polimerowe nie indukowaty
uwalniania cytokin przez chondrocyty.

Analizowane podtoza sg uwazane za dobry materiat
do zastosowania w inzynierii tkankowej, co jest zwigzane
z ich biodegradacjg oraz nietoksycznoscig produktow
powstajacych w efekcie ich degradacji. Nie jest jednak
dostatecznie poznany wptyw tego rodzaju materiatéw na
przebieg procesu zapalnego, bedacego normalng reakcjg
organizmu na obecnosc ciata obcego. Badania kopolimeru
L-laktydu i glikolidu (PLAGA 85:15) otrzymanego przy
uzyciu inicjatora cyrkonowego prowadzili Czajkowska i
wsp. [25]. Autorzy nie stwierdzili indukcji sekrecji proza-
palnych cytokin: IL-6 i TNF-a przez komorki makrofago-
podobne linii U-937 rosngce na badanym kopolimerze.
Jednoczesnie wykazano wysoka zywotnosé fibrobla-
stow, osteoblastow i monocytéw na badanym podtozu.

The other polymeric materials did not cause statistically
significant induction of IL-8 release compared to control
cells. In the presence of IL-13, IL-8 secretion was markedly
increased compared to that of the control (p<0.01) and the
highest amount of IL-8 was determined in cultures growing
on P(LA-CL-GA) 66:24:10 (threefold increase, p<0.01).
Significant stimulation of IL-8 release was also observed in
cells cultured on PGATMC 30:70. As observed in this experi-
ment, the remaining analyzed biopolymers did not cause
statistically significant differences versus control in the IL-8
release stimulated with IL-1p. In the light of recent literature
data the ability of human chondrocytes to constitutively
express and secrete IL-8 has not clearly been confirmed.
Aida et al. [9] reported the expression and secretion of
IL-8 by IL-1pB stimulated cells, however, they did not detect
expression of the IL-8 by chondrocytes in the absence of
IL-1B. A number of studies have shown constitutive and
IL-1B-stimulated IL-8 expression by human chondrocytes
[29]. David et al. [33] demonstrated that equine chondrocytes
expressed mRNA for IL-8 and several other proinflamma-
tory cytokines. They also showed that IL-18 modulated the
expression of studied cytokines.

The analyzed materials were examined in relation to their
potential use in the treatment of cartilage lesion in humans.
However, this requires a detailed study of biocompatibility
of the analyzed polymers and their degradation products.
Implantation should not cause acute or chronic inflammatory
response of the host. The strong and prolonged inflammato-
ry response may lead to an implant “loosening” and impede
the process of tissue regeneration. One of the parameters
allowing detection of inflammatory process is the secretion
of inflammatory mediators such as cytokines analyzed in
this study. Among the studied biodegradable polymers,
PGATMC 30:70, P(LA-CL-GA) 66:24:10, and PLACL 75:25
caused some adverse reactions in cells, because they led to
significant increases in secretion of inflammatory cytokines
- IL-6 and IL-8 by chondrocytes growing on their surface.
Other tested polymeric materials did not induce the release
of cytokines by these cells.

Biopolymers analyzed in the present study are con-
sidered as suitable support for tissue engineering, which
is associated with their biodegradability and formation of
non-toxic degradation products. The impact of this type of
material on the process of inflammation, which is a physi-
ological response of the organism to the foreign body, is not
sufficiently understood. Czajkowska et al. [25] studied a co-
polymer of L-lactide and glycolide PLAGA 85:15 obtained by
using zirconium initiator. The authors showed that examined
materials failed to induce secretion of proinflammatory IL-6
and TNF-a cytokines by human monocyte/macrophage-like
cell line U-937. Moreover, the authors observed a high vi-
ability of osteoblasts, fibroblasts and monocytes cultured on
the tested copolymer. Other studies also demonstrated high
biocompatibility of the PLAGA 85:15. The scaffolds made
of this polymer are appropriate for chondrocytes growth.
Moreover, PLAGA 85:15 scaffolds promoted chondrocytes
redifferentiation into mature, functional cells, as demonstrat-
ed by the expression of selected genes [27]. The presented
results also show that PLAGA 85:15 is a biomaterial with a
high biocompatibility which does not lead to induction of the
proinflammatory cytokines such as IL-6 and IL-8. Rotter et al.
[34] investigated in vivo the generation of tissue-engineered
cartilage using a glycolide and lactide copolymer (90:10) in
the pig model. They found that the implantation of the scaf-
folds led to a strong expression of IL-1a in chondrocytes at
the implant periphery. These results suggest that induction
of inflammatory reaction against biomaterial may inhibit
regeneration of cartilage tissue.



Inne badania rowniez wskazujg na duzg biozgodnos¢ poli-
meru o skladzie PLAGA 85:15, gdyz chondrocyty zasiedlajg
gabki wykonane z tego polimeru, jednoczes$nie réznicujg
sie w kierunku dojrzatych, funkcjonalnych komérek na co
wskazuje ekspresja wybranych genéw [27]. Prezentowane
badania rowniez wskazujg na kopolimer o sktadzie PLAGA
85:15 jako biomateriat o duzej biozgodnosci nie prowa-
dzacy do indukcji analizowanych cytokin prozapalnych.
Z kolei Rotter i wsp. [34] badali in vivo na modelu swihskim
kopolimer glikolidu i laktydu (90:10). Zaobserwowali oni, ze
wszczepienie implantu prowadzito do silnej ekspresji IL-1aw
chondrocytach implantowanych na peryferiach implantu, co
z kolei moze hamowac regeneracje tkanki chrzestne;j.

Whioski

Badanie proceséw adhezji i proliferacji komérek na
powierzchni badanego biomateriatu nie wyczerpuje mozli-
wosci badania ich funkcji w warunkach in vitro. Poprawne
przyleganie i namnazanie sie komorek nie gwarantuje, ze
odbudowa uszkodzonej tkanki bedzie zachodzita zgodnie
z zatozeniami. Zaburzenia reakcji immunologicznej polega-
jace na indukcji mediatorow zapalenia, moga wigzac sie z
chroniczna, badz relatywnie przediuzona reakcjg zapalng na
biomateriat, co z kolei moze w istotnym stopniu uposledzaé
proces odtwarzania tkanki. Aktywacja odpowiedzi zapalnej
na czynnik zewnetrzny jest zwigzana ze skoordynowang
ekspresjg i sekrecjg licznych mediatorow. Wydaje sie, ze
obserwacja stymulacji mediatoréw reakcji zapalnej takich
jak IL-1, IL-6 i IL-8 moze pomdc w ocenie biozgodnosci
materiatow polimerowych.

Otrzymane w niniejszej pracy wyniki wskazujg, ze spo-
Srod badanych materiatéw polimerowych pewien wzrost
sekrecji analizowanych cytokin stwierdzono w hodowlach
chondrocytéow rosngcych na podtozach polimerowych
wykonanych z PGATMC 30:70, niezaleznie od obecnosci
w medium IL-1B. Réwniez w przypadku komdérek hodowa-
nych na powierzchni polimeréw: P(LA-CL-GA) 66:24:10
oraz PLACL 75:25 obserwowano zwiekszenie uwalniania
cytokin, jednak efekt ten byt zalezny od rodzaju oznacza-
nej cytokiny, a takze warunkéw hodowli (obecnosci IL-18).
Podtoza te wydajg sie by¢ najmniej biozgodnymi sposrod
badanych w niniejszej pracy polimeréw w aspekcie stymula-
cji odpowiedzi zapalnej chondrocytdw, konieczne sg jednak
dalsze szczegotowe badania. Sposréd badanych polimerow
biodegradowalnych podioza o sktadzie PCLGA 92:8, PLAGA
85:15, PLATMC 70:30, PLATMC 30:70, PLATMC 50:50
wydajg sie charakteryzowa¢ najwiekszg biozgodnoscia,
gdyz nie powodowaty istotnego wzrostu sekrecji prozapal-
nych cytokin przez chondrocyty rosngce na ich powierzchni.
Uzyskane wyniki pozwolity na wyciggniecie wniosku, iz
podioza wykonane z alifatycznych poliestrow i poliestro-
weglanow zsyntezowane przy uzyciu acetyloacetonianu
cyrkonu zastugujg na dalszg uwage, gdyz niosg nadzieje
na umozliwienie leczenia ubytkdw tkanki chrzestnej.
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Conclusions

Study of cell adhesion and proliferation on the biomate-
rial surface is not sufficient for complete in vitro analysis.
Proper cells adhesion and proliferation do not guarantee
that the reconstruction of the damaged tissue will occur in
accordance with our expectations. The immune response
involving the induction of inflammatory mediators may be
associated with chronic or relatively prolonged inflamma-
tory response to the biomaterial, which can significantly
impair the recovery process of tissue. Activation of the
inflammatory response to the external factor is associated
with coordinated expression and secretion of numerous
mediators. It appears that the estimation of induced proin-
flammatory mediators such as IL-1, IL-6 and IL-8 can help
to evaluate the biocompatibility of polymeric materials.

Our results indicate that among the examined aliphatic
polyesters and polyesterocarbonates increased proinflam-
matory cytokines secretion from unstimulated and stimu-
lated with IL-18 chondrocytes cultured on PGATMC 30:70.
In the present experiments we observed elevated levels
of IL-6 or IL-8 cytokines in supernatants from chondrocyte
cultures conducted on the polymeric films: P(LA-CL-GA)
66:24:10 and PLACL 75:25. These materials appear to
be the least biocompatible among the tested copolymers
in respect to stimulation of the inflammatory response in
human chondrocytes. Among the studied biodegradable
polymers the PCLGA 92:8, 85:15 PLAGA, PLATMC 70:30,
PLATMC 30:70, 50:50 PLATMC seem to be the most
biocompatible, because they do not cause a significant
increase in secretion of proinflammatory cytokines by
chondrocytes growing on their surface. Our results indicate,
that the studied biopolymers are well-tolerated, however,
they need further detailed study.
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Streszczenie

Mikroprzeciek jest gtdwng przyczyng wystepowania
prochnicy wtérnej w okolicy wypetnien stomatologicz-
nych. W pracy badano wptyw cyklicznych obcigzen
cieplnych na rozwdj szczeliny brzeznej dla 2 nano-
hybrydowych materiatbw kompozytowych w wypet-
nieniach klasy | w ludzkich zebach trzonowych. Po
kazdych 2000 cykli (do 20 000) prébki byty oceniane
na mikroskopie stereoskopowym stosujgc metode
penetrantu. Pomiaréw dtugosci szczeliny brzeznej
dokonano z wykorzystaniem systemu analizy obrazu.
Uzyskano wyniki pomiaréw dfugosci szczeliny brzez-
nej w zaleznosci od ilosci cykli termicznych. Wzrost
szczeliny brzeznej moze by¢ opisany wielomianem
3 stopnia, a szybko$¢ rozwoju szczeliny zalezy w
szczegolnosci od rodzaju systemu wigzgcego oraz od
interakcji miedzy materiatami, wtasciwosci powierzchni
tkanek oraz od wpfywu warunkéw w jamie ustnej.

Stowa kluczowe: cykliczne obcigzenia cieplne, mikro-
przeciek, szczelina brzezna, kompozyty stomatologiczne

[Inzynieria Biomateriatéw, 104, (2011), 23-27]

Wprowadzenie

Materiaty stosowane obecnie na wypetnienia stomatolo-
giczne powinny wykazywac odpornos¢ na czynniki wyste-
pujace w jamie ustnej, szczegdlnie zmiany temperatury.
Opracowywanie nowych materiatdbw wymaga zwrécenia
szczegolnej uwagi ha skurcz polimeryzacyjny oraz problem
uzyskania podobnej rozszerzalnosci cieplnej do tkanek
zeba. Ocena wiasciwosci termicznych materiatéw wypet-
nien zostata poszerzona o testy zmeczenia cieplnego [1].
W warunkach laboratoryjnych zeby z zatozonymi wypet-
nieniami poddawane sa cyklicznym obcigzeniom cieplnym,
a nastepnie ocenia sie szczeline brzezng i mikroprzeciek
poprzez test zanurzeniowy, mikroskopig SEM, izotopami
promieniotwdérczymi lub nawet bakteriami czy sztucznie
wywotang préchnica [2].

Proces polimeryzacji powoduje powstawanie skurczu
kompozytow stomatologicznych, wywotujac naprezenia, ktore
przekroczy¢ moga wartos¢ wytrzymatosci systemu wigza-
cego. Wielkos¢ skurczu (1,3-3,22%) wywota¢ moze napreze-
nia o wartosci 4-7 MPa [3], ktére mogq prowadzi¢ do powsta-
wania peknie¢ w szkliwie, szczegodlnie w warunkach interakcji
z naprezeniami cieplnymi. Dodatkowo powstawanie szczeliny
na granicy zab/wypetnienie moze by¢ wywotane niedosta-
teczng adhezjg wypetnienia do tkanek zeba. Ponadto nowe
szczeliny mogg powstawac podczas uzytkowania wypetnie-
nia, jako wynik naprezen cieplnych lub mechanicznych [4].
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Abstract

Microleakage is a major factor contributing to the
occurrence of secondary carious lesions around
restorations. This study investigated the effect of
thermocycling on microleakage of 2 selected nanohy-
brid composite Class | restorations in human molars.
After every 2000 thermocycles (till 20000 thermocyc-
les) specimens were examined by stereomicroscopy
using a dye penetration test. The marginal gap was
measured using image analysis software. As a result
the length of marginal gaps in dependence of number
ofthermocycles was presented. Increasing of marginal
gap may be described by 3" degree polynomial line
and the velocity of marginal gap growth depends espe-
cially on adhesive system, and also on interactions
between materials, physical properties of the tissue
interface and the influence of the oral environment.

Keywords: thermocycling, microleakage, marginal
gap, restorative composite

[Engineering of Biomaterials, 104, (2011), 23-27]

Introduction

Materials which are used today as restorations must
resist the surrounding influences in the oral cavity, espe-
cially temperature. In developing new restorative materials,
special attention is paid to reducing the setting contraction
and closely adapting the thermal volume effect to that of
the hard tooth structure. The examination of restorative
materials for thermal characteristics has developed into
a generally acknowledged test procedure under the term
“thermocycling” in dental research [1]. In laboratory condi-
tions, restored teeth are thermally cyclic stressed, and then
marginal quality/leakage is evaluated by dye penetration,
scanning electron microscopy, radioactive isotopes, bacteria
and even artificial caries [2].

The polymerization process results in shrinkage or
contraction of the composite, causing stresses that may
exceed the strength of the bond with the surrounding tooth
structure, with possible failure at the adhesive joint. The
level of shrinkage (1.3-3.22%) could generate contractile
forces of 4.0 to 7.0 MPa [3], which may lead to cracking at
the enamel margins, especially when synergetic interactions
with thermal stresses occur. Polymerization shrinkage leads
to gap formation between the composite restoration and the
walls of the cavity at the weakest bond. Marginal breakdown
may result in microleakage, postoperative sensitivity, and
recurrent dental caries, more intense when thermocycled.
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85°C, natomiast lody do -12°C. Gale i in. dokonali przegladu
130 artykutéw z zakresu laboratoryjnych testow obcigzen
cieplnych wypetnien stomatologicznych [1]. Wynika z
niego, ze srednia wartos¢ najnizszej temperatury wynosita
6,6°C (zakres 0-36°C, mediana 5,0°C), natomiast $rednia
warto$¢ najwyzszej temperatury osiggata 55,5°C (zakres
40-100°C, mediana 55°C). Czas zanurzenia nie byt czesto
okreslany, jednakze w wiekszo$ci przypadkdéw wynosit 53 s
z mediang 30 s (zakres 4 s do 20 min) [5]. Takie zakresy
zmian temperatur oraz czas ich oddziatywania moze powo-
dowac zmiany w tkankach zeba spowodowane réznicami we
wspotczynnikach rozszerzalnosci cieplnej szkliwa i zebiny.
Zmiana temperatury zeba wywotuje naprezenia cieplne,
proporcjonalne do gradientu temperatury. Zmiany naprezen
powodujg zmeczenie cieplne tkanek i ich uszkodzenie [6].
Wielu autoréw dokonuje oceny szczeliny brzeznej stosujac
system oceny punktowej [3,6,7], w innych przypadkach [8-10]
sg to pomiary wielkosci szczeliny brzeznej z wykorzystaniem
mikroskopii optycznej lub skaningowej, jednakze bez wyka-
zywania zwigzku z liczbg cykli obcigzen cieplnych.

W niniejszej pracy zaprezentowano metodyke badan roz-
woju szczeliny brzeznej, powstajacej w wyniku cyklicznych
obcigzen cieplnych, wraz z wynikami badanh wstepnych na
przyktadzie 2 materiatdw z nanowypetniaczem.

Materiat i metody

Do badan wykorzystano ludzkie zeby trzonowe, ktore
bezposrednio po ekstrakcji zostaty oczyszczone, a nastepnie
przechowywane w roztworze soli fizjologicznej z 3% dodat-
kiem podchlorynu sodu. Nastepnie w zebach wykonano
wypetnienia klasy | (wg Blake’a) o gtebokosci ok. 3 mm.
W wielu badaniach z zakresu oceny szczeliny brzeznej wyko-
nywano okragte wypetnienia ,modelowe” [3,7], w niniejszych
badaniach wykonano rzeczywiste wypetnienia, jako odwzo-
rowanie warunkow realnych. Wypetnienia zostaty wykonane
zgodnie z zaleceniami producentéw materiatow oraz wiedzg
stomatologiczna. Wykorzystano 2 materiaty kompozytowe z
nanowypetniaczem: Ceram X (Dentsply) oraz Filtek Supreme
(3M ESPE) z ich dedykowanymi systemami wigzacymi
(TABELA 1). Jako prébka kontrolna zastosowany byt zab
bez ingerencji stomatologicznej. Po przygotowaniu zeby byty
przechowywane przez 24 h w wodzie destylowanej, po czym
ich powierzchnie zabezpieczono lakierem w odlegtosci ok. 1
mm do wypetnienia. Nastepnie zeby zamocowano w uchwy-
tach i zanurzono czes$¢ koronowa na 30 min. w 1% roztworze
btekitu metylenowego (POCH S.A.). Po optukaniu zebéw pod
biezaca wodgq i delikatnym osuszeniu byty one oceniane pod
mikroskopem stereoskopowym SMZ1500 z kamerg cyfrowg,
(Nikon) i systemem akwizycji obrazu (NIS Elements). Po
wykonaniu pomiaréw ,zerowych” zeby poddane zostaty
cyklicznym obcigzeniom cieplnym na urzadzeniu opisanym w
pracy [11] w zakresie temperatur 5-55°C z czasem zanurzenia
30 s. Po kazdych 2000 cykli (az do 20000 cykli) zeby byty
oczyszczane, zanurzane w roztworze btekitu metylenowego
(30 min), ptukane i suszone, po czym oceniane pod mikrosko-
pem stereoskopowym. Szczelina brzezna mierzona byta jako
suma dtugosci szczelin, przy wykorzystaniu oprogramowania
ImagePro Plus (Media Cybernetics). Wykonywano po pie¢
pomiaréw dtugosci z doktadnoscig +12 um. Odchylenie stan-
dardowe w kazdym z przypadkéw byto mniejsze niz 0,15% w
odniesieniu do wartosci sredniej. Wyniki przedstawiono, jako
srednie procentowe odniesienie dtugosci szczeliny brzeznejdo
dtugosci obwodu wypetnienia. Na podstawie uzyskanych wyni-
kéw wyznaczono predkosc rozwoju szczeliny brzeznej, jako
wartos$¢ pierwszej pochodnej funkcji aproksymaciji (wielomian
3 stopnia) w $rodkowym punkcie rozwazanego przedziatu.

In addition to polymerization shrinkage, gap formation at the
tooth/restoration interface may be caused by inadequate
wetting of the tooth surface by the restorative material along
the preparation walls during placement. Furthermore, new
marginal gaps may develop during the service life of the
restoration as a result of thermally or mechanically induced
stresses [4].

Teeth are subjected to significant temperature variations
during routine eating, drinking and breathing. Hot food is
served up to 85°C, and ice cream as low as -12°C. Gale et
al. showed review of 130 articles [1] on thermal cycling proce-
dures for laboratory testing of dental restorations. The mean
low-temperature point was 6.6°C (range 0-36°C, median
5.0°C). The mean high-temperature point was 55.5°C (range
40-100°C, median 55°C). Dwell times were sometimes not
stated, but the mean stated dwell time was 53 s, the median
30 s, with arange of 4 s to 20 min [5]. These temperature and
time differences may create various modifications to the tooth
structure due to the different thermal expansion of enamel and
dentin. Temperature changes in tooth produce thermal stress,
which is proportional to the temperature gradient. With suf-
ficient repeated high or low thermal stress, the tooth structure
may be damaged [6]. Many authors evaluate the marginal
gap by scoring system [3,6,7]. The others [8-10] measured
the marginal gap using optical or electron microscopy, but
without any dependence of number of thermocycles.

In the present study there was presented the research
method of increasing of marginal gap forming in thermo-
cycling as well as the example results obtained for two
nanofilled restoration materials.

Materials and methods

Human molars were collected for this study. Immediately
after extraction, the teeth were gently cleaned and stored in
physiological saline and 3% sodium hypochlorite. A Class |
preparation of about 3 mm depth was prepared in each tooth
using a high-speed handpiece with water coolant. In many
studies there were prepared modelled restorations [3,7] most
often in circular shape. In present study the authors decided
to prepare a “real” restoration simulating in vivo conditions.
Restorations were placed according to manufacturer’s instruc-
tions and dental knowledge. There were used 2 nanofilled
composite materials: Ceram X (Dentsply) and Filtek Supreme
(3M ESPE) (TABLE 1) with its dedicated adhesive system.
As reference specimen there was used a tooth without any
dental intervention. After preparation teeth were stored in
distilled water for 24 h, thereafter specimens were coated
with nail polish to within 1 mm of the restoration margin prior
to being thermocycled. This has been shown to effectively
limit microleakage to that possible at the marginal interface
of the tooth and restoration. After this the teeth were mounted
in specimen holders. All teeth were subjected to exposure
in 1% methylene blue solution (POCH S.A.) by 30 min im-
mersing the crown part of the tooth. Thereafter the samples
were washed in tap water, gently dried by paper tissue and
examined using stereomicroscope SMZ1500 (Nikon) with im-
age acquisition system (NIS Elements). Thereafter the teeth
in holders were thermocycled using the device described in
[11] with temperature range from 5°C to 55°C and dwell time of
30 s. After every 2000 cycles (till 20 000 thermocycles) speci-
mens were cleaned, immersed in methylene blue solution
(30 min), rinsed, dried and examined by stereomicroscopy.
The length of marginal gap, which is the sum of lengths of
cracks in the interface zone, was then measured using Im-
agePro Plus software (Media Cybernetics). Five measuring
were taken for each restoration (accuracy 12 ym). Result
showed the mean value of measurements, standard deviation
in each case was less than 0.15% according to mean value.



TABELA 1. Materiaty wykorzystane w badaniach.
TABLE 1. Materials used in the study.

Rodzaj
kompozytu i
zastosowanie /
Type of
composites
and application

Materiat
(Producent) /

Material
(Manufacturer)

Rodzaj i wielko$¢ wypetniacza /
Type of fillers and size

tlenki cyrkonu i krzemu, konwencjonalny wypetniacz
szklany (~1 pm), nanowypetniacze (~10 nm), nanocza-
steczki ceramiczne modyfikowane organicznie (2-3 nm)
zirconia/silica filler, conventional glass fillers (~1 um),
nanofillers (~10 nm), organically modified ceramic
nanoparticles (2-3 nm)

Udziat Skurcz
objetosciowy polimery-
wypetniacza / zacyjny /

Volume fraction Polymerization

of fillers shrinkage

[% wag. / wt%)] [%]

79 1.8

Filtek
Supreme
(3M ESPE)
nanohybrydowy,
uniwersalny/
nano-hybrid,
universal
Ceram X
(Dentsply)

nieorganiczny wypetniacz ze szkfa barowego, tréjfluorek
iterbu, szkto fluorosilikatowe z dodatkami Ba i Al, tlenek
krzemu o wysokiej dyspersji, mieszanina sferoidalnych
tlenkéw o wielkos¢ czastek 0,04-3,0 um 76 1.9
inorganic fillers of barium glass, ytterbium trifluoride,
Ba-Al-fluorosilicate glass, highly dispersed silicon dioxide
and spheroid mixed oxide, particle size of 0.04-3.0 um

Wyniki badan i dyskusja

Wyglad wypetnien po zanurzeniu w roztworze bitekitu
metylenowego przedstawiono na RYS. 1i2. Zaobserwowano
powiekszanie szczeliny brzeznej wraz z iloscig cykli obcig-
zen cieplnych. Srednia dlugo$¢ szczeliny odniesiona do
dtugosci obwodu dla obydwu rodzajéw wypetnien zostata
przedstawiona na RYS. 3. Srednia wielko$é szczeliny
przed rozpoczeciem cyklu obcigzen cieplnych wynosita: dla
Ceram X 11,69 mm % 2,53 um, natomiast dla F.Supreme
7,52 mm = 11,29 um, co stanowi odpowiednio 12,19% i
30,18% obwodu. Jest to zgodne z wynikami zawartymi w
pracy [3], gdzie tylko 52,5% probek przed cyklem obcia-
zen cieplnych nie wykazywato szczeliny brzeznej. Wykres
dtugosci szczeliny brzeznej (procentowo w odniesieniu
do dtugosci obwodu) w funkc;ji ilosci termocykli wykazuje
klasyczny ksztatt krzywej zuzycia. W pierwszym okresie
obcigzen cieplnych (do ok. 6000 cykli) obserwowano szybki
wzrost dtugosci szczeliny. W kolejnym okresie obcigzania
dla materiatu Filtek Supreme obserwowano plateau przy
wartosci ok. 50% az do konca testu z nieznacznym wzro-
stem przy 20000 cykli. Dla materiatu Ceram X zanotowano
ciagly wzrost dtugosci szczeliny brzeznej z nieznacznym
obnizeniem predkosci propagaciji w zakresie 6000 + 16000
cykli. Po przekroczeniu tego punktu zaobserwowano szybki
wzrost dtugosci szczeliny. Przewiduje sie, ze przy aproksy-
maciji krzywej zuzycia wielomianem 3 stopnia, utworzenie
szczeliny na catym obwodzie nastgpi przy ok. 22000 cykli.
W przypadku zeba kontrolnego (bez wypetnienia) nie
zaobserwowano zadnych peknie¢ czy szczelin podczas
catego testu.

Na podstawie réwnan regres;ji krzywych zuzycia wyzna-
czono predkos$¢ rozwoju szczeliny brzezne, jako warto$é
pierwszej pochodnej w srodkowym punkcie rozpatrywanego
przedziatu. W obydwu przypadkach zauwazy¢ mozna dwa
etapy wzrostu szczeliny — pierwszy, pomiedzy O i okofo
4 000 cykli i drugi, w rejonie plateau (pomiedzy 6 000 i
12 000 termocykli). Wartos¢ predkosci rozwoju szczeliny dla
materiatu Filtek Supreme wynosita w etapach odpowiednio
0,79 i 0,09 mm na 1000 cykli termicznych. Natomiast dla
materiatu Ceram X wyznaczone predkosci rozwoju szczeliny
wynosity odpowiednio 1,13 i 0,19 mm/1000 cykli.

On the basis of diagrams there were assigned the velocity of
marginal gap formation calculated as a value of first deriva-
tive of an approximation’s function (3™ degree polynomial)
in central point of a consider range.

Results and Discussions

Images of restoration after dye penetration test there are
presented in FIG. 1 and 2. It was noticed increasing of mar-
ginal gap with the number of cycles. The mean gap lengths
for both the Ceram X and Filtek Supreme restorative com-
posite specimen were averaged and presented in FIG. 3.
The mean marginal gap length before thermocycling for
the Ceram X specimens was 1.69 mm = 2.53 ym (12.19%
in comparison with the perimeter), and for the F.Supreme
specimens was 7.52 mm £ 11.29 ym (30.18%) according
to work [3], where only 52.5% of the control preparations
(nonthermocycled) showed no microleakage at the enamel
and dentin margins. The diagram of marginal gap’s length
influenced by termocycling showed a classic wear curve.
In first period of thermocycling (till 6000 cycles) a quick in-
creasing of marginal gap’s length was observed. Thereafter
from this point a plateau on value of about 50% for Filtek
Supreme was noticed till the end of research period with a
slightly increasing in the end. For Ceram X composite there
was observed continuous increasing of length of marginal
gap, with the speed of propagation slightly diminished in
range 6000 to 16000 cycles. Beyond this point a quick
increasing of gap formation was noticed. The prediction of
complete formation of marginal gap is on the value of about
22000 of thermocycles in the case of 3 degree polynomial
approximation of wear curve. The reference tooth (without
restoration) didn’'t show any cracks or gaps during all test
period in area of interest.

On the basis of the polynomial regression curves there
were assigned velocities of marginal gap formation calcu-
lated as a value of first derivative of an approximation’s
function in central point of a consider range. In both cases
it can be seen two stages of marginal gap’s growth — first,
between 0 and about 4 000 cycles, and second, in plateau
region (between 6 000 and 12 000 thermocycles). Calcu-
lated velocities for Filtek Supreme showed value of 0.79 and
0.09 mm of marginal gap per one thousand of thermocycles
(respectively) while for Ceram X the values were 1.13 and
0.19 mm/1000 cycles.
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RYS. 1. Szczelina brzezna w przypadku wypetnienia materiatem Ceram X po wykonaniu: a) 0 cykli,
b) 10 000 cykli i c) 20 000 cykli.
FIG. 1. Marginal gap in Ceram X restoration composite after a) 0 cycles, b) 10 000 cycles and

c) 20 000 cycles.

RYS. 2. Szczelina brzezna w przypadku wypetnienia materialem Filtek Supreme po wykonaniu:
a) 0 cykli, b) 10 000 cykli i c) 20 000 cykli.
FIG. 2. Marginal gap in Filtek Supreme restoration composite after a) 0 cycles, b) 10 000 cycles and

c) 20 000 cycles.

Szczelno$¢ brzezna
pomiedzy tkankami zeba i
wypetnieniem zalezna jest
od wielu czynnikéw, np.
sktadu materiatu wypet-
nienia, wiasciwosci mate-
riatu i systemu wigzacego,
wzajemnymi interakcjami
pomiedzy materiatami,
wiasciwosciami tkanek oraz
oddziatywania $rodowi-
ska jamy ustnej. Obydwa
badane materiaty nalezg
do tej samej grupy kompo-
zytéw nanohybrydowych z
podobng iloscig wypetnia-
cza ceramicznego, gtéwne
réznice wystepujg w rodzaju
zywicy osnowy oraz rodzaju
wypetniacza, a takze w
stosowanych systemach
wigzacych.

=)
=]

Ceram X
y = 0,0205¢ - 0,763% + 10,963x + 10,416

©
[

o
=]

-
=]

b ek — b — = T

Filtek Supreme
y = 0,0064x” - 0.2755x" + 4,2026x + 29,691
R = 0,9658

Szezelina brzezna [ Marginal gap
[ obwodu /% of perimeter]
@
2

1] 2 4 6 5 10 12 14 16 18 20

Liczba termocykli / Number of thermocycles ("103}

RYS. 3. Rozwdj szczeliny brzeznej (procentowo w odnie-
sieniu do dltugosci obwodu wypetnienia) w funkcji ilosci
termocykli.

FIG. 3. Marginal gap as percentage of restoration’s perimeter
in dependence of thermocycles.
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The marginal integrity
of the tooth and restora-
tion interface is depend-
ent upon several factors,
for example of restorative
material composition, the
physical properties of the
material and adhesive sys-
tem, interactions between
materials, physical proper-
ties of the tissue interface,
and the interaction of the
oral environment. Both
materials represent the
same type of composite
(nanohybrid) with similar
volume of fillers. The main
differences reveal in resin
matrix composition and
components of reinforce-
ment and also adhesive
systems.



Poczatkowa diugos¢ szczeliny brzeznej dla materiatu Filtek
Supreme byfa niemal trzykrotnie wieksza niz dla Ceram X.
Rossomadoiin. w pracy [7] przedstawili wartosci wg skali ocen
(0 - najlepsza, 3 - najgorsza) mikroprzecieku dla zebéw przed
procesem zmeczenia cieplnego, dla ktérych uzyskano wartosé
2,40, natomiast po zmeczeniu cieplnym wartos¢ wynosita 3.
Podobne rezultaty uzyskali Wahab i in. [3] przy zastosowaniu
tej samej skali oceny. Ich badania wykazaty tworzenie szczeliny
brzeznej w 40% przypadkow wypetnien materiatami nanohy-
brydowymi przed procesem zmeczenia cieplnego. Wyniki te sg.
zbiezne z uzyskanymi w niniejszej pracy. Wielkos¢ przecieku
wypetnien kompozytowych moze by¢ odniesiona do efektu
skurczu polimeryzacyjnego. Réznice w tworzeniu szczeliny
poczatkowej dla zebdw przed procesem zmeczenia cieplnego
wynika¢ mogq z rodzaju zastosowanego systemu wigza-
cego oraz z charakterystyki skurczu polimeryzacyjnego [7].

W przypadku materiatu Ceram X obserwowano 3-krotnie
szybsze powiekszanie szczeliny brzeznej w poréwnaniu do
Filtek Supreme w pierwszym etapie zmeczenia, a koncowa
dtugos¢ szczeliny byta niemal réwna obwodowi wypetnienia.
Materiaty te posiadajg zblizone ilo$ci wypetniaczy, a pomimo
roznic w ich sktadzie charakteryzuja sie podobnymi wartosciami
wspotczynnika rozszerzalnosci cieplnej [12]. W zwigzku z tym
przyczyn nalezy upatrywac w adhezji materiatu wypetnienia
do tkanek zeba. Istotnym czynnikiem jest tu system wigzacy.
Zywice bez wypetniacza oraz materiaty kompozytowe charak-
teryzuja sie relatywnie wysokim wspoétczynnikiem rozszerzal-
nosci cieplnej w poréwnaniu do tkanek zgba, jednakze sg one
rowniez doskonatymi izolatorami, co powoduje powstawanie
ztozonego uktadu oddziatywan cieplno-mechanicznych.

WhiosKki

Na obecnym etapie badan sformutowano nastepujace
whioski:

1. Zmeczenie cieplne istotnie zwieksza mikroprzeciek
wypetnien kompozytowych klasy |, rozwdj szczeliny brzeznej
moze by¢ opisany wielomianem 3-go stopnia, a charakter
rozwoju jest typowy dla klasycznych procesow zuzycia.

2. Metoda oceny rozwoju szczeliny brzeznej przedsta-
wiona w niniejszej pracy umozliwia okreslenie predkosci
rozwoju szczeliny i na tej podstawie przewidywania trwatosci
wypetnienia. Opracowana metoda wydaje sie by¢ sku-
tecznym testem oceny dla materiatéw stomatologicznych
stosowanych na wypetnienia.
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The initial length of marginal gap was almost 3 times
higher for F.Supreme composite than Ceram X. Rossomado
et al. [7] showed means values of microleakage scores (0
- the best, 3 - the worst) for non-thermocycled specimens of
2.40 when thermocycled has the value of 3.0. Similar results
were obtained by Wahab et al. [3] by using the same scor-
ing system. The research showed marginal gap formed in
40% of non-thermocycled nanohybrid materials, similar to
tested in this study. The extent of leakage of the composite
restoration can be attributed to the effects of polymerization
shrinkage of the bonding resin and the composite restora-
tion. The differences of leakage for the non-thermocycled
composite specimens can be due to the quality of bonds of
the different bonding resin systems and to the polymeriza-
tion shrinkage characteristics [7].

In the case of Ceram X composite there was quick in-
creasing of marginal gap (3 times faster than F.Supreme
in first stage) and its length was almost equal restoration’s
perimeter. Both materials had similar filler volume fraction
and should have almost the same value of coefficient of
thermal expansion [12], which points, that marginal gap
formation is the result of bonding material properties and its
adhesion to composite restoration and tooth tissues. So the
adhesive system is the important thing. While unfilled resins
and resin composite restorative materials have relatively
high linear coefficients of thermal expansion compared to
tooth structures, they are extremely good thermal insulators.
This insulating characteristic complicates the influence of
thermal expansion.

Conclusions

In the present experimental conditions, it can be con-
cluded that:

1. Thermocycling significantly increased the microleak-
age of Class | composite restorations, increasing of marginal
gap may be described by 3rd degree polynomial line, which
represents classic wear curve.

2. The method of evaluation of increasing of marginal gap
developed in this work enables determination the velocity
of gap formation and prediction of durability. Presented
method seems to be an effective test for evaluation of dental
restoration materials.
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