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THE INFLUENCE OF
MINERALIZATION CONDITIONS
ON THE EFFECTIVENESS

OF ENZYMATIC MINERALIZATION
OF HYDROGELS

KRrRzysztoF PIETRYGA, KATARZYNA RECZYNSKA,
ELZBIETA PAMULA*

AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY,
FacuLTy oF MATERIALS SciENCE AND CERAMICS,
DEPARTMENT OF BIOMATERIALS,
AL. Mickiewicza 30, 30-059 Krakow, PoLAND
*E-MAIL: EPAMULA@AGH.EDU.PL

Abstract

Polysaccharide hydrogels are widely used in food
industry and medicine. Gellan gum (GG) recently
gained a lot of attention as a promising material for
tissue regeneration proposes due to its excellent
biocompatibility and similarity to natural extracellular
matrix. However, in unmineralized form it is not sui-
table for bone tissue engineering because of weak
mechanical properties. Enzymatic mineralization
(e.g. using alkaline phosphatase — ALP) is one of the
methods of calcifying of hydrogels and it resembles
natural processes occurring during bone healing.

The aim of this research was to investigate minerali-
zation of hydrogels and to improve properties of gellan
gum scaffolds by adjusting processing conditions.
Since ALP does not form with GG covalent bonds,
during incubation in mineralization medium (solution
of calcium glycerophosphate - CaGP) it is diffusing
from the samples. Therefore, mineralization effecti-
veness depends on the interplay between incoming
CaGP and outgoing ALP molecules. We hypothesize
that better CaGP availability, especially in the first
hours of incubation, can result in more effective and
homogenous precipitation of calcium phosphates
(CaP) in GG samples.

To this end, samples with different GG and ALP
concentration were subjected to two different mine-
ralization regimes (more and less frequent CaGP
exchanges). We proved that better CaGP availability
(more frequent CaGP exchange) resulted in better
mechanical properties (Young’s modulus) and more
effective mineral formation (higher dry mass percen-
tage) of the samples compared to the same samples
mineralized with lower accessibility of CaGP. This may
be related to the fact, that in presence of fresh organic
substrates, more CaP are formed in the outer parts of
the samples at the beginning of the process, that limit
ALP diffusion and allow more uniform mineralization.

Keywords: enzymatic mineralization, hydrogels, bone
tissue engineering

[Engineering of Biomaterials 131 (2015) 2-7]

Introduction

Hydrogels are highly hydrated polymers that recently
gained increasing interest for potential use in tissue engi-
neering. Advantages of hydrogels include injectability, exact
fitting to the defect site and easiness of incorporation of
bioactive molecules and cells. Hydrogels have been mainly
considered for applications in soft tissue engineering, but
the versatility of hydrogels has resulted in increased interest
in potential application of those materials in regeneration
of bone and cartilage. However, hydrogels lack the capacity
to calcify which limits their suitability for hard tissue regen-
eration [1-3].

A recent trend involves the development of hydrogels
that possess the capacity to mineralize. Thanks to CaP
presence within hydrogels, materials gain affinity for bio-
logically active proteins. Mechanical reinforcement resulting
from mineralization may help to overcome one of the main
disadvantages of hydrogel materials, namely weak mechani-
cal properties [4-5].

Hydrogels can be mineralized with several different ways:
physically (by incorporation of inorganic calcium phosphate
particles) [6], chemically (by incubation of hydrogels in so-
lutions containing calcium and/or phosphate ions) [7] and
enzymatically (by incorporation of enzymes) [8-10].

Alkaline phosphatase (ALP) is an enzyme involved in
mineralization of bone by cleavage of phosphate from or-
ganic phosphate (e.g. calcium glycerophosphate, CaGP).
In previous studies ALP was used to induce mineralization of
hydrogels to improve their mechanical strength and render
them more suitable for bone replacement applications [11].

Physical and biological properties of enzymatically min-
eralized gellan gum (GG) hydrogels with a focus on bone
regeneration applications were studied by Douglas et al
[11-12]. In these studies ALP was incorporated into hydro-
gel without any covalent bonding therefore it could easily
diffuse outside. This method of ALP incorporation does not
involve reactive and potentially harmful chemicals. However
its main disadvantage is poor retention of ALP in material
during the process of mineralization. It can be a limiting
factor for achieving higher degree of mineralization. In all
previous studies maximal content of CaP precipitates inside
hydrogels did not exceed 10-12%. Moreover as it was shown
in our previous study, fast diffusion of ALP from outer parts
of hydrogels lead to inhomogeneous mineralization — the
samples were less mineralized on the surface due to ALP
loss. It was also noted that ALP released to the surrounding
solution consumed CaGP and as a result CaP precipitated
outside hydrogels. We assume that this phenomenon might
reduce efficiency of enzymatic mineralization. It is particu-
larly present in the first hours of incubation, because by that
time considerable amount of the enzyme is released from
the samples [12-13].

The aim of this study was to find out how to prevent
outside mineralization and sustain steady influx of CaGP
into the hydrogel in the first hours of mineralization, while
it possess the highest mineralization capability due to high
ALP concentration within the material.

We also wanted to measure a rate of ALP release from
hydrogel during mineralization and compare it to diffusion
of ALP from unmineralized hydrogel. We believe that CaP
precipitation inside hydrogel may partially prevent enzyme
loss and mineralization can sustain longer.

In this experiment we evaluated the influence of minerali-
zation conditions on its effectiveness in the case of the sam-
ples with different GG and ALP concentrations. Two CaGP ex-
change regimes were applied. The main hypothesis was that
more frequent CaGP exchange in the first day of incubation
results in more efficient CaP formation within GG samples.
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Materials and Methods

Materials

Aqueous solutions of GG (Gelzan™ CM, Sigma-Aldrich),
alkaline phosphatase from bovine intestinal mucosa, lyo-
philized powder (ALP, P7640, Sigma-Aldrich) and calcium
chloride (CaCl,, POCH) were used. GG was mixed with
UHQ-water, heated up to 90°C until complete dissolution
and then cooled down to 50°C. CaCl, and ALP were dis-
solved in UHQ-water and heated up to 50°C. GG solution
was first mixed with ALP and then CaCl, solution was added.
After short mixing gel was purred into test tubes and left to
gellify (4°C, 5 min).

Samples for ALP release measurement

To measure release rate of ALP from 0.7% GG during
mineralization as well as from non-mineralized gel, two sets
consisting of three types of samples were prepared. In the
first set ALP was released to water, while in the second
one to CaGP solution and at the same time gel underwent
mineralization (FIG. 1.1). All samples were prepared in 10 ml
test tubes. 2 ml 0.7% GG gel containing 2.5 mg/ml ALP and
0.03% CaCl,was poured into test tube.

Samples for physicochemical examination

Solutions were prepared in the same way as described
before. Final concentrations of GG, ALP and CaCl, in sam-
ples are given in TABLE 1. For each sample group 8.8 ml
GG, 0.2 ml of ALP and 1 ml CaCl, solutions were vigorously
mixed, casted into Petri dish (10 cm diameter) and cooled
down to 4°C. Samples (12 mm diameter and 4 mm height)
were cut using a hole punch. For mineralization samples
were then immersed in 0.1 M CaGP solution (Sigma-
Aldrich). For each sample group two CaGP exchange

Methods

ALP release measurement

Samples were prepared in 10 ml test tubes. Each 2 ml
sample of GG gel after gellation was covered with 1 ml of
UHQ-water or 0.1 M CaGP. Solution was exchanged after:
1h,2h,4h,8h, 1day and 3 days. Solution collected from
each changing period was centrifuged at 3000 rpm for
4 min to separate CaP precipitating outside hydrogels.
600 pl of supernatant was collected and dried (37°C for
3 days), remaining precipitate was dissolved in 200 yl UHQ-
water. 60 pl of this solution was transferred to 96-well plate
in triplicate for each sample and mixed with 60 pl of BCA
reagent (5 ml bicinchoninic acid solution, 20 mg of copper Il
sulfate anhydrous pure — both from Sigma-Aldrich and
500 pl H,O). To determine a real concentration standard
solutions of ALP were also prepared. After 30 min incubation
absorbance at 562 nm was measured. Real concentration
was calculated on the basis of calibration curve and known
dilutions.

Mechanical testing

Mineralized hydrogels were subjected to compression
testing using ZWICK 1435 (Zwick Roell, Germany). Hydro-
gels were placed between piston heads and displacement
was applied at a rate of 1 mm/min until the samples were
compressed to 10% of their original height. Young’s modulus
was determined based on the stress-strain curve. For each
sample group 4 samples were tested.

TABLE 1. Final concentrations of GG, ALP and
CaCl, in samples.

. GG ALP CacCl,
regimes were used: A (2 h, 4 h, 6 h, 1 day, 3 days and [% (WIV)] [mg/mi] [% (WIV)]
5 days) and B (1 day, 3 days and 5 days). After 7 days 0.40
the samples were washed in UHQ-water and subjected to :
physicochemical examination. Preparation procedure is 0.55 0.5
shown in FIG. 1.2. 0.70 0.03
0.25 '
0.70 0.50
2.50
/" Castingintotest Incubation in water or 0.IM CaGP
tube solution (1 ml /sample) !
b e 1
%) mm I
2ml B |
8 m Water CaGP i
‘:ZIZIZZ:ZZZ:I:IZZZ:Z::ZIZ:I:IZIZ:Z:Z:IZZ:IZ:Z::ZZfﬁé&};;ﬁé;:::::::::::‘\\

ALP + H,0

in 0.1M CaGP solution
5 ml /sample

= == 2
— = |
Casting into 212 mm !
e 7 — = :
N A i Gl oT T TTTT .
Y Y Y
50°C 4°C 23°C

FIG. 1. Manufacturing of GG samples with incorporated ALP for ALP release measurements (1) and physico-

chemical testing (2).
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Measurement of dry mass percentage

Prior to compressive strength testing wet samples were
weighted, dried for 48 h and then weighted again. Dry mass
percentage was calculated as follows: (weight after incuba-
tion and subsequent drying)/(weight after incubation before
drying) * 100. For each sample group 4 samples were tested.

Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy

Scanning electron microscopy (SEM) and energy disper-
sive X-ray spectroscopy (EDX) were performed using Nova
NanoSEM 2000 (FEI, USA). Prior to analysis, samples were
lyophilized and coated with a thin carbon layer. Micrographs
were obtained with 5 kV accelerating voltage.

Results

ALP release measurement

The aim of ALP release measurements using BCA
method was to evaluate the influence of mineralization
process on a rate of ALP diffusion from hydrogel and to find
out how mineral phase deposition interfere with this process.
Release kinetics of ALP from hydrogel containing 0.7%
GG and 2.5 mg/ml ALP is shown in FIG. 2. Regardless of
the surrounding medium (water or CaGP) enzyme release
was the most intensive in the first hours of incubation.

The amount of ALP released to water was much pronounced
as compared to the hydrogel soaked in CaGP and miner-
alized. The differences in release rate between those two
sample groups were most noticeable in the first hours of
the experiment, i.e. after the first hour the amount of ALP
released from soaked in UHQ-water hydrogel was 3 times
higher than from that soaked in CaGP one, but between
8 h and 20 h it was only about 1.5 times higher.

Mechanical testing

FIG. 3 shows Young’s modulus (E) of mineralized hydro-
gels with different GG (a) and ALP (b) concentrations. For all
sample groups E was higher when samples were mineralized
using regime A (more frequent CaGP exchange). Those
differences were most significant in samples with lower GG
concentration (0.4% and 0.55% GG). In the case of 0.7% GG
with 0.25 and 2.5 mg/mI ALP the influence of CaGP exchange
regime was not significant. Regarding the influence of GG con-
centration, when regime B was applied, the stiffness of min-
eralized hydrogels increased with growing GG concentration.
However, when regime A was used, there was no differ-
ence between samples containing 0.55% and 0.7% GG.
Surprisingly, the increase in ALP concentration did not
result in improvement in mechanical properties of the
samples. Young’s modulus was the highest in the samples
containing 0.5 mg/ml ALP, whereas those with 0.25 and
2.5 mg/ml ALP had almost two times lower stiffness.

2
oo
,§, AE u Water
W © CaGP
»wn | 7 ...
© || e
K R
T | e
S
x 4
| o
=< %
Y s
° o | | | e
P E ...............
S o5 | -
o A
g [P

3
0
0 10 20 30

40 50 60 70 80
Time [h]

FIG. 2. Amount of ALP released from hydrogel to water and
to CaGP during mineralization.
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0.4% 0.55% 0.7%

2
* *
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15
1 B Regime A
Regime B

0

0.25 mg/ml 0.5 mg/ml 2.5 mg/ml

FIG. 3. Young’s modulus of mineralized hydrogels with different GG (a) and ALP (b) concentrations; statistically
significant difference in comparison to other groups with *P <0.05 or **P<0.01.
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Dry mass [%]

0.4% 0.55%

0.7%

Dry mass [%]

5
* o0 00000
- - —
- B Regime A
Regime B
0.25 mg/ml 0.5 mg/ml 2.5 mg/ml

FIG. 4. Dry mass percentage of mineralized hydrogels with different GG (a) and ALP (b) concentrations
(statistically significant difference in comparison to other groups with *P <0.05).
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FIG. 5. SEM images (a, b) and EDX analysis (c, d) of non-mineralized (a, c) and mineralized (b, d) hydrogels.
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Dry mass percentage

The amount of mineral formed during incubation in CaGP
can be assessed by dry mass percentage measurements.
The more effective mineralization, the more CaP precipi-
tated within hydrogel and the higher dry mass percentage
was observed. FIG. 4 shows dry mass percentage of
mineralized hydrogels with different GG (a) and ALP (b)
concentrations. Regime Aresulted in more effective mineral
precipitation than regime B, however those differences were
not as distinct as in the case of Young’s modulus. What
can be expected, the increase in GG concentration did not
cause significant increase in dry mass percentage, since
the contribution of GG mass was negligible compared to
the mass of CaP formed within the samples. Statistically
significant differences were found only between samples
containing 0.4% GG and samples with 0.55% GG and
0.7% GG mineralized using regime B. With increasing ALP
concentration, dry mass percentage was also growing for
both mineralization regimes.

Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy

FIG. 5 shows SEM images of hydrogel containing 0.7%
GG and 0.5 mg/ml ALP before (FIG. 5a) and after 7-day
mineralization (FIG. 5b) according to regime A. Before
mineralization hydrogel had smooth and uniform surface
whereas after mineralization numerous precipitates can be
seen on the surface. Size of majority of these precipitates
is below 1 ym. EDX analysis (FIG. 5d) confirmed that pre-
cipitates consisted of calcium and phosphorus.

Discussion

Enzymatic mineralization of hydrogel is based on the
reaction of disconnection of orthophosphate group from
CaGP and formation of insoluble CaP. The reaction is cata-
lyzed by enzyme, e.g. alkaline phosphatase (ALP), which
is incorporated in hydrogel, but is not covalently bond to
the polymer matrix. Therefore ALP diffusion from hydrogel
is an important factor that can influence the effectiveness
of mineralization. Other variables that should be also
considered in term of mineralization process are: enzyme
concentration and its activity, rate of CaGP diffusion into
the hydrogel and hydrogel concentration. The assumption
is that mineralization should be more effective in the case
of higher ALP concentration and/or better substrate (CaGP)
availability. Higher gellan gum concentration can also affect
mineralization by obstructing reagents diffusion and limit-
ing space for CaP precipitation. Furthermore, the influence
of growing mineral deposits should be also considered
as a diffusion barrier.

Previous experiments [11] showed nonuniform minerali-
zation of hydrogels — less CaP was formed on the surface
than in the middle of the samples. This phenomenon was
related to high rate of ALP release and in consequence less
effective mineral formation, especially in the outer parts
of the samples. The aim of our study was to evaluate the
influence of different parameters of both mineralization con-
ditions and compositions of the samples on the effectiveness
of the mineralization process.

The results of ALP release studies show that enzyme
diffusion is the most intensive in the first hours of incuba-
tion, which makes that time crucial for the outcome of
mineralization process. Just after immersing the sample in
CaGP solution or water, gradient of ALP concentration is
the highest and enzyme diffusion is fast and unhindered.

With time passage, precipitation of CaP inside hydrogel
creates a diffusion barrier and hampers ALP release — this
is shown by the difference in ALP release between mineral-
ized and non-mineralized sample (FIG. 2). However, it is
not possible to completely impede ALP diffusion by rapid
mineralization as it was shown for sample mineralized in
the test tube. In this case there was still significant ALP
release in the first hours of the process. Two gel samples
— one incubated in water and one in CaGP — are two ex-
treme conditions of mineralization: in the first case there
is no substrate influx — only ALP release, in the second —
mineralization rate is maximal and unaffected by enzyme
loss (ALP is replenished by enzyme diffusing from deeper
parts of cylindrical samples). Real mineralization conditions
are always somehow between these two extreme cases.
If mineral formation is slow at the beginning of the process
(less CaGP available), the situation resembles more the
unmineralized system (incubated in water), but when CaGP
is exchanged very often, fast rate of precipitation of CaP
can limit enzyme release. Therefore, it is very important
to prevent irreversible ALP loss in the first hours of the
process in order to obtain uniformly mineralized hydrogels.
Constant influx of CaGP might be provided by a perfusion
device, however in that case ALP would be leached out
more extensively during this process.

Considering abovementioned observations, mineraliza-
tion of gellan gum with different GG and ALP concentration
was conducted using two regimes — A (more frequent CaGP
exchange) and B (less frequent CaGP exchange). In all
cases, regime A resulted in more effective mineralization
compared to regime B for the same samples, as evidenced
by higher Young’s modulus and dry mass percentage.
Surprisingly, in the samples with variable GG concentra-
tion, there was a significant difference in stiffness between
samples mineralized with different regimes, but they did not
correspond to dry mass of those samples (FIG. 3a and 4a).
To explain this phenomenon, the CaP distribution within the
hydrogel should be considered. Hydrogels mineralized with
regime B had less mineral formed on the surface. Outer
parts of the samples are softer and during compression
test they can strongly affect the results, however after dry-
ing as the volume of this part is relatively small, it does not
contribute significantly to total mass of the sample.

Regarding samples with different ALP content, discrepan-
cies in Young’s modulus and dry mass percentage are also
noticeable. Noteworthy, mechanical properties of hydro-
gels containing 2.5 mg/ml ALP are much lower than those
with 0.5 mg/ml ALP (regardless of mineralization regime).
The cause of that drop in Young’s modulus might be due
to disturbance of hydrogel structure by too many ALP mol-
ecules available. In the case of hydrogels with 0.5 mg/ml
ALP, for 1 mg of the enzyme there are 14 mg of GG, while
in the case of samples with 2.5 mg/ml ALP, there are only
2.8 mg of GG. On the other hand, in samples with lower ALP
concentration (0.25 mg/ml) mineralization rate was slower
and therefore not limited by substrate influx. Mineralization
regime did not affect properties of those samples as it was
noticed in other groups.
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Conclusion

Based on the conducted experiments, we can confirm
that our hypothesis was correct and that better substrate
availability can result in more effective and uniform miner-
alization of gellan gum. Properties of mineralized hydrogels
can be also altered by adjusting ALP and GG concentrations.
The most effective mineralization was observed in hydrogels
containing 0.55% GG and 0.5 mg/ml ALP mineralized by
regime A (more frequent CaGP exchange).
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Abstract

Polylactide (PLLA) containing B-TCP is biodegra-
dable composite and an attractive biomaterial for bone
tissue engineering, however, hydrophobicity of PLLA
based composites is major limitation for their use as
scaffolds for cell culture. In our study lecithin was
used to improve hydrophilicity and cytocompatibility
of PLLA/ B-TCP composite. Thin films of PLLA, PLLA/
B-TCP and PLLA/B-TCP/lecithin were manufactured
by solvent-casting technique. Comparative analysis of
all types of films was performed. Addition of B-TCP did
not change hydrophilicity of PLLA. The hydrophilicity of
PLLA/B-TCP/lecithin increased in comparison to PLLA
and PLLA/B-TCP. Degradation of PLLA/B-TCP compo-
site surpassed the degradation of PLLA while addition
of lecithin diminished the degradation of composite.
The cytocompatibility of composites were studied in
7 day long in vitro assay. Human bone derived cells
were seeded on all tested surfaces. Cell viability was
estimated by Live/Dead fluorescent staining and Ala-
mar Blue test. Surprisingly, although lecithin addition
improved hydrophilicity of the PLLA-based composite,
adhesion and proliferation of human bone derived cells
were markedly hampered on PLLA/B-TCP/lecithin in
comparison to PLLA and PLLA/B-TCP. Despite positi-
ve effect we found of lecithin addition on hydrophilicity
and stability of PLLA-based composite, its effect on
cell attachment and proliferation is negative. Hence,
incorporation of lecithin did not improve properties
of PLLA/B-TCP/lecithin composite intended for bone
tissue regeneration.

Keywords: polylactide, lecithin, osteoblasts, scaffold,
bone tissue engineering

[Engineering of Biomaterials 131 (2015) 8-11]

Introduction

Current strategies of tissue engineering are focused
on the combination of cells with supportive scaffolds. The
biomaterials used to fabricate the scaffolds need to be
compatible with the cells used for tissue regeneration.
Polylactide (PLLA) is a polymer commonly used for scaf-
fold manufacturing for bone tissue regeneration. The main
advantage of PLLA is its resorbability. However, significant
hydrophobic properties of this material are a cause of
poor cell adhesion and its main limitation in bone tissue
engineering applications [1]. Moreover, PLLA can elicit an
inflammatory response from the host tissue due to its acidic
products of degradation [2,3]. Thus, modifications of PLLA
by other components admixing or surface modification is
desired to improve its properties as a biomaterial for bone
regeneration. One of the known and well defined bioactive
and osteoconductive ceramic which improve the scaffold
properties is B-tricalcium phosphate (3-TCP). Its addition
to PLLA allows stabilization of degradation and improve-
ment of biocompatibility in tissue engineering applications
[4-6]. Although the PLLA composite with B-TCP is well
established and presents higher cytocompatibility in vitro
than pure PLLA, it remains hydrophobic and unfavorable
for cell adhesion and proliferation. Addition of lecithin —
natural amphiphilic phospholipid - was shown to improve
hydrophilicity and cytocompatibility of PLLA [7]. Therefore,
we hypothesized that addition of lecithin to PLLA/B-TCP
composite will improve its properties important for applica-
tion in bone tissue engineering. The physical properties
and in vitro degradation of the PLLA, PLLA/B-TCP and
PLLA/B-TCP/lecithin films were investigated. Further, to test
the biocompatibility of the composites, human bone derived
cell (hBDC) culture in vitro was performed.

Materials and Methods

Preparation of PLLA films

Polylactide (PLLA) of medical purity (Purasorb PL 24,
Purac) was dissolved in the 1:1 (v/v) mixture of chloroform
(Carlo Erba) and dichloromethane (Chempur) to obtain
30% (w/v) solution. The PLLA solution was used directly to
form films and also to prepare other composite materials:
PLLA/B-TCP and PLLA/B-TCP/lecithin. The PLLA/B-TCP
suspension was prepared by suspending 3 g of B-tricalcium
phosphate (Sigma Aldrich) in 100 ml of 30% (w/v) PLLA
solution. The PLLA/B-TCP/lecithin solution was prepared by
suspending 3 g of B-tricalcium phosphate (Sigma Aldrich)
and 1.5 g of lecithin (Serva) in 100 ml of 30% (w/v) PLLA
solution. All PLLA suspensions were mixed vigorously for
24 h before use. The PLLA, PLLA/B-TCP, PLLA/B-TCP/
lecithin films were formed by pouring the suspension onto
a clean glass and forming a layer of controlled thickness
(50 pm) using the Elcometer 3700. Films were dried at 37°C
until total solvent evaporation and peeled-away. Circles of
the diameter 6 mm were cut from the obtained films and
used for further experiments and cell culture.

Contact angle study

The contact angle was measured for all three types of
obtained PLLA films: PLLA, PLLA/B-TCP, PLLA/B-TCP/
lecithin by the use of goniometer (CAM 200, KSV) and the
Attension Theta Software (ver. 4.1.0., Biolin, Scientific).
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Materials hydrolysis measurement

The composite hydrolysis time was measured for all three
types of obtained materials. The 4 circles from each type of
PLLA-based films were prepared according to the described
protocol. Each circle was incubated in the 50 ml of PBS
solution (pH = 7.4) with addition of sodium azide (0.1% w/v)
at 37°C in closed container for 4 weeks. The PBS solution
was changed every week. After 4 weeks circles were dried
until constant mass at 37°C and weighted.

Cell culture

Cytocompatibility of materials was tested in vitro on
human bone-derived cells (hBDC) isolated from pieces of
bone explanted postsurgery. HBDC isolation was performed
according to the protocol described previously [8] and was
approved by the Local Ethics Committee of the Medical
University of Warsaw. Briefly, pieces of bone were cleaned
of the connective tissue, cut into fragments of diameter
1-2 mm, rinsed with PBS (Life Technologies) and incubated
overnight on magnetic stirrer in medium containing colla-
genase (Sigma-Aldrich) at 37°C. Bone fragments were then
rinsed in PBS, moved into the culture bottles and incubated
in Dulbecco’s Modified Eagle Medium (DMEM) with 10%
addition of Foetal Bovine Serum, 1% L-glutamine, 1%
Antibiotic-Antimycotic (all media from Life Technologies)
and ascorbic acid (30 pg/ml; Sigma-Aldrich). HBDC were
cultured in vitro up to the state of subconfluence, i.e. until
cells covered 70-80% of available area in culture bottles.
Prior to the experiments cell culture was rinsed with PBS.
HBDC were then consecutively incubated in collagenase
solution for 20 min., rinsed with PBS and detached from
the support with trypsin (Life Technologies).

Samples of biomaterials were placed into wells of 96-
well plate and seeded with hBDC. Density of cell seeding
was 18 000 cells per cm? for Live/Dead staining and 36 000
cells per cm? for Alamar Blue assay. In vitro culture was
continued in DMEM-based medium supplemented with
ascorbic acid described above.

Live/Dead staining

HBDC cultured on biomaterial samples for 24 hourswere © © @ ® @ ¢ o

visualized by fluorescent staining with Live/Dead kit (Life
Technologies). Living cells converted calcein acetoxymethyl
esterinto calcein producing green fluorescence. Membrane-
impermeant ethidum homodimer-1 labels nucleic acids of
membrane-compromised dead cells with red fluorescence.
Samples seeded with stained hBDC were observed in fluo-
rescent microscope (Nikon, Japan).

Viability assay

HBDC viability was analyzed by Alamar Blue assay
(Life Technologies) [9]. Metabolic activity of living cells is
proportional to their redox potential, measured as cell ability
to reduce blue, non-fluorescent resazurin to red, fluorescent
resorufin. Fluorescence of reaction products was quantified
in the ELISA reader (FLUOstar OPTIMA, BMG LABTECH,
Germany).

Results and discussion

Contact angle study

The water contact angles of the prepared PLLA films
were measured to evaluate the influence of the lecithin
addition on the PLLA surface wettability. The results of the
contact angle measurements of the three types of materi-
als produced are presented in FIG. 1. The contact angles
of the PLLA and for PLLA/B-TCP samples are similar (77°
and 79° respectively), thus the addition of the 3-TCP has no
influence on the surface wettability. As it was expected the
value of the PLLA/B-TCP/lecithin surface contact angle is
significantly lower (53°) than the contact angle for the PLLA
and PLLA/B-TCP surfaces.

Materials hydrolysis

The weight loss of the materials during 4 weeks of
incubation in PBS solution is presented in TABLE 1.
As it is shown, weight loss of the PLLA/B-TCP composite
was significantly higher than of pure PLLA (p>0.05). Inter-
estingly, acceleration of composite degradation was evened
out by lecithin addition (p>0.05). Obtained results were
unexpected since in majority of reports, addition of ceramic,
e.g. aragonite/vaterite [10], B-TCP [11] to PLLA is shown
to slow down the rate of degradation of the polylactide.

PLLA

contact

angle ['] L

w C L

PLLA/B-TCP

PLLA/B-TCP/lecithin

53

FIG. 1. Contact angle measurements of water droplets on PLLA (A), PLLA/B-TCP (B) and PLLA/B-TCP/

lecithin (C) surfaces.
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However, this opinion is not univocal since other authors
showed that addition of B-TCP to PLLA increases rate of
hydrolysis and the process depends on 3-TCP concentra-
tion [12]. Degradation of polylactide and its composites de-
pends on various factors such as configurational structure,
copolymer ratio, crystallinity, molecular weight, morphology,
porosity (reviewed in [13]). Therefore, heterogeneity of in-
vestigated materials, applied methodology and methods of
degradation analysis may explain discrepancies between
obtained results (TABLE 1) and reports in literature.

TABLE 1. Degradation rate of the PLLA materials
expressed as mean (* standard deviation) weight
loss after 4 weeks of incubation in PBS solution,
*p<0.05.

PLLA 6.3 £0.9
PLLA/B-TCP 9.1 £0.6*
PLLA/B-TCP/lecithin 7.2 ¥2.3%

Viability of hBDC seeded on biomaterial discs

The addition of the 1.5% lecithin improves the hydrophilic-
ity of material surface. Therefore we expected that biocom-
patibility of the PLLA/B-TCP/lecithin composite will increase
as well. Live/Dead staining showed numerous, well spread,
alive hBDC on control culture surface as well as on PLLA
and PLLA/B-TCP films (FIGs. 2A, B and C). PLLA/B-TCP/
lecithin films turned out to be the least cytocompatible — alive
cells were less numerous (FIG. 2D). Moreover, presence
of spherical and propidium iodide positive hBDC indicated
increased cell death.

Quantitative Alamar Blue test confirmed the microscopic
observations. Results from day 1 suggest that adhesion of
cells to PLLA was less efficient than to control polystyrene
surface (p<0.05, FIG. 3). In this study, addition of B-TCP
improved adherence of hBDC which was not significantly
different from that of the control. However, blending the
lecithin to the composite reversed positive effect of 3-TCP
resulting in less than 50% of seeded cell attached to the
surface in comparison to control (p<0.001). HBDC cultured
on PLLA and PLLA/B-TCP films showed similar growth dy-
namic with significant increase in cell number between day
1 and 7, reaching cell numbers higher than in the control. In
contrast, the proliferation of cells, on PLLA/B-TCP/lecithin
was significantly hampered and did not change from day 1
of the experiment (FIG. 3).

Decrease in adhesion and proliferation of hBDC on
PLLA/B-TCP/lecithin surface were surprising, particularly
in view of obtained results showing that addition of lecithin
influences increase in hydrophilicity of composite. Xu et al.
reported that PLLA containing 5% lecithin were more fa-
vorable for mesenchymal stem cells proliferation than pure
PLLA or PLLA containing 10% or 15% lecithin [14]. However,
searching for explanation of unexpected results we consider
influence of external factors, such as light and temperature,
on the stability of lecithin. Further, lecithin - unsaturated
fatty acid, may undergo oxidation under atmospheric air
to form lipid hydroperoxides, resulting in the impairment of
its bioactivity and toxicity toward cells [15]. Other possible
explanation of low adhesion and impaired proliferation
of hBDC is the formation of harmful chemical or physical
complexes (microparticles, micelles) of lecithin and calcium
phosphate, since lecithin contains phosphoric acid group
able to interact with calcium cations. Further, lecithin addi-
tion may change mechanical properties of the material [7].

FIG. 2. Analysis of viability of hBDC seeded on culture plastic (A), PLLA (B), PLLA/B-TCP (C) and
PLLA/B-TCP/lecithin (D) surfaces. Pictures taken 24 h after seeding.
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Reduced cell attachment and spreading on softer substrata
is a known phenomenon [16]. Therefore, surface with higher
lecithin concentration, characterized by lower stiffness,
might be more beneficial for cell types derived from tissues
of low rigidity, but not osteoblasts.

The main message from our study is that despite posi-
tive effect of lecithin on surface hydrophilicity, it can have
negative effect on cell attachment and proliferation. There-
fore functionalization of composites with lecithin may not
always be beneficial. These studies have uncovered new
unexpected results which need to be addressed further,
such as elucidation of lecithin properties as an additive for
improvement of composite hydrophilicity.
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. WPLYW DOMIESZKI WEGLA
SZKLISTEGO DO CEMENTU
CHIRURGICZNEGO NA JEGO
TRWALOSC | ADAPTACJE
W ORGANIZMIE
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Streszczenie

Praca koncentruje sie na zagadnieniu modyfikacji
cementu chirurgicznego na bazie PMMA czgstkami
wegla szklistego w postaci proszku o granulacji
40-160 um i udziale masowym od 1,6% do 3,1%,
pierwotnie w celu obnizenia temperatury polimeryzacji,
a nastepnie w celu zwiekszenia trwato$ci cementu
w Srodowisku organizmu i poprawy wtasciwosci
biologicznych granicy miedzyfazowej cement-koSc.
Przeprowadzono badania procesu polimeryzacji
cementu niemodyfikowanego oraz modyfikowanego
weglem szklistym. Symulujgc obcigzenia cementu
podczas ruchu cztowieka, a takze oddziatywanie
Srodowiska organizmu, przeprowadzono badania
zmeczeniowe niskocyklowe probek z cementu niemo-
dyfikowanego i modyfikowanego w stanie wyjsciowym,
po moczeniu w roztworze Ringera i po naswietlaniu
promieniami RTG w warunkach takich, jak w czasie
prze$wietlania pacjentéw. Cement modyfikowany
weglem szklistym implantowano do kosci udowych
zwierzgt doswiadczalnych (krolikow).

W warunkach obcigzenia zmeczeniowego nisko-
cyklowego cement na osnowie PMMA modyfikowany
domieszkg wegla szklistego wykazywat mniejszg
predkosc¢ cyklicznego petzania w poréwnaniu do ce-
mentu bez domieszki. Cement modyfikowany weglem
Szklistym po starzeniu w $rodowisku roztworu Ringera
oraz po naswietlaniu promieniami RTG zachowat
w wiekszym stopniu swe wfasciwosci lepkosprezyste,
niz cement bez domieszki. Wynika z tego, ze do-
mieszka wegla szklistego ograniczyta postep procesu
starzenia cementu chirurgicznego. Wyniki badan
mikroskopowych preparatéw histologicznych pobra-
nych z doswiadczalnych krélikéw, ktorym zaimplan-
towano zmodyfikowany weglem cement nie wykazaty
cech $wiadczgcych o zwiekszonym nasileniu pro-
cesow patologicznych. Wykazano, ze modyfikacja
fizyczna cementu chirurgicznego poprzez zasto-
sowanie domieszki wegla szklistego moze obnizy¢
maksymalng temperature uktadu polimeryzujgcego.

Stowa kluczowe: cement chirurgiczny, wegiel szklisty,
niskocyklowe zmeczenie, temperatura polimeryzacji

[Inzynieria Biomateriatéw 131 (2015) 12-31]

THE EFFECT OF A GLASSY
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Abstract

This paper focuses on the issue of modification
of PMMA-based surgical cement with glassy carbon
in the form of powder with 40-160 um granulation,
in the amount of 1.6-3.1 w/w %, originally in order
to lower the polymerization temperature, and then
to increase the durability of cement in the organism
environment and to improve biological properties of
the cement-bone interphase boundary. Examinations
were conducted of the polymerization of both unmodi-
fied and modified cement. Simulating a load of cement
when the human gait, as well as the impact of the
environment of the body, low cycle fatigue tests were
carried, using the unmodified and modified cement
samples in the initial state, aged in Ringer’s solution
and after irradiation with X-RAY. Cement doped with
glassy carbon was implanted into femoral bone of
experimental animals (rabbits).

Under low-cycle fatigue conditions the PMMA-ba-
sed cement modified with a glassy carbon additive
showed a lower cyclic creep rate compared to cement
with no additive. After ageing in Ringer’s solution
and X-ray exposure the cement modified with glassy
carbon retained its viscoelastic properties to a larger
degree than the cement with no additive. Therefore,
the glassy carbon additive limited the progress of the
ageing process of surgical cement. The results of
microscopic examinations of histological specimens
extracted from laboratory rabbits implanted with ce-
ment modified with glassy carbon did not reveal any
properties which would indicate increased intensity
of pathological processes. A physical modification
of bone cement by using a glassy carbon additive
caused a decrease in the maximum temperature
of polymerizing system.

Keywords: surgical cement; glassy carbon; low cycle
fatigue; polymerization temperature

[Engineering of Biomaterials 131 (2015) 12-31]
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Wprowadzenie

Analiza wynikéw badan laboratoryjnych i klinicznych
w obszarze dotyczgcym biomateriatow stosowanych
w ortopedii pozwala stwierdzi¢, ze cement kostny, bedacy
kompozytem polimerowym, jest nadal podstawowym ma-
teriatem uzywanym do mocowania endoprotez stawow,
szczegolnie w przypadku pacjentéw w podesziym wieku.
Producentami cementéw kostnych sg rézne firmy, m.in.
w Wielkiej Brytanii, Szwajcarii, Niemczech i USA [1,2].
Wytwarzanych jest wiele gatunkéw cementéw, z ktérych
wiekszos¢ stanowig samopolimeryzujgce masy akrylowe,
formowane w czasie operacji z mieszaniny sproszkowanego
polimeru i ptynnego monomeru. Sktadnikiem polimerowym
jest zazwyczaj polimetakrylan metylu (PMMA). Cieklym
skfadnikiem monomerowym jest najczesciej metakrylan
metylu (MMA), a niekiedy jego mieszanina z innymi mo-
nomerami akrylowymi. Cement kostny, jako kompozyt
polimerowy, zawiera w swoim sktadzie chemicznym dodatki
spetniajgce okreslone funkcje w procesie polimeryzacji lub
modyfikujgce jego wiasciwosci. Sktad chemiczny cemen-
téw, rodzaj materiatow wyjsciowych, sposdb formowania
i przebieg polimeryzacji, ktéra zachodzi w tozu kostnym,
decydujg o ich wtasciwosciach [1-8].

Cementom akrylowym stosowanym w ortopedii sta-
wiane sg wymagania takie, jak: sprezystos¢ zbiezna ze
sprezystoscig kosci, wysoka wytrzymatos¢ zmeczeniowa
i odpornos¢ na pekanie, zdolnos¢ do ttumienia drgan, od-
pornos¢ na Scieranie, biotolerancja, ktére zapewnig spet-
nienie odpowiednich wymogow biofunkcjonalnosciimplantu
w organizmie cztowieka. Stosowane w chirurgii kostnej ce-
menty wymagan tych nie spetniajg w dostatecznym stopniu.
Obserwowang patologiczng ruchomosé wcementowanych
w jame szpikowg trzpieni endoprotez wyjasnia sie niska
wytrzymatoscig zmeczeniowg cementu, jego matg odpor-
noscig na pekanie, duzg kruchoscig [9]. Na stykach ukfadu:
trzpien endoprotezy-cement-kos¢ wystepujg mikroruchy,
w wyniku ktérych powstajg czgstki mikrowykruszonego
cementu [10]. Tworzace sie okruchy cementu mogg po-
wodowac osteolize kosci, a takze zuzycie panewek polie-
tylenowych. Jezeli powstate na skutek wykruszania sie lub
erozji czgstki cementu znajdg sie pomiedzy powierzchniami
ciernymi stawu, to moze nastgpi¢ jego drastyczne zuzycie
[10,11]. Cementy kostne wcigz jeszcze charakteryzujg sie
niedostateczng zgodnoscig biologiczng, sktonnoscig do
degradacji, a takze wysokg temperaturg utwardzania, pod
wpltywem ktorej nastepuje uszkodzenie termiczne tkanek.
Polimeryzacja cementu zachodzi z kontrakcjg objetosci
wynikajgcg z roznicy gestosci polimeru i monomeru. Wysoka
temperatura utwardzania powoduje takze tworzenie w masie
pecherzykéw par monomeru oraz powiekszenie objetosci
pecherzykéw powietrza uwiezionych w tej masie w trakcie
mieszania sktadnikow. Czynniki te sg przyczyng skurczu
polimeryzacyjnego materiatu (1-5%) oraz jego porowatosci
(1-10%). Skutkiem tego moze by¢ powstawanie obluzowan
pomiedzy cementem i koscig, zatem znaczne skrécenie
okresu uzytkowania protezy [3-12].

Kierunki poprawy witasciwosci uzytkowych cementow
chirurgicznych sprowadzajg sie do zmiany ich wtasciwosci
fizykochemicznych i mechanicznych poprzez ich fizyczng
i chemiczng modyfikacje [6-8,12-16]. W celu poprawy bio-
tolerancji opracowywane sg cementy ze zmniejszonym, niz
w standardowych, udziatem procentowym monomeru meta-
krylanu metylu (MMA). Podejmowane sg rowniez préby jego
zamiany na polimetakrylan etylu. Na przyktad, tg drogg uzy-
skano nizszg temperature wigzania nowego cementu Boneloc
w poréwnaniu do temperatury wigzania cementu Palacos, ale
kosztem obnizonych wtasciwosci wytrzymatosciowych [13].

Introduction

Based on an analysis of the results of laboratory and clini-
cal studies in the area of biomaterials used in orthopaedics
it can be stated that bone cement, which is a polymeric
composite, remains the main material used to fix joint en-
doprostheses, especially in elderly patients. Bone cement
is produced by various companies, among others from the
United Kingdom, Switzerland, Germany and USA [1,2].
Numerous cement grades are produced, most of which are
self-polymerizing acrylic masses formed during a surgery
from a mixture of a powdered polymer and liquid monomer.
The polymer ingredient is usually polymethyl methacrylate
(PMMA). The liquid monomer constituent is usually methyl
methacrylate (MMA) and sometimes its mixture with other
acrylic monomers. Bone cement, as a polymer composite,
contains in its chemical composition additives which perform
specific functions in the polymerization process or which
modify its properties. The properties of cements are deter-
mined by their chemical composition, types of base materi-
als, the method of forming and the course of polymerization
which takes place in the osseous bed [1-8].

Requirements to be met by acrylic cements applied in
orthopaedics include: elasticity similar to bone elasticity, high
fatigue strength, resistance to cracking, vibration damping
capacity, abrasive resistance and biotolerance; they should
ensure compliance with appropriate biofunctionality require-
ments set to an implant in the human organism. Cements
applied in bone surgery do not meet these requirements
to a sufficient degree. The observed pathological mobility
of endoprosthesis stems cemented into the marrow cavity
is explained by low fatigue strength of the cement, its low
cracking resistance and high brittleness [9]. At the point of
contact of the endoprosthesis stem — cement — bone sys-
tem micromovements occur which lead to the formation of
micro-spall cement particles [10], which in turn may cause
bone osteolysis and wear of polyethylene acetabular cups.
If cement particles formed due to spalling or erosion get
between friction surfaces of a joint, its severe wear may oc-
cur [10,11]. Bone cements still feature insufficient biological
compatibility, susceptibility to degradation and high curing
temperature which causes thermal damage to tissues.
Cement polymerization occurs along with volume contrac-
tion resulting from the difference between the density of the
polymer and the monomer. High curing temperature also
causes the formation of monomer vapours in the vesicle
mass and an increase in the volume of the air vesicles
trapped in that mass during the mixing of ingredients. These
factors cause polymerization shrinkage of the material
(1-5%) and its porosity (1-10%), which may lead to loosen-
ing the contact between the cement and the bone, thereby
significantly shortening the life cycle of the prosthesis [3-12].

The directions of improvement of the functional proper-
ties of surgical cements come down to changes in their
physicochemical and mechanical properties through
a chemical and physical modification [6-8,12-16]. In order
to improve biotolerance, cements are being developed
with a decreased percentage fraction of the methyl meth-
acrylate (MMA) monomer compared to standard ones.
Attempts are also being made to replace it with poly(ethyl
methacrylate). For example, a lower setting temperature
of the new Boneloc cement, compared to the setting tem-
perature of the Palacos cement, was obtained in this way,
however at the expense of lower strength properties [13].
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Na Swiecie i w kraju prowadzone sg badania nad opra-
cowaniem nowego cementu, nie bedgcego kompozytem
polimerowym, jak np. cement fosforanowy [14], czy wapnio-
wo-fosforanowy [15]. Cementy takie, ze wzgledu na niskie
wihasciwosci wytrzymatosciowe, moga by¢ jednak stosowane
tylko do wzmocnienia kotwiczenia implantow lub uzupetnia-
nia ubytkow kostnych. Najczesciej jednak podejmowane sg
préby poprawy wiasciwosci wytrzymatosciowych cementu
akrylowego poprzez wprowadzanie do niego domieszek,
takich jak: wtdkna weglowe, poliuretanowe, polietylenowe
i aramidowe, stalowe i tytanowe lub proszek apatytowy
i tworzywo szklano-ceramiczne (witroceram) [6,7,11,16,17].
Dodatek wtokien weglowych do sktadu podstawowego
cementu (PMMA) powodowat przedtuzenie czasu polime-
ryzacji do prawie godziny i dlatego cement taki nie znalazt
zastosowania klinicznego [17].

W Swietle prezentowanych w literaturze dotychczaso-
wych osiggnie¢ nalezy stwierdzi¢, ze wybor kierunkéw
poprawy wiasciwosci uzytkowych kompozytéw na bazie
PMMA, stosowanych w charakterze cementu w chirurgii
kostnej, nadal pozostaje problemem otwartym na rozne
rozwigzania. Biomateriatami o perspektywicznym znaczeniu
dla chirurgii sg materiaty weglowe. Swiadczy o tym duza
liczba publikacji odzwierciedlajgcych kierunki prowadzonych
badan poznawczych oraz obserwagji klinicznych tej grupy
biomateriatéw. Jak podaje literatura [3], dotychczasowe
osiggnigcia inzynierii biomedycznej z zakresu zastosowania
implantacyjnych materiatow weglowych w chirurgii rekon-
strukcyjnej sg pozytywne. Aktualne mozliwosci technolo-
giczne pozwalajg na modyfikowanie struktury materiatow
weglowych, poczawszy od krystalicznej (grafit) poprzez
przejsciowe (wegiel turbostratyczny) do struktury bezpo-
staciowej (wegiel szklisty) [3,4].

Wegiel szklisty jest otrzymywany z materiatu organicz-
nego na drodze pirolizy i karbonizacji do 1200°C (1473 K).
Prekursorem moze by¢ zywica, pak, usieciowane polimery.
Wegiel szklisty charakteryzuje sie szklistym przetomem
i daje sie tatwo polerowac¢. Przewodzi ciepto i prad elek-
tryczny, jest odporny na wysokie temperatury. Mimo, ze
jego budowa strukturalna rézni sie od typowej struktury
substancji bezpostaciowych, szklistych, jednak niektore jego
cechy, takie jak krucho$¢ czy brak porowatosci otwartej,
wystepowanie mikroporéw zamknigtych, nieprzepuszczal-
nosc¢ dla gazéw sg podobne jak dla substancji szklistych
[4,18]. Wegiel szklisty charakteryzuje sie doskonatg
biozgodnoscig. Porowata posta¢ wegla szklistego petni
funkcje konstrukgji dla wrastania kosci. Jego mechaniczne
wiasciwosci sg odpowiednie dla petnienia funkgiji struktural-
nego substytutu kosci w obszarach, w ktorych oddziatujg
naprezenia sciskajgce. Przeprowadzone w pracach [19,20]
badania wrastania kosci w pory implantu z wegla szklistego
w organizmie doswiadczalnych krolikow ujawnity juz po
3 tygodniach nowo utworzong kos¢ w porach. Po 12 tygo-
dniach ilos¢ tkanki kostnej osiggneta maksimum, kiedy to
45% objetosci catkowitej porow zawierato w sobie tkanke
kostng. Wrastanie kosci do implantu weglowego wzrasta
z czasem i jest najbardziej intensywne w obszarach kontaktu
implantu z koscig korowg lub beleczkami kosci ggbczastej.
Jednoczesnie zwieksza sie gestos¢ kosci. Niepomysinych
reakcji tkankowych nie zaobserwowano [19,20].

Biorac pod uwage wszystkie cechy wegla szklistego,
korzystne dla organizmu i mechanizmu przenoszenia obcig-
zen z implantu do kosci [21], w pracach [22,25-30] podjeto
prébe zastosowania tego materiatu do modyfikacji cementu
chirurgicznego na bazie PMMA.

Research is conducted all around the world, including
Poland, to develop a new type of cement which would not
be a polymer composite, e.g. phosphate cement [14] or
calcium-phosphate cement [15]. However, because of their
low strength properties, such cements can be used only for
strengthening the anchoring of implants or for filling bone
defects. Yet, the most frequent attempts to improve the
strength properties of acrylic cement involve the introduc-
tion of additives, such as: carbon, polyurethane, polyeth-
ylene, aramid, steel and titanium fibres or apatite powder
and a glass-ceramic (vitroceramic) material [6,7,11,16,17].
A carbon fibre additive to the basic composition of cement
(PMMA) caused the lengthening of the polymerization time
to almost an hour and for this reason such cement has not
found any clinical application [17].

In view of previous achievements presented in the litera-
ture, it should be noted that the selection of the directions
of improvement of functional properties of PMMA-based
composites used as cement in bone surgery is still a prob-
lem which is open to different solutions. At the same time,
carbon biomaterials hold real promise for surgery. This is
evidenced by a large number of publications which reflect
the directions of cognitive research and clinical observations
of this type of biomaterials. According to the literature [3],
previous biomedical engineering achievements in the field of
application of implantable carbon materials in reconstructive
surgery are positive. The state-of-the-art technology enables
modifying the structure of carbon materials, beginning from
a crystalline structure (graphite), through a transitory struc-
ture (turbostratic carbon), and ending with an amorphous
structure (glassy carbon) [3,4].

Glassy carbon is obtained from an organic material
through pyrolysis and carbonization to 1200°C (1473 K).
Resin, pitch or cross-linked polymers can be the precursors
here. Glassy carbon is characterized by a vitreous fracture
and is easy to polish. It conducts heat and electricity and
is resistant to high temperatures. Although its structure
is different than the typical structure of amorphous and
vitreous substances, some of its properties, such as brit-
tleness or the lack of open porosity, the presence of closed
micropores and gas impermeability, are similar to those of
vitreous substances [4,18]. Glassy carbon is characterized
by excellent biocompliance. A porous form of glassy carbon
functions as a frame for bones to grow into. Its mechani-
cal properties are appropriate for glassy carbon to act as
a structural substitute of the bone in regions where compres-
sive stresses occur. The studies focused on bone growing
into pores of a glassy carbon implant in laboratory rabbits,
described in papers [19,20], revealed a newly formed bone
in the pores as early as 3 weeks later. After 12 weeks the
amount of the bone tissue reached a maximum: 45% of the
total volume of pores contained osseous tissue. The growing
of bone into a carbon implant increases over time and it is
at its most intense in the areas of contact with the cortical
bone or trabeculae of the spongy bone. Simultaneously,
the density of the bone increases. No unfavourable tissue
reactions were observed [19,20].

Taking into account all characteristics of glassy carbon,
advantageous to both the organism and the mechanism
of load transmission from an implant to the bone [21],
an attempt was undertaken in papers [22,25-30] to use
this material for the modification of PMMA-based surgical
cement.

Z ommm® 0 00000 0000000000000 000006000000060000000000

L



Gtéwnym problemem zwigzanym z konstrukcjg endopro-
tezy jest mechanizm przenoszenia obcigzenia w potgcze-
niu stawowym. Po implantacji endoprotezy ulega zmianie
przestrzenny ukfad obcigzen. W zwigzku z tym odmienny
od naturalnego jest rozktad naprezen w kosci udowej oraz
miednicy. Przyczyng powstawania niekorzystnego dla kosci
rozktadu naprezen w komponentach sztucznego stawu,
w przypadku cementowej endoprotezoplastyki, sg wiasciwo-
Sci metalu i cementu kostnego. Metal, z ktérego wykonuje
sie m.in. trzpienie endoprotez do kotwiczenia przy uzyciu
cementu, nie dopasowuje sie do biologiczno-sprezystych
wiasciwosci kosci, gdyz charakteryzuje sie zbyt wysokim
modutem sprezystosci. Duze znaczenie przy przenoszeniu
obcigzen z trzpienia endoprotezy do kosci majg wtasciwosci
sprezyste cementu. Modut Younga cementu kostnego jest kil-
kakrotnie nizszy niz modut kosci korowej. Cement kostny jest
zatem najstabszym ogniwem w uktadzie biomechanicznym:
endoproteza-cement-kos¢. Po utwardzeniu cement kostny
z polimetakrylanu metylu jest twardym, kruchym materiatem,
sktonnym do pekania pod wptywem oddziatywania naprezen
rozciggajgcych, co ma miejsce szczegodlnie w proksymalnym
obszarze uktadu kos¢-proteza [7,8,21,24].

Na trwato$¢ sztucznego stawu biodrowego, zwlaszcza
w przypadku cementowego kotwiczenia komponentéw endo-
protezy, majg znaczny wptyw procesy reologiczne, a szcze-
golnie petzanie i relaksacja. Cement chirurgiczny, jako kom-
pozycja polimerowa, w modelowym ujeciu jest klasycznym
przyktadem ciata lepkosprezystego. Réwniez ko$¢ mozna
traktowac jako materiat lepkosprezysty. Wiasciwosci fizyko-
chemiczne i mechaniczne takich materiatéw zmieniajg sie w
czasie. W zwigzku z wiasciwosciami reologicznymi wiezéw z
materiatéw kotwiczgcych endoproteze w kanale kosci udowej
zagadnienie oceny trwatosci sztucznego stawu biodrowego
jest ztozone. Nalezy rowniez zaznaczy¢, ze rozpietosc skali
réznic i zasiegu wystepowania zjawisk niszczenia potgczenia
biomechanicznego w poréwnaniu ze zjawiskami dekohezji w
materiatach technicznych jest tak znaczna, iz adaptacja do tej
oceny metod badan z obszaru mechaniki materiatéw obliguje
do szczegolnie wnikliwej analizy i interpretacji ich wynikow.

Sposrdd wielu cech cementu chirurgicznego, wptywajg-
cych na trwatos¢ cementowej endoprotezoplastyki, najbar-
dziej istotne dla klinicznej weryfikacji protezy sg te cechy,
ktére uzaleznione sg wprost od oddziatywania cyklicznych
obcigzen zaréwno w krétkim, jak i dtugim okresie. W ciggu
doby u typowego pacjenta ze sztucznym stawem biodrowym
wystepujg bowiem okresy aktywnosci ruchowej oraz okresy
odpoczynku. Wigzg sie one odpowiednio ze zmieniajgcymi
sie charakterystykami obcigzenia stawu, a w nim cementu
jako jednego z jego komponentdw. Zjawisko niszczenia
cementu podczas ruchu cziowieka odbywa sie pod dzia-
taniem cyklicznych zmian obcigzen o duzych wartosciach,
a wiec mozna je z duzym prawdopodobienstwem okresli¢
jako zmeczenie w zakresie matej liczby cykli. Majgc to na
wzgledzie, do oceny zachowania sie cementu w sztucznym
stawie biodrowym, zastosowano metode badan zmeczenia
niskocyklowego [7,8,11,16,22,25-30]. Cement akrylowy,
stosowany do kotwiczenia endoprotez catkowitych biodra,
petza w warunkach dynamicznego i statycznego obcigzenia.
W wyniku tego nastepuje osiadanie trzpienia endoprotezy
oraz zmniejszenie sktadowych naprezenia w cemencie.
To osiadanie protezy jest uzaleznione réwniez od tarcia na
granicy miedzyfazowej, a wiec w duzym stopniu od chropo-
watosci protezy i struktury cementu [23,24].

Niniejsza praca koncentruje sie na zagadnieniu mody-
fikacji cementu chirurgicznego na bazie PMMA czgstkami
wegla szklistego, pierwotnie w celu obnizenia temperatury
polimeryzacji, a nastepnie w celu zwiekszenia trwatosci
cementu w $rodowisku organizmu i poprawy wiasciwosci
biologicznych granicy miedzyfazowej cement-kos¢.

The main problem connected with the structure of the
endoprosthesis is the load transmission mechanism in
a joint. After implantation of an endoprosthesis the spatial
distribution of load changes. Because of this, the distribution
of stresses in the femoral bone and pelvis is different than the
natural one. In the case of endoprosthesoplasty which uses
cement, the reason for the occurrence of stress distribution
in the components of an artificial joint, adverse to the bone,
is caused by the properties of the bone cement and metal.
The metal used, among others, for the production of endo-
prosthesis stems to be anchored by means of cement does
not match the biological and elastic properties of bones
because it is characterized by too high elasticity modulus.
Elastic properties of cement play an important role in load
transmission from the endoprosthesis stem to the bone.
Young’s modulus for bone cement is a few times lower than
that of the cortical bone. Therefore, bone cement is the weak-
est link in the endoprosthesis-cement-bone biomechanical
system. After curing bone cement made of polymethyl meth-
acrylate is a hard and brittle material, susceptible to cracking
under tensile stresses, which occur mainly in the proximal
area of the bone-prosthesis system [7,8,21,24].

Durability of the artificial hip joint, especially in the case of
cement anchoring of endoprosthesis components, depends
to a large extent on rheological processes, in particular creep
and relaxation. Surgical cement, being a polymer compo-
sition, in @ model approach represents a classic example
of a viscoelastic body. The bone can be also be considered
a viscoelastic material. The physicochemical and mechani-
cal properties of such materials change over time. In con-
nection with the rheological properties of bonds made of
materials which anchor the endoprosthesis in the femoral
bone channel, the problem of the artificial hip joint’s durability
evaluation is complex. It should also be emphasized that the
spread of the scale of differences and the occurrence range
of the destruction phenomena of the biomechanical bonding,
when compared to decohesion phenomena in technical ma-
terials, is so large that the adaptation of methods applicable
in the field of material mechanics to such evaluation obliges
the researchers to conduct a particularly thorough analysis
and interpretation of their results.

Among many properties of surgical cement which influ-
ence the durability of endoprosthesoplasty, the most impor-
tant ones for clinical verification of the prosthesis are those
which directly depend on the cyclic load imposed, both in
a short- and a long-term period. This is because in a 24-hour
period, there are periods of both physical activity and rest in
a typical patient with an artificial hip joint. They are connected
with variable characteristics of load imposed on a joint and
cement inside it, the latter being one of the components
of the joint. The phenomenon of cement degradation during
a person’s movement takes place under the action of cyclic
changes of high loads. Therefore, they can be defined with
high probability as fatigue in the range of a small number of
cycles. Bearing this in mind, cement behaviour in an artificial
hip joint was evaluated by applying the low-cycle fatigue
testing method [7,8,11,16,22,25-30]. Acrylic cement used
for anchoring complete hip endoprostheses creeps under
dynamic and static load conditions. As a result the endo-
prosthesis stem settles and constituents of stress in cement
decrease. This setting of a prosthesis also depends on fric-
tion at an interphase boundary and thus, to a large degree,
on the prosthesis porosity and cement structure [23,24].

This paper focuses on the issue of modification
of PMMA-based surgical cement with glassy carbon parti-
cles, originally in order to lower the polymerization tempera-
ture, and then to increase the durability of cement in the
organism environment and to improve biological properties
of the cement-bone interphase boundary.
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Materiaty badawcze

Badania prowadzono na cementach kostnych o nazwach
fabrycznych Palacos R, Palamed, a nastepnie Biomet
Plus, przeznaczonych do kotwiczenia endoprotez stawow
w kosci. Sktady chemiczne tych cementow nie réznity
sie zasadniczo — zawieraty komponenty przedstawione
w TABELI 1.

Research materials

The research was conducted on bone cements with the
manufacturers’ names Palacos R and Palamed and then on
Biomet Plus, intended for anchoring joint endoprostheses
into bones. The chemical composition of these cements did
not differ significantly. They contained components listed
in TABLE 1.

TABLE 1. Sktad chemiczny cementu stosowanego do badan.
TABLE 1. The chemical composition of the cement used for research.

Producent
Manufacturer

Nazwa cementu

Cement name

Biomet Orthopaedics

e Al Switzerland GmbH

Sktad chemiczny
The chemical composition

Proszek Plyn
Powder
poly(methyl methacrylate) - 38.3 g
zirconium dioxide - 5.3 g
benzoyl peroxide - 0.4 g

Liquid
methyl methacrylate - 18.4 g
N,N-dimethyl-p-toluidine - 0.4 g
chlorophyllin VIII, hydroquinone

Cement domieszkowano weglem szklistym w postaci
proszku o granulacji 40-160 pym. Wegiel szklisty otrzymano
metodg karbonizacji zywicy fenolowo-formaldehydowej
F-110 w temperaturze 1100°C (1373 K), przy zachowaniu
Scisle okreslonych warunkow przyrostu temperatury. W celu
uzyskania wegla szklistego uzyto zywicy w postaci rozka-
watkowanej. Po procesie karbonizacji kawatki te podlegaty
mieleniu w mtynie udarowo-nozowym do postaci proszkowej
(RYS. 1). Wielkos¢ czastek wegla szklistego dobrano tak,
aby byta ona poréwnywalna z wielkoscig ziarna proszku
polimerowego cementu kostnego (RYS. 1 2).

Glassy carbon in the form of powder with 40-160 pm
granulation was added to cement. Glassy carbon was ob-
tained via carbonization of the F-110 phenol-formaldehyde
resin at a temperature of 1100°C (1373 K) while maintaining
strictly defined temperature growth conditions. The glassy
carbon was obtained from resin which had been divided
into pieces. After carbonisation these pieces were ground
to powder in an impact-blade mill (FIG. 1). The size of glass
carbon particles was selected so that it was comparable to
the size of the grain of the bone cement polymer powder
(FIGs. 1 and 2).

RYS. 1. Zdjecia wegla szkli-
stego w postaci proszku
przy powiekszeniu 100x
i 1000x [25,26].

FIG. 1. Scanning electron
microscopy photographs
of the glassy carbon po-
wder with magnification
100x and 1000x [25,26].

RYS. 2. Zdjecia proszku
polimerowego PMMA ce-
mentu kostnego przy po-
wiekszeniu 100x i 1000x:
czgstka proszku PMMA (1),
czastka dwutlenku cyrko-
nu (2) [25,26].

FIG. 2. Scanning electron
microscopy photographs
of polymethacrylate bone
cements with magnifica-
tion 100x and 1000x: poly-
mer bead (1), zirconium
dioxide (2) [25,26].
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Z cementow kostnych niemodyfikowanych oraz mo-
dyfikowanych weglem szklistym przygotowano prébki do
badan mechanicznych. Proszek wegla szklistego mieszano
najpierw z proszkiem polimerowym cementu, a nastepnie
proszek z ptynem monomerowym. Wegiel szklisty stosowa-
no do modyfikacji cementu po uprzednim wysuszeniu go
w temperaturze 70°C (343 K) przez okres 24 godzin.

Cement kostny modyfikowano weglem szklistym w ilosci
1 g oraz 2 g na opakowanie 40 g proszku, co odpowiada
1,6% mas. oraz 3,1% mas.

Aby sprawdzi¢, w jaki sposéb oddziatuje srodowisko
organizmu oraz kontrolne przeswietlania (RTG) pacjen-
tébw na charakterystyki mechaniczne, przeprowadzono
dodatkowo badania na probkach, ktore poddawane byty
nastepujgcym procesom:

1. Starzeniu w roztworze Ringera o temperaturze organizmu
(37°C) przez okres 10 tygodni;

2. Naswietlaniu promieniami rentgenowskimi w warunkach
odpowiadajgcych przeswietlaniu pacjentéw po prote-
zoplastyce catkowitej biodra. Prébki poddawano jedno-
czesnie ekspozycji na promieniowanie RTG 5-krotnie
w odstepach 1-dniowych (tgcznie 20 ekspozycji na kazdg
probke) z odlegtosci 1 m. Zastosowano dawki: 10 razy
75 kV / 25 mAs oraz 10 razy 77 kV / 32 mAs. Pomiedzy
naswietlanymi prébkami a lampg RTG umieszczona byta
warstwa wody o grubosci 3 cm w woreczku foliowym, imi-
tujgca pochtanianie promieni RTG przez tkanki cztowieka.
Uzyskane wyniki badan miaty stanowi¢ podstawe do

oceny trwatosci w srodowisku organizmu polimerowych ce-

mentow z uwzglednieniem ich modyfikacji weglem szklistym
oraz do oceny mozliwosci zastosowania modyfikowanych
cementow w ortopedii.

Metodyka i wyniki badan

Badania procesu polimeryzacji cementéw kostnych
niemodyfikowanych i modyfikowanych

Wyniki obliczen teoretycznych zmiennych w czasie roz-
ktadéw temperatury w warunkach procesu polimeryzacji
oraz wyniki wczesniejszych eksperymentalnych badan
zrealizowanych na modelach laboratoryjnych sztucznego
stawu biodrowego pozwalajg wnioskowac, ze poprzez mo-
dyfikacje cementu weglem szklistym jest mozliwe obnizenie
maksymalnej temperatury uktadu polimeryzujgcego, jak
i zmniejszenie skurczu [7,11,16]. Dodatek wegla szklistego
w postaci proszku do cementu na bazie PMMA zwieksza
wspotczynnik przewodnictwa cieplnego utworzonego kom-
pozytu. Wspotczynnik ten dla wegla szklistego miesci sie
w przedziale 188-220 W/mK, podczas gdy jego wartos¢ dla
PMMA jest rowna 0,19 W/mK. Czastki wegla szklistego od-
bierajg czes¢ ciepta podczas polimeryzacji MMA. Domiesz-
ka takiego materialtu moze ponadto hamowac¢ kurczenie
sie masy cementu w procesie polimeryzacji. Wspoétczynnik
liniowej rozszerzalnosci cieplnej dla wegla szklistego wynosi
bowiem (1,5-3,0)x10¢ K" i jest mniejszy niz dla PMMA, dla
ktérego wynosi 60x10° K [31,32].

Przeprowadzono badania procesu polimeryzacji cementu
kostnego w stanie niemodyfikowanym i po modyfikacji we-
glem szklistym w ilosci 1,6% mas. Badania realizowano dwie-
ma metodami. Pierwsza metoda polegata na pomiarze tem-
peratury polimeryzacji w zaleznosci od czasu w warunkach
objetych normg ISO 5833 [33]. Polimeryzujacy cement znaj-
dowat sie w zamknigtej formie wykonanej z wysokoczastecz-
kowego polietylenu (UHMWPE) o wewnetrznych wymiarach:
Srednicy 60 mm i wysoko$ci 6 mm. Temperature polimery-
zacji mierzono za pomocg termopary typu K (NiCr—NiAl).

Samples for mechanical tests were prepared from non-
modified cements and from those modified with glassy
carbon. Glassy carbon powder was mixed first with the
cement polymer powder and then the powder was mixed
with the monomer fluid. Glassy carbon was used to modify
cement which had been dried at a temperature of 70°C
(343 K) for 24 hours.

Bone cement was modified with 1 g and 2 g of glassy
carbon per a 40 g package of powder, which corresponds
to 1.6% w/w, and 3.1% w/w.

In order to check how the environment of the organism
and patients’ check-up X-rays affect mechanical character-
istics, additional tests were performed on specimens which
underwent the following processes:

1. Ageing in Ringer’s solution at human body temperature
(37°C) for a period of 10 weeks.

2. Exposure to X-rays in conditions corresponding to pa-
tients’ X-rays after total hip arthroplasty. Samples were
also exposed to X-ray radiation five times, at 1-day in-
tervals (a total of 20 exposures for each specimen) from
a distance of 1 m. The following doses were applied:
10 times 75 kV / 25 mAs and 10 times 77 kV / 32 mAs.
Between the exposed specimens and an X-ray tube there
was a 3 cm layer of water in a plastic bag which imitated
the absorption of X-rays by human tissues.

The obtained test results were to be the basis for the
evaluation of durability of polymer cements in the organism,
taking into account their modification with glassy carbon, and
for the assessment of the possibility of applying modified
cements in orthopaedics.

Research methodology and results

Examination of the polymerization process
of modified and non-modified bone cements

The results of theoretical calculations of temperature
distributions variable over time in the polymerization process
conditions and the results of earlier experimental examina-
tions of laboratory models of an artificial hip joint lead to
a conclusion that it is possible to reduce shrinkage and the
maximum temperature of a polymerizable system by modify-
ing cement with glassy carbon [7,11,16]. A powdered glassy
carbon addition to a PMMA-based cement enhances the
thermal conductivity coefficient of the composite produced.
This coefficient ranges from 188 to 220 W/mK for glassy car-
bon, while its value for PMMA is 0.19 W/mK. Glassy carbon
particles receive some heat during MMA polymerization.
An addition of such material can also hinder the shrinkage
of the cement bulk in the polymerization process. This is
because the linear thermal expansion coefficient for glassy
carbon is (1.5-3.0)x10¢ K', which is lower than for PMMA
(60x10° K*) [31,32].

Examinations were conducted of the polymerization
of both unmodified cement and cement which had been
modified with glassy carbon in the amount of 1.6 w/w %.
The examinations were carried out using two methods.
The first method consisted in the measurement of the
polymerization temperature as a function of time un-
der conditions included in the ISO 5833 standard [33].
Polymerizable cement was placed in a closed mould
made of high-molecular-weight polyethylene (UHMWPE)
with the following internal dimensions: 60 mm diameter
and a height of 6 mm. The polymerization temperature
was measured with a K type thermocouple (NiCr — NiAl).
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Termopare o srednicy 0,5 mm wprowadzano przez otwor
znajdujgcy sie w dnie formy do wnetrza formy na wyso-
kos¢ 3 mm. Badania temperatury polimeryzacji w formie
przeprowadzono w temperaturze pokojowej 23°C (293 K).
Aby zamodelowac¢ wptyw Srodowiska organizmu na proces
polimeryzacji cementu przeprowadzono takze badania
polimeryzacji tych samych cementéw w probéwkach zanu-
rzonych w wodzie podgrzanej do temperatury 37°C (310 K).
Probowki miaty srednice 10 mm, termopare umieszczano
w Srodku masy cementowej. Ksztalt i objetos¢ masy cemen-
towej w probéwce byta zblizona do masy cementu ponizej
konca trzpienia endoprotezy w kosci udowe;.

Do rejestracji wynikow zastosowano komputer z opro-
gramowaniem Catman 3.1 wraz ze wzmacniaczem pomia-
rowym. Wyznaczono zalezno$¢ temperatury polimeryzaciji
od czasu [25,26].

W celu przeprowadzenia badan procesu polimeryzaciji
cementu chirurgicznego w warunkach symulujgcych wa-
runki jego implantacji do organizmu, zbudowano model
laboratoryjny sztucznego stawu biodrowego z oryginalng
endoprotezg. Model kosci udowej z odpowiednim kanatem
do wklejenia endoprotezy wykonano z zywicy poliestrowej
ESTROMAL 14LM-01. Przy zapewnieniu wszystkich pa-
rametrow techniki kotwiczenia endoprotezy w kosci, jak
w czasie przeprowadzania operacji, do kanatu modelu kosci
implantowano endoproteze Wellera, przy zastosowaniu
cementu chirurgicznego Palacos R.

W modelu kosci nawiercano wczesniej wierttem
o srednicy 1 mm 3 otwory, w ktére wprowadzano termopary
typu K (NiCr-NiAl) o $rednicy drutu 0,25 mm. Termopary
usytuowane byty tak, ze pozwalaty rejestrowac temperatu-
re polimeryzujgcego cementu na granicy styku z ,koscig”
w okolicy gérnej czesci trzpienia endoprotezy, srodka trzpie-
nia oraz na dole, ponizej konca trzpienia. Jako materiat
modelujagcy kos¢ zastosowano zywice, gdyz zywica cha-
rakteryzuje sie wtasciwosciami cieplnymi zblizonymi do od-
powiednich wtasciwosci kosci. Wspotczynnik przewodnosci
cieplnej A dla zywicy poliestrowej wynosi 0,2+0,4 W/(m K) a A
kosci waha sie w granicach 0,26+0,60 W/(m K). Ciepto wtas-
ciwe zywicy poliestrowej wynoszgce ¢ = 1200+2400 J/(kg K)
jest poréwnywalne z cieptem wtasciwym kosci, dla ktérej
jestréwne ¢ = 1260+2370 J/(kg K). Zywica posiada réwniez
gestosc¢ zblizong do gestosci kosci: gestosé p zywicy waha
sie w granicach 1100+1400 kg/m?3, a gestos$¢ p kosci—w gra-
nicach 1000+2900 kg/m?® [31,34,35]. Wykresy uzyskanych
wartosci temperatury polimeryzacji cementéw w zaleznosci
od czasu przedstawiono na RYS. 3 i 4.

A thermocouple with a 0.5 mm diameter was inserted into
the mould to a height of 3 mm through an opening in its bot-
tom. Polymerization temperature in the mould was examined
at room temperature (23°C). In order to model the influence
of the organism’s environment on the cement polymerization
process, examinations were conducted of the polymeriza-
tion of the same cements in test tubes submerged in water
heated to a temperature of 37°C (310 K). The diameter of
test tubes was 10 mm and a thermocouple was placed in
the middle of the cement bulk. The shape and volume of
the cement bulk in a test tube was similar to that of the ce-
ment bulk below the end of the endoprosthesis stem in the
femoral bone.

A computer with the Catman 3.1 software and an instru-
mentation amplifier was used to record the results. The
dependence of the polymerization temperature on time was
determined [25,26].

Alaboratory model of an artificial hip joint with an original
endoprosthesis was built in order to examine the surgical ce-
ment polymerization in conditions simulating its implantation
in an organism. A model of the femoral bone with a suitable
channel for gluing in an endoprosthesis was made of the
ESTROMAL 14LM-01 polyester resin. With all parameters
of the technique of anchoring an endoprosthesis in a bone
ensured, as if during a surgery, Weller endoprosthesis was
implanted in the channel of the bone model using the Pala-
cos R surgical cement.

Three holes with a 1 mm diameter were previously
bored in the bone model, into which K type thermocouples
(NiCr-NiAl) with 0.25 mm diameter wires were inserted.
Thermocouples were located in a way that made it possible
to record polymerizable cement temperature at the boundary
of contact with “the bone” in the area of the upper part of the
endoprosthesis stem, its middle and at the bottom, below the
stem end. Resin was used as the bone modelling material
because its thermal properties are similar to those of the
bone. Thermal conductivity coefficient A for polyester resin
is 0.2+0.4 W/(m K) and A of the bone varies between 0.26
and 0.60 W/(m K). The specific heat of polyester resin, ¢ =
1200+2400 J/(kg K), is comparable to the bone’s specific
heat, i.e. ¢ = 1260+2370 J/(kg K). The resin density is also
similar to the bone density: density p of the resin varies in the
range of 1100+1400 kg/m?, and bone density p in the range
of 1000+2900 kg/m?® [31,34,35]. Diagrams of the obtained
cement polymerization temperature values as a function of
time are shown in FIGs 3 and 4.
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RYS. 3. Zmiana temperatury polimeryzacji w czasie
dla cementu Palacos R [34,35].

FIG. 3. Change of polymerization temperature in
course of time for Palacos R cement [34,35].

RYS. 4. Zmiana temperatury polimeryzacji w czasie
dla cementu Palacos R modyfikowanego weglem
szklistym [34,35].

FIG. 4. Change of polymerization temperature in
course of time for Palacos R cement with a glassy
carbon addition [34,35].
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Na podstawie wynikéw wszystkich przeprowadzonych
badan zaleznosci temperatury polimeryzacji cementu od
czasu stwierdzono, iz po domieszkowaniu cementu kostne-
go weglem szklistym maksymalna temperatura polimeryzacji
ulegta obnizeniu. Réwnoczesnie zaobserwowano przesu-
niecie w strone mniejszego czasu krzywych polimeryzacji
dla cementu modyfikowanego weglem szklistym w stosunku
do cementu niemodyfikowanego (RYS. 3 i 4). Oznacza to
skrécenie czasu utwardzania sie cementu po zastosowaniu
domieszki wegla szklistego.

Zmniejszenie czasu utwardzania sie cementu modyfiko-
wanego oznacza konieczno$¢ zwiekszenia szybkosci wpro-
wadzania tego cementu do kanatu kosci udowej podczas
przeprowadzania zabiegu implantacji stawu biodrowego.

Ocena trwatosci cementu chirurgicznego na
podstawie wynikéw badan zmeczeniowych
niskocyklowych

Zjawisko niszczenia cementu podczas ruchu cztowieka
odbywa sie pod wptywem cyklicznych zmian obcigzen o
duzych wartosciach, a wiec mozna je z duzym prawdo-
podobienstwem okresli¢ jako zmeczenie w zakresie matej
liczby cykli. W materiatach lepkosprezystych zaleca sie
wywotywanie obcigzenia w postaci zadanego odksztat-
cenia (obcigzenie kinematyczne). Majgc to na uwadze,
w realizowanych badaniach zmeczeniowych niskocyklo-
wych ustalono sposob obcigzania prébek z cementu chi-
rurgicznego, polegajgcy na sterowaniu przemieszczeniem,
aw poézniejszych badaniach — odksztatceniem. Taki sposéb
realizacji badan zmeczeniowych pozwolit na zamodelowanie
zjawiska cyklicznej relaksaciji, charakterystycznej dla kom-
pozytow polimerowych, do ktérych nalezy badany cement
chirurgiczny. Sktonno$¢ do cyklicznej relaksacji podczas
obcigzania cementu chirurgicznego oraz jego powrotu do
stanu poczgtkowego po odcigzaniu ma duze znaczenie
dla biofunkcjonalnosci sztucznego stawu biodrowego.
Po okresie odpoczynku cement moze by¢ bowiem ponow-
nie obcigzany sitami o wartosciach jak na poczatku catego
procesu. Te cechy cementu sprawiajg, ze u pacjenta po
okresie aktywnosci ruchowej, podczas ktérej cement zre-
laksowat, w okresie odpoczynku nastepuje ,regeneracja”
materiatu [7,30].

Podstawowym zjawiskiem reologicznym w cemencie,
ktéry jest materiatem lepkosprezystym, jest wzrost od-
ksztatcen w warunkach pefzania. Odksztatcenia kumulujgce
sie podczas okresu aktywnosci pacjenta majg tendencje
do powrotu do stanu wyj$ciowego podczas okresu odpo-
czynku. Zjawisko to powtarza sie, dopoki w cemencie nie
wystgpig zmiany uniemozliwiajgce funkcjonowanie implantu.
Odksztatceniu cementu, spowodowanemu pefzaniem, to-
warzyszy osiadanie trzpienia endoprotezy, a generowanie
naprezen promieniowych i obwodowych w otaczajgcej kosci
korowej wywotuje remodeling kosci. To z kolei moze spowo-
dowac wieksze petzanie cementu i osiadanie trzpienia pro-
tezy. Dla praktyki klinicznej bardzo wazne jest oszacowanie
wartosci odksztatcenia cementu i osiadania protezy w czasie
eksploatacji. Catkowita bowiem wielkos¢ osiadania protezy
w cemencie po wielu latach jej uzytkowania ma wptyw na
trwato$¢ cementowej endoprotezoplastyki [36].

Zjawisko cyklicznego petzania cementu zamodelowano,
prowadzgc badania zmeczeniowe niskocyklowe przy ste-
rowaniu obcigzeniem.

Badania zmeczeniowe niskocyklowe prowadzono na
maszynie serwohydraulicznej MTS-810. Maszyna wypo-
sazona jest w system cyfrowego sterowania Test STAR
Il. W celu zapewnienia doktadnego zbierania wartosci sity
i odksztatcenia badania realizowane byty przy wykorzystaniu
programu TestWARE SX. Zmiane obcigzenia zamodelo-
wano cyklem tréjkatnym o czestotliwosci 0,25 Hz (RYS. 5).

Based on the results of the conducted examinations of
the dependence of the cement polymerization temperature
on time, it was concluded that after glassy carbon had
been added to bone cement, the maximum polymerization
temperature decreased. A shift in the direction of the shorter
time of polymerization curves for cement modified with
glassy carbon, compared to non-modified cement, was also
observed (FIG. 3 and FIG. 4). This means that the cement
curing time shortens after adding glassy carbon.

Shortening of the modified cement curing time means that
it is necessary to increase the speed at which this cement
is inserted into the femoral bone channel during implanta-
tion of a hip joint.

Assessment of the durability of surgical cement
based on the results of low-cycle fatigue tests

The phenomenon of cement degradation during
a person’s movement takes place under the action of cyclic
changes of high loads. Therefore, they can be defined with
high probability as fatigue in the range of a small number of
cycles. Itis recommended for viscoelastic materials to induce
load in the form a predefined strain (kinematic load). With this
in mind, in the performed low-cycle fatigue tests, a method
was established of loading surgical cement specimens which
consists in dislocation control and, in further tests, in defor-
mation control. Such a method of carrying out fatigue tests
enabled the modelling of the cyclic relaxation phenomenon,
characteristic of polymer composites which include the inves-
tigated surgical cement. Tendency to cyclic relaxation during
loading of surgical cement and its return to the initial state
after unloading is very important for the biofunctionality of an
artificial hip joint. This is because after a period of rest forces
with the same values in the beginning of the entire process
can be reapplied to cement. These cement properties cause
material “regeneration” during rest after a period of patient’s
physical activity, during which cement relaxed [7,30].

The main rheological phenomenon in cement (which is
a viscoelastic material) is an increase in deformations in
creep conditions. Deformations accumulating during the
patient’s activity tend to return to the initial state during a rest
period. This phenomenon is repeated until cement changes
in a way which makes functioning of the implant impossible.
Cement deformation caused by creep is accompanied by the
subsidence of the endoprosthesis stem, while the genera-
tion of radial and circumferential stresses in the surrounding
cortical bone causes bone remodelling. This in turn may
cause more intense cement creep and the subsiding of the
prosthesis stem. The estimation of the value of cement de-
formation and prosthesis subsiding during operation is very
important for the clinical practice. This is because the total
extent of prosthesis subsidence in cement after many years
in use affects the durability of the endoprosthesoplasty [36].

The phenomenon of cyclic creep of cement was modelled
by performing low-cycle fatigue tests with load control.

Low-cycle fatigue tests were conducted on an MTS-810
servo-hydraulic machine. The machine is equipped with a
digital control system, Test STARII. In order to ensure precise
measurements of values of force and deformation, the tests
were carried out using the TestWARE SX software. Achange
in load was modelled with a triangular cycle with a frequency
of 0.25 Hz (FIG. 5). An extensometer with a 25 mm base
was used in the tests. Cyclic loading of specimens in the
range of action of tensile stresses was adopted for the tests.
The action of tensile stresses in bone cement usually causes
cement cracking in the proximal area of the bone-stem
system [7,21]. The following maximum tensile stress values
were assumed: 17 MPa, which corresponds to approximately
50% of tensile strength, and 26 MPa, which corresponds to
c. 80% of bone cement tensile strength [7,25,26].
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Do badan wykorzystano ekstensometr o bazie 25 mm.
W badaniach przyjeto cykliczne obcigzanie probek w zakre-
sie dziatania naprezen rozciggajgcych. Dziatanie naprezen
rozciggajgcych w cemencie kostnym powoduje najczesciej
pekanie cementu w obszarze proksymalnym ukfadu kosc-
trzpien [7,21]. Przyjeto warto$ci maksymalnych naprezen
rozciggajgcych 17 MPa, co stanowi ok. 50% wytrzymatosci
na rozcigganie oraz 26 MPa, co stanowi ok. 80% wytrzyma-
tosci na rozcigganie cementu kostnego [7,25,26].

Na podstawie przeprowadzonych badan zmeczeniowych
wykonano wykresy w uktadzie naprezenie-odksztatcenie dla
réznej liczby cykli. Miaty one ksztatt petli histerezy, co ttuma-
czy sie naturg lepkosprezystego zachowania sie cementu
kostnego. Zaobserwowano zjawisko przemieszczania sie
petli histerezy oraz zmniejszanie sie ich kata pochylenia
wraz ze wzrostem liczby cykli. Zjawisko pochylania petli
histerezy opisuje sie zmiang dynamicznego modutu spre-
zystosci wraz ze wzrostem liczby cykli. Wartosci dyna-
micznego modutu sprezystosci wyznaczono na podstawie
siecznych przeprowadzonych przez petle histerezy.

Badania zmeczeniowe niskocyklowe cementu
w stanie wyjsciowym

Zjawisko przemieszczania sie petli histerezy zaobserwo-
wano zaréwno dla cementu kostnego niemodyfikowanego,
jak i cementu po modyfikacji weglem szklistym. Ttumaczy
sie to wystepowaniem w tym materiale zjawiska cyklicznego
petzania. Stwierdzono, iz domieszka wegla szklistego ogra-
nicza sktonnos$¢ cementu do cyklicznego petzania (RYS.
6, 7, 8, 9). Zostato to potwierdzone krzywymi cyklicznego
petzania uzyskanymi z wartosci granicznych odksztatcen
cementu dla petli histerezy przy wzrastajgcej liczbie cykili,
a wiec wzrastajgcym czasie t (RYS. 9). Z krzywych tych
wynika, iz predkos¢ petzania dla cementu po modyfikacji
weglem szklistym ulegta zmniejszeniu z £=6-1081/s
do £=4-1081/s. Wartosci dynamicznego modutu sprezy-
stosci wyznaczone dla cementu Biomet Plus domieszko-
wanego weglem szklistym podlegaty mniejszym zmianom
wraz z liczbg cykli, niz dla cementu niemodyfikowanego
i przyjmowaty wyzsze wartosci [16,22,25,26].

Badania zmeczeniowe niskocyklowe cementu
starzonego w roztworze Ringera

Badania zmeczeniowe niskocyklowe przeprowadzono
takze na prébkach z cementu kostnego niemodyfikowanego
i modyfikowanego weglem szklistym o udziale 1,6% mas.,
po starzeniu w roztworze Ringera o temperaturze 37°C
przez okres 10 tygodni. Srodowisko to miato odzwierciedla¢
warunki panujgce w organizmie cztowieka, a wiec zaréwno
obecnos¢ ptyndw ustrojowych, jak i temperatury organizmu.
Badania zmeczeniowe niskocyklowe przeprowadzono przy
takich samych parametrach jak dla probek w stanie wyjscio-
wym - przy naprezeniu rozciggajgcym o,..,= 17 MPa oraz
Omax = 26 MPa.

Wszystkie materiaty po moczeniu w roztworze Ringera,
poddane obcigzeniom zmeczeniowym zachowaty cechy
lepkosprezyste. Krzywe uzyskane z badan zmeczeniowych
niskocyklowych w ukfadzie naprezenie-odksztatcenie miaty
ksztatt petli histerezy. Zaobserwowano takze zjawisko prze-
mieszczania sie petli histerezy oraz zmniejszanie sie kata
pochylenia wraz ze wzrostem liczby cykli. Cement kostny
Biomet Plus domieszkowany weglem szklistym (1,6% mas.)
po moczeniu w roztworze Ringera wykazuje wyzszg war-
to§¢ dynamicznego modutu sprezystosci w poréwnaniu z
cementem bez domieszki (RYS. 10). Cement modyfikowany
po moczeniu w roztworze Ringera zachowat zdolnos¢ do
petzania poréwnywalng do cementu w stanie wyjsciowym
(RYS. 11). Swiadczy to o tym, ze domieszka wegla szklistego
w cemencie kostnym ograniczyta postep procesu starzenia.

1500
1000

load (N)

time (;)

RYS. 5. Tréjkatny cykl obcigzen w badaniach
zmeczeniowych.

FIG. 5. Triangle shaped cycle of load in fatigue
tests.

Diagrams in the stress-deformation system were made
based on the performed fatigue tests for a various number
of cycles. They had a shape of a hysteresis loop, which is
explained by the nature of the viscoelastic behaviour of bone
cement. A phenomenon of the dislocation of hysteresis loops
and a decrease in their inclination angle along with an increase
in the number of cycles were observed. The phenomenon of
inclination of a hysteresis loop is described with a change of
the dynamic elasticity modulus along with an increase in the
number of cycles. Values of the dynamic elasticity modulus
were determined based on secants plotted by hysteresis loops.

Low-cycle fatigue tests of cement in the initial state

The phenomenon of dislocation of a hysteresis loop was
observed both for non-modified bone cement and for cement
modified with glassy carbon. This is explained by the occur-
rence of the cyclic creep phenomenon in this material. It was
concluded that the addition of glassy carbon limits the ten-
dency of cement to cyclic creep (FIGs. 6, 7, 8 and 9). This was
confirmed by cyclic creep curves obtained from boundary val-
ues of cement deformation for a hysteresis loop with a rising
number of cycles and thus increasing time t (FIG. 9). Accord-
ing to these curves the creep rate for cement modified with
glassy carbon decreased from £=6-10%1/s to £=4-10° 1/s.
Values of the dynamic modulus of elasticity determined for
the Biomet Plus cement with a glassy carbon additive were
subjected to smaller changes along with the number of cycles
than for non-modified cement and assumed higher values
[16,22,25,26].

Low-cycle fatigue tests of cement aged in Ringer’s
solution

Low-cycle fatigue tests were also carried out on speci-
mens of non-modified bone cement and cement modified
with glassy carbon with a 1.6% w/w fraction after ageing for
10 weeks in Ringer’s solution at a temperature of 37°C. This
environment was supposed to reflect the conditions present
in the human organism, i.e. the organism’s temperature and
the presence of body fluids. Low-cycle fatigue tests were
performed with the same parameters as for specimens in the
initial state: at tensile stress o,,,,= 17 MPa and o, = 26 MPa.

All materials soaked in Ringer’s solution and subjected to
fatigue stresses retained viscoelastic properties. Curves ob-
tained from low-cycle fatigue tests in the stress-deformation
system had a shape of a hysteresis loop. A phenomenon of
the hysteresis loop dislocation and a decrease in the inclina-
tion angle along with an increase in cycle number were also
observed. After soaking in Ringer’s solution the Biomet Plus
bone cement doped with glassy carbon (1.6% w/w) dem-
onstrates a higher value of the dynamic elasticity modulus
than non-doped cement (FIG. 10). Modified cement soaked
in Ringer’s solution retained the susceptibility to creep
comparable to that of cement in the initial state (FIG. 11).
This indicates that a glassy carbon additive in bone cement
limited the progress of the ageing process.
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RYS. 6. Przyktadowe petle
histerezy po réznej liczbie
cykli zarejestrowane pod-
czas badan zmeczeniowych
niskocyklowych prébek
z cementu Biomet Plus przy
naprezeniu o,, = 26 MPa
[25,26].

FIG. 6. Histeresis loops after
a different number of cycles
with the dynamic modulus
values E,, for Biomet Plus ce-
ment; G, = 26 MPa [25,26].

RYS. 7. Przyktadowe petle
histerezy po réznej liczbie
cykli zarejestrowane pod-
czas badan zmeczeniowych
niskocyklowych probek z ce-
mentu Biomet Plus modyfi-
kowanego weglem szklistym
(3,1%wag.) przy naprezeniu
Omax = 26 MPa [25,26].

FIG. 7. Histeresis loops after
a different number of cycles
with the dynamic modulus
values E,, for Biomet Plus
cement with a glassy carbon
addition (3.1% mas.); 0. =
26 MPa [25,26].

RYS. 8. Zmiany dynamicz-
nego modutu sprezystosci
w zaleznosci od liczby cykli
dla cementu Biomet Plus
i Biomet Plus po modyfikacji
weglem szklistym (3,1% mas.)
[25,26].

FIG. 8. The dynamic modulus
of elasticity E, changing with
a growing number of cycles
N for the Biomet Plus cement
and Biomet Plus cement
with glassy carbon addition
(3.1% mas.) [25,26].
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RYS. 9. Krzywe cyklicznego
pelzania cementu chirurgicz-
nego Biomet Plus i Biomet
Plus po modyfikacji weglem
szklistym; o,,., = 26 MPa [25,
26,37].

FIG. 9. Diagrams of cyclic cre-
ep of surgical cement Biomet
Plus and Biomet Plus with
glassy carbon; o,,., = 26 MPa
[25,26,37].

RYS. 10. Zmiany dynamicz-
nego modutu sprezystosci
w zaleznosci od liczby cykli
dla cementu Biomet Plus i
Biomet Plus modyfikowane-
go weglem szklistym (1,6%
mas.) po starzeniu w roztwo-
rze Ringera o temp. 37°C;
Omax = 17 MPa [25,26].

FIG. 10. The dynamic modu-
lus of elasticity E, changing
with a growing number of
cycles N for the Biomet ce-
ment and Biomet cement with
glassy carbon addition (1.6%
mas.) after ageing in Ringer’s
solution at 37°C; 0,,,,=17 MPa
[25,26].

RYS. 11. Krzywe cyklicznego
petzania cementu chirurgicz-
nego Biomet Plus i Biomet
Plus modyfikowanego we-
glem szklistym po starzeniu
w roztworze Ringera o tem-
peraturze 37°C; 0,,., = 26 MPa
[25,26].

FIG. 11. Diagrams of cyclic
creep of surgical cement
Biomet Plus and Biomet
Plus with glassy carbon af-
ter ageing in Ringer’s solu-
tion at 37°C; o,., = 26 MPa
[25,26].



Badania zmeczeniowe niskocyklowe cementu
po naswietlaniu promieniami RTG

Badania zmeczeniowe niskocyklowe przeprowadzono
rowniez na probkach z cementu kostnego w stanie niemo-
dyfikowanym i po modyfikacji weglem szklistym o udziale
1,6% mas. naswietlanych promieniami RTG. Srodowisko to
miato odzwierciedla¢ warunki, w jakich cement kostny stuza-
cy do mocowania endoprotez poddawany jest naswietlaniu
w czasie przeprowadzania kontrolnych badan rentgenow-
skich pacjentow. Badania zmeczeniowe przeprowadzono
przy takich samych parametrach jak dla prébek w stanie wyj-
Sciowym i po starzeniu w roztworze Ringera. Cement kostny
po naswietlaniu promieniowaniem rentgenowskim zachowat
charakter materiatu lepkosprezystego. Krzywe uzyskane
z badan zmeczeniowych niskocyklowych w uktadzie
naprezenie-odksztatcenie rowniez miaty ksztatt petli histe-
rezy. Zaobserwowano takze zjawisko przemieszczania sie
petli histerezy oraz zmniejszanie si¢ kata pochylenia wraz
ze wzrostem liczby cykli. Promieniowanie RTG ograniczyto
wyraznie zdolnos¢ odksztatcania sie materiatu w poréwna-
niu ze srodowiskiem mokrym, w ktérym cement kostny jest
bardziej podatny na petzanie.

Cement kostny niemodyfikowany po naswietlaniu promie-
niowaniem RTG wykazuje wyzszg warto$¢ dynamicznego mo-
dutu sprezystosci w poréwnaniu z cementem modyfikowanym
(RYS. 12). Promieniowanie RTG spowodowato, ze cement
kostny niemodyfikowany stat sie kruchy. Monomer wydziela-
jacy sie podczas rozpadu tancucha polimerowego cementu
kostnego po wplywem dziatania promieni RTG prawdopo-
dobnie zdgzyt wyparowac, nie dajgc efektu uplastycznienia.

Na podstawie krzywych cyklicznego petzania, skonstru-
owanych dla badanych cementéw (RYS. 13) mozna stwier-
dzi¢, iz cement Biomet Plus domieszkowany weglem szkli-
stym zachowat lepsze wtasciwosci lepkosprezyste po pro-
mieniowaniu RTG, niz cement bez domieszki. Wynika stad,
ze domieszka w postaci wegla szklistego ograniczyta postep
procesu starzenia pod wptywem promieniowania RTG.

Low-cycle fatigue tests of cement exposed to X-rays

Low-cycle fatigue tests were also carried out on speci- ® ® @ e @ @ o

mens of non-modified bone cement and cement modified
with glassy carbon with a 1.6% w/w fraction and exposed
to X-rays. This environment was supposed to reflect the
conditions of exposure of bone cement used for fixing
endoprostheses to X-rays during check-up examinations
of patients. Fatigue tests were performed with the same
parameters as in the case of specimens in the initial state
and after ageing in Ringer’s solution. Bone cement exposed
to X-rays retained its character as a viscoelastic material.
Curves obtained from low-cycle fatigue tests in the stress-
deformation system also had a shape of a hysteresis loop.
A phenomenon of the hysteresis loop dislocation and
a decrease in the inclination angle along with an increase
in the number of cycles were also observed. X-ray radiation
significantly reduced the material’s deformability compared
to a wet environment in which bone cement is more sus-
ceptible to creep.

Non-modified bone cement exposed to X-rays demon-
strates a higher value of the dynamic elasticity modulus
than modified cement (FIG. 12). X-ray radiation caused
non-modified bone cement to become brittle. Monomer
released during the decomposition of the polymer chain
of bone cement under the influence of X-rays probably
evaporated without any plasticization effect.

Based on cyclic creep curves constructed for the ex-
amined cements (FIG. 13) it can be concluded that the
Biomet Plus cement doped with glassy carbon retained
better viscoelastic properties after exposure to X-rays than
non-doped cement. It follows that a glassy carbon additive
limited the progress of the ageing process under the influ-
ence of X-ray radiation.

RYS. 12. Zmiany dynamicznego modutu

sprezystosci w zaleznosci od liczby

cykli dla cementu Biomet Plus i Biomet
Plus modyfikowanego weglem szkli-

stym (1,6% mas.) po promieniowaniu
RTG; o,,.,= 17 MPa [25,26].

FIG. 12. The dynamic modulus of elasti-
city E, changing with a growing number

of cycles N for the Biomet Plus cement
and Biomet Plus cement with glassy
carbon addition (1.6% mas.) after X-RAY

30000 radiation; o, = 17 MPa [25,26].

RYS. 13. Krzywe cyklicznego petzania

cementu chirurgicznego Biomet Plus

i Biomet Plus domieszkowanego we-
glem szklistym (1,6% mas.) po promie-

niowaniu RTG; o,,,,= 17 MPa [25,26].
FIG. 13. Diagrams of cyclic creep of
surgical cement Biomet Plus and Bio-

met Plus with glassy carbon addition
(1.6% mas.) after X-RAY radiation;

.= 17 MPa [25,26].
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Zastosowanie modelu reologicznego do oceny zjawiska
cyklicznego petzania w cemencie chirurgicznym

Zjawisko cyklicznego petzania cementu kostnego, jakie
zaobserwowano podczas badan zmeczeniowych nisko-
cyklowych, opisano matematycznie, wykorzystujgc model
reologiczny standardowy. Obliczenia przeprowadzono przy
wykorzystaniu programu matematycznego ,Mathcad 14”.
Zagadnienie to jest kontynuacjg zagadnienia, realizowanego
wczesniej w pracy [7].

Ogodlne réwnanie opisujgce model standardowy ma
postac [38]:

et)=0,/E, +i{(GO/E,.) [I—exp(—t/v)]}+o,t/n
(1)

Przy zatozeniu, ze n = 1 rownanie (1) przyjmuje postac:
e()=0,() E, +(0,(1)] E, ()1 =exp[=1 E\(1)/ ]} + 0 (0)t /77

(2)
gdzie:
o, - Naprezenie,
E,, E,- moduly sprezystosci podtuznej,
1 - wspotczynnik lepkosci,
t - czas,
v, = n/E;
Réwnaniu (2) odpowiada model mechaniczny przedsta-

Use of the rheological model in the evaluation of the
cyclic creep phenomenon in surgical cement

The phenomenon of the cyclic creep of bone cement
was observed during low-cycle fatigue tests and described
mathematically by using the standard rheological model.
Calculations were carried out using the “Mathcad 14” math-
ematical programme. This is the continuation of the issue
discussed earlier in the paper [7].

The general equation describing the standard model
looks like follows [38]:

e(t)=0,/E, +Z{(00/El.) [I—exp(—t/v,)]} +o,t/n
(1)

Assuming that n = 1, equation (1) adopts the following
form:

&(t)=0y()/ E; +(0y(0)/ E, () {1 =exp[=1 E\ (1) / ]} + 0, ()t /7
)

where:
G, - stress,
E,, E,- elastic modulus,
1 - viscosity coefficient,
t - time,
v, = n/E;
The mechanical model shown in FIG. 14 corresponds
to equation (2).

wiony na RYS. 14.
E,

|_='_| UFT]/E1

%Jn

RYS. 14. Model standardowy dla liczby elementow
n =1 [38].
FIG. 14. Standard model for number of elements
n =1 [38].

2

Aby zbudowa¢ model matematyczny zjawiska cyklicz-
nego petzania, we wzorze (2) wprowadzono odpowiednie
wielkosci naprezen i modutu zalezne od czasu. W miejsce
0, wprowadzono wiec nastepujgce rownanie, modelujgce
cykl naprezen:

o,(t) = Ao ,{1,55+ arcsin[sin(w(¢ + 3))]}

©)
gdzie:
o,= 12,9 MPa - amplituda naprezenia dla probki
o $rednicy d = 9 mm i przyjetej sile F. ., = 1640
N (F.n = 0), naprezenie Ac = 25,8 MPa, a wiec
6, = Ac/2 =12,9 MPa,
o = 0,57 (1/s) - wartos¢, jaka przyjeto w badaniach
zmeczeniowych niskocyklowych,
t (s) — czas,
A = 0,641 - stata dopasowujgca wartosci Ac do
zatozonej wartosci Ac = 25,8 MPa.

Wykres zamodelowanego za pomoca réwnania (3) cyklu
naprezen przedstawiono na RYS. 15.

30 T T T

20 —

o(t)

RYS. 15. Model cyklu naprezen w badaniach
zmeczeniowych cementu chirurgicznego wedtug
réwnania (3) [7,25,26].

FIG. 15. Model of stress cycle at fatigue tests
for surgical cement according to equation (3)
[7,25,26].

In order to build the mathematical model of the cyclic
creep phenomenon suitable time-dependent values of
stresses and the modulus were introduced in formula (2).
Therefore, the following equation, which models the stress
cycle, was inserted instead of o,

o,(t) = Ao,{1,55 + arcsin[sin(w(z + 3))]}
(3)

where:

o,= 12.9 MPa — stress amplitude for a specimen with
diameter d = 9 mm and adopted force F,, = 1640 N
(Fmin = 0), stress Ac = 25.8 MPa, thus o, = Ac/2 =
12.9 MPa,

o = 0.57 (1/s) — value adopted in low-cycle fatigue
tests,

t (s) — time,

A = 0.641 - constant adjusting values Ac to adopted
value Ac = 25.8 MPa.

Diagram modelled using equation (3) of the stress cycle
is shown in FIG. 15.
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W réwnaniu (2) przyjeto za E, dynamiczny modut spre-
zystosci E4(t). Rownanie modelujgce zjawisko cyklicznego
petzania cementu kostnego przyjmuje posta¢ (4) [7]:

&(t)=0y(t)/ E; +(0,(1)| E, (1) {1 —exp[=1 E, (1) / 11]} + o)t 7
(4)

W réwnaniu (4) przyjeto za E, dane E,dla pierwsze-
go cyklu obcigzenia. Dla cementu Biomet Plus przyjeto
E,= 4165 MPa, a dla cementu Biomet Plus modyfikowanego
weglem szklistym E, = 4502 MPa. Za E(t) przyjeto funkcje
E4(t) zgodnie z RYS. 16. Dla cementu, jak dla polimeru
w stanie statym, przyjeto n = 10" MPa-s.

Uzyskane wedtug rownania (4) zaleznosci € = f(t) dla
przedziatu czasu t do 200 000 s przedstawiono na RYS. 17.
Wykresy te obrazujg zjawisko cyklicznego pefzania cementu
chirurgicznego niemodyfikowanego oraz modyfikowanego
weglem szklistym.

Opracowany model matematyczny zjawiska cyklicznego
petzania w cemencie dobrze opisuje wyniki badan zmecze-
niowych w przedziale czasu t do 4-10°%s [7], odpowiadaja-
cemu zakresowi badan zmeczeniowych niskocyklowych.
W przypadku duzych wartosci t wykorzystywane zaleznosci
tracg sens fizyczny.

Na podstawie wynikéw obliczen stwierdzono korzystny
wplyw domieszki wegla szklistego na zjawisko petzania
w cemencie. Wegiel szklisty zmniejsza przyrost odksztatcen
w czasie, ograniczajgc petzanie materiatu. Z medycznego
punktu widzenia oczekuje sie zatem zwigkszenia trwatosci
mocowania endoprotezy stawu biodrowego, gdyz mniej-
sze odksztatcenia cementu w procesie petzania wigzg sie
Z mniejszym osiadaniem trzpienia.

In equation (2) E, was adopted as dynamic elasticity
modulus E(t). The equation (4) models the cyclic bone
cement creep phenomenon [7]:

&(t)=0y(t)/ E; +(0,(1) E,(0){1 —exp[~ E\(1) [ 11]} + 0, ()t 1 7
(4)

In equation (4) E, data for the first stress cycle was
adopted as E,. E,= 4165 MPa was adopted for the Biomet
Plus cement, and E,= 4502 MPa for Biomet Plus modified
with glassy carbon. In accordance with FIG. 16, function
E,(t) was adopted as E4(t); n = 10" MPa‘s was adopted for
cement, just like for solid polymer.

Dependences ¢ = f(t) for time interval t up to 200,000 s,
obtained in accordance with equation (4), are shown in
FIG. 17. These diagrams illustrate the phenomenon of the
cyclic creep of non-modified surgical cement and cement
modified with glassy carbon.

The developed mathematical model of the cyclic creep
phenomenon in cement describes well the results of fatigues
tests in time interval t to 4-10°s [7], which corresponds to the
scope of low-cycle fatigue tests. In the case of high t values
the applied dependences lose their physical meaning.

The advantageous influence of the glassy carbon additive
on creep in cement was found based on calculation results.
Glassy carbon decreases deformation growth over time by
limiting material creep. Therefore, improvement of durability
of the hip joint endoprosthesis fixation is expected from the
medical point of view, for smaller deformations of cement
during the creep process mean reduced subsidence of the
endoprosthesis stem.

¢ Biomet Plus —g Biomet Plus+3,1%mas.C

4600
4400 N\L -— =
= = 4*107¢ - 0,0128t 4 4505,9
% 4200 — &
W 4000 —
E, = 3*107¢ - 0|0174t 4 4170,8
3800
3600
0 4000 8000 12000 16000 20000

czas /time t(s)

RYS. 16. Zaleznos$¢ dynamicznego modutu sprezy-
stosci od czasu dla cementu Biomet Plus i Biomet
Plus modyfikowanego weglem szklistym (3,1% wag.)
[25,26].

FIG. 16. The dynamic modulus of elasticity E,
relative to time for the Biomet Plus cement and
Biomet Plus cement with glassy carbon addition
(3.1% wiw) [25,26].
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RYS. 17. Wykresy cyklicznego petzania cementu chirurgicznego Biomet Plus niemodyfikowanego (a) i modyfi-
kowanego weglem szklistym (b) dla modelu standardowego wedtug réwnania (4) [25,26,37].

FIG. 17. Diagrams of cycle creep of surgical cement Biomet Plus (a) and Biomet Plus with glassy carbon addition (b)
for standard model according to equation (4) [25,26,37].
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Badania reakcji organizmu na wszczepy implantowane
do kosci udowych krélikéw, wykonane z cementu
chirurgicznego modyfikowanego weglem szklistym

Przydatno$¢ opracowanych kompozytéw polimero-
wych na bazie cementu chirurgicznego do zastosowania
w ortopedii podlegata weryfikaciji ,in vivo”. Przeprowadzono
badania reakcji organizmu na wszczepy z cementu zmody-
fikowanego weglem szklistym.

Na badania eksperymentalne uzyskano zezwolenie Lo-
kalnej Komisji Etycznej ds. Doswiadczen na Zwierzetach.
Badania realizowano na 15 kroélikach rasy ,biaty nowo-
zelandzki” w pomieszczeniach hodowlanych oraz bloku
operacyjnym Centrum Medycyny Doswiadczalnej Slgskiego
Uniwersytetu Medycznego w Katowicach.

Implantowano cement czysty oraz z domieszkg wegla
szklistego do kosci udowych krolikéw. Implant miat Srednice
3 mm i dtugos¢, a zarazem gtebokos$¢ wprowadzenia 8 mm.

Badana populacja zwierzat (15 sztuk) zostata podzielona
na trzy rownoliczne grupy, takie jak:

| - Grupa kontrolna 5 sztuk — implantacja cementu nie
modyfikowanego — czas obserwacji 6 miesiecy,

Il - Grupa dos$wiadczalna 5 sztuk — implantacja cementu
modyfikowanego — czas obserwacji 3 miesigce,

Il - Grupa do$wiadczalna 5 sztuk — implantacja cementu
modyfikowanego — czas obserwacji 6 miesiecy.

Po zakonczeniu obserwacji doswiadczalnych zwierzeta
poddano eutanazji i w warunkach badania sekcyjnego po-
brano materiat (ko$¢ udowa) do dalszych badan laboratoryj-
nych (mikroskopia skaningowa i badania histopatologiczne).
Po zakonczeniu badan szczatki zwierzece przekazano do
specjalistycznej firmy celem utylizaciji.

Opis zmian biologicznych na podstawie badania histopato-
logicznego badanych tkanek

Badanie zmian histopatologicznych tkanek pobranych
od zwierzat doswiadczalnych (RYS. 18) przeprowadzo-
no w Pracowni Badan Mikroskopowych ,DIAGNO-MED”
w Siemianowicach Slgskich. Badania histopatologiczne
wykonano, wykorzystujgc tkanki wszystkich badanych kro-
likow wedtug identycznej procedury laboratoryjnej.

Pobrane fragmenty tkankowe utrwalono w sposéb stan-
dardowy w zbuforowanym 10% roztworze formaliny. Wycinki
pobierano z miejsca wszczepienia cementu. W pierwszej ko-
lejnosci wycieto tkanki miekkie z okolicy miejsca wszczepu.
Elementy kostne przecieto pitkg wiosowg w potowie dtugosci
wszczepu, pozostawiajgc potowe wszczepu do dalszych
badan. Pobrane fragmenty kostne poddano procesowi
odwapnienia w preparacie De-
calcifier Il firmy Surgipeth (EDTA
+ Hydrochloric acid). Proces
odwapnienia trwat 48 do 72 go-
dzin. Po odwapnieniu preparaty
kostne i tkanki miekkie poddano
dalszej obrébce w mikroproce-
sorze tkankowym ASP300 firmy
Leica. Po obrébce pobrane tkanki
zatopiono w bloczki parafinowe.
Nastepnie skrojono je na mikro-
tomie rotacyjnym firmy Leica.
Wykonane preparaty barwiono
hematoksyling i eozyng w spo-
s6b standardowy i po nakryciu
poddano ocenie w mikroskopie

Examination of the reactions of the rabbit’s organism
to implants made of surgical cement modified with
glassy carbon implanted into the femoral bone

The usefulness of the developed polymer composites
based on surgical cement to be used in orthopaedics was
verified “in vivo”. Reactions of organisms to implants made
of cement modified with glassy carbon were examined.

Experimental tests were permitted by the Local Ethics
Commission for Experiments on Animals. Tests were carried
out on 15 New Zealand white rabbits in animal rooms and
the operating theatre of the Experimental Medicine Centre
of the Medical University of Silesia in Katowice.

Pure cement and cement doped with glassy carbon were
implanted into femoral bones of rabbits. An implant had
a 3 mm diameter, while its length, and at the same time the
insertion depth, was 8 mm.

The examined animal population (15 specimens) was
divided into the following three equinumerous groups:

| — Control group (5 specimens) — non-modified cement
implantation — observation time: 6 months;

Il — Experimental group (5 specimens) — modified cement
implantation — observation time: 3 months;

Il — Experimental group (5 specimens) — modified cement
implantation — observation time: 6 months;

After the experimental observations had been completed,
the animals were euthanized and the material (femoral
bone) was extracted during autopsy for further laboratory
examinations (scanning microscopy and histopathological
examinations). Once the examinations had been finished,
the animal remains were transferred to a specialist company
for disposal.

Description of biological changes based on the
histopathological examination of the investigated tissues

The examination of histopathological changes in tissues
extracted from laboratory animals (FIG. 18) was performed
at Microscopic Examination Laboratory “DIAGNO-MED” in
Siemianowice Slaskie. The histopathological examinations
were performed on tissues of all the examined rabbits using
the same laboratory procedure.

The extracted tissue fragments were preserved in
a standard way in a 10% formalin buffered solution. The
segments were extracted from the cement implantation area.
Soft tissues from the vicinity of the implant area were excised
first. Bone elements were cut through with a fretsaw in the
middle of the implant length; a half of the implant was left for
further tests. The extracted bone fragments were subjected
to decalcification in the Decalci-
fier 1l preparation produced by
the Surgipeth company (EDTA +
Hydrochloric acid). The process
lasted from 48 to 72 hours. After
decalcification, the bone prepara-
tions and soft tissues underwent
further processing in a Leica
tissue processor, ASP300. After
processing the extracted tissues
were submerged in paraffin
blocks and next, cut on a rotary
microtome produced by Leica.
The obtained preparations were
dyed with haematoxylin and
eosin in a standard manner and

Swietlnym. Opis preparatéw
histologicznych przeprowadzo-
no, dzielgc je na dwie grupy:
tkanki miekkie i tkanke kostng
(RYS. 19-22) [26].

RYS. 18. Kos¢ udowa krolika z wszczepionym ce-
mentem modyfikowanym weglem szklistym [26].
FIG. 18. The rabbit femur with implanted cement
modified with glassy carbon [26].

were evaluated, after covering, in
a light microscope. Histological
preparations were described by
dividing them into two groups:
soft tissues and bones tissue
(FIGs. 19-22) [26].
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RYS. 19. Fragmenty mig$ni oraz mtodej tkanki tacz-
nej bez wyraznego nacieku zapalnego (wioknienie).
Drobne skupiska cementu otoczone sg drobnymi
pasmami tkanki tacznej bez odczynu zapalnego.
Ponadto w tkance tacznej widoczne sa drobne
ogniska witéknienia. Implantacja cementu mody-
fikowanego, okres obserwacji 3 miesigce [26].
FIG. 19. Portions of the muscle and young connec-
tive tissue without apparent inflammatory reaction
(fibrosis). Small clumps of cement surrounded
by small bands of connective tissue without
inflammatory reaction. In addition, the connective
tissue visible are a minor outbreak of fibrosis. Im-
plantation of cement modified, observation period
3 months [26].

RYS. 21. Fragment miesni i tkanki tacznej bez
zmian mikroskopowych. Implantacja cementu mo-
dyfikowanego, okres obserwaciji 6 miesiecy [26].
FIG. 21. A piece of muscle and connective tissue
microscopic unchanged. Implantation of cement
modified, observation period 6 months [26].

Ze wzgledu na podobienstwo struktury kostnej do tkanki
kostnej organizmu cztowieka do eksperymentu uzyto kosci
udowe krolikdw (rasy biaty nowozelandzki). Pomimo réznic,
takich jak wielkos¢ makroskopowa, inny rodzaj unaczynie-
nia, szybszy metabolizm, zgodnie z literaturg zmiany struk-
tury i funkcji kosci krolika pod wptywem réznych czynnikow
mozna z pewnym przyblizeniem interpolowa¢ na warunki
zachodzgce w organizmie cztowieka [39].

RYS. 20. Fragment kosci i szpiku z widocznymi
bezpostaciowymi fragmentami “cementu” (wra-
zenie jakby kos¢ otoczyla cement). Implantacja
cementu modyfikowanego, okres obserwacji
3 miesiace [26].

FIG. 20. A piece of bone and bone marrow with
fragments of cement (feeling as if a surround of
bone cement). Implantation of cement modified,
observation period 3 months [26].

RYS. 22. Fragmenty kosci zbitej z drobnymi ogni-
skami barwnika (cementu) na brzegach jednego
z wycinkow bez wyraznych zmian mikroskopo-
wych. Implantacja cementu modyfikowanego,
okres obserwacji 6 miesiecy [26].

FIG. 22. Bone fragments packed with minor
outbreaks of dye (cement) on the banks of one
of the slices without clear microscopic changes.
Implantation of cement modified, observation
period 6 months [26].

Femoral bones of New Zealand white rabbits were used
in the experiment because of the similarity of their structure
to human bone tissue. In spite of differences, such as the
macroscopic size, different vascularisation type and faster
metabolism, according to the literature changes in the rabbit
bone structure and functions under the influence of various
factors can be, with certain approximation, interpolated into
conditions in human organisms [39].
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Szczegolnie waznym, odkrytym i opisanym w 1950

® ® ® @ ® ® ® roku przez szwedzkiego badacza prof. Branemarka [40],

jest zjawisko osteointegracji, definiowane jako strukturalne
i funkcjonalne potgczenie pomigedzy zywg tkankg kostng
a powierzchnig implantu. Zastosowanie dodatku wegla
szklistego celem modyfikacji wtasciwosci mechanicznych
cementu chirurgicznego jest waznym kierunkiem badan nad
polepszeniem jego funkcji, w tym osteointegracji. Opisywane
w pismiennictwie badania nad zastosowaniem materiatow
weglowych konczyty sie wynikami potwierdzajgcymi pozy-
tywny wptyw na poprawienie jego wiasciwosci. Stosowane
dodatki weglowe (wegiel szklisty, wtokna weglowe) po-
lepszajg osteointegracje uzytych wszczepoéw [20,41,42].
Reakcje tkankowe na wszczepy zawierajgce wegiel szklisty
nawet po roku od ich implantacji do tkanki kostnej krolika,
w ocenie pod mikroskopem swietinym, byty znikome [43].
Swiadczy to o tym, ze materiat ten moze by¢ sktadnikiem
wszczepow, ktorych zadaniem jest diugotrwate petnienie
funkcji w organizmie. Zastosowanie wegla szklistego jako
wszczepu do tkanek migkkich (oczodotu) takze nie wywotuje
miejscowej reakcji tkankowej w badaniu histopatologicznym
probek zwierzgcych, ale co wazne, nie wptywa na parametry
krwi [44].

Wiasciwosci wegla szklistego okazaty sie na tyle przy-
datne, ze wykorzystuje sie go do pokrywania powierzchni
najnowszych wszczepow dentystycznych — Trabecular
Metal- Dental Implants, ktore imitujg strukture i wtasciwosci
kosci ggbczastej [42].

Wyniki badan mikroskopowych preparatéw histopato-
logicznych przeprowadzonych w mikroskopie $wietlnym
nie wykazaty cech swiadczgcych o zwiekszonym nasileniu
proceséw patologicznych (niewielkie odczyny zapalne opi-
sywane sg takze w literaturze [20]). Zaréwno w preparatach
tkanek miekkich, jaki i w tkance kostnej obu grup badanych
oraz grupy kontrolnej zaobserwowano podobne obrazy
histologiczne. Roéznice dotyczyly jedynie wystepowania
barwnika pochodzacego z implantowanego wegla szklistego
w grupach | i lll. W kazdej z badanych grup (doswiadczal-
nych i kontrolnej) stwierdzono wystepowanie tkanki kostnej
ze zwiekszong iloscig i pogrubieniem beleczek kostnych,
charakterystycznych dla proceséw gojenia sie.

Badania mikroskopowe preparatow tkanki kostnej z wszcze-
pionym cementem modyfikowanym weglem szklistym

Z pobranych kosci udowych krélikéw wycigto probki kosci
z cementem do badan mikroskopowych. Prébki suszono,
a nastepnie napylano ztotem.

Badania prowadzono przy pomocy mikroskopu elektro-
nowego skaningowego HITACHI S-4200 (z emisjg polowa),
stosujac napiecie przyspieszajgce 15 kV.

Dokonywano obserwacji obrazéw preparatéw na grani-
cy kos¢-cement po 3 oraz po 6 miesigcach od implantaciji
modyfikowanego weglem szklistym cementu do organizmu
krélika.

Wykorzystujgc system EDS (spektroskopii promieniowa-
nia rentgenowskiego z dyspersjg energii) firmy Noran (Sy-
stem Six), zbadano rozmieszczenie pierwiastkéw C, P, Ca
na powierzchni przekrojéw preparatéw [26].

Obrazy mikroskopowe powierzchni granicy miedzyfazo-
wej pomiedzy koscig a cementem modyfikowanym weglem
szklistym po 3 i 6 miesigcach od implantacji modyfikowane-
go cementu wykazaty przemieszczanie sig czgstek wegla do
kosci lub wrastanie tkanki kostnej do poréw wegla (szeroka
strefa granicy miedzyfazowej), co pokazano na RYS. 23-25
[26,45].

Swiadczy to o korzystnym oddzialywaniu domieszki
wegla w cemencie na jego wiasciwosci biologiczne.

The osseointegration phenomenon, which was discov-
ered and described in 1950 by a Swedish researcher, profes-
sor Branemark [40], is particularly important. It is defined as
a structural and functional connection between a live bone
tissue and the surface of an implant. The use of a glassy
carbon additive in order to modify mechanical properties of
surgical cement is an important direction of research into
the improvement of its functions, including osseointegration.
Research into the application of carbon materials which are
described in the literature ended in results confirming the
positive improvement of its properties. Carbon additives
used (glassy carbon, carbon fibres) enhance osseointe-
gration of applied implants [20,41,42]. Tissue reactions to
implants which contain glassy carbon even after a year from
their implantation into the rabbit bone tissue were minor
when evaluated under a light microscope [43]. This shows
that this material may be used as a component of implants
intended for long-term functioning in an organism. The use of
glassy carbon as an implant in soft tissues (the eye socket)
does not cause a local tissue reaction in a histopathological
examination of animal specimens either, but, importantly,
it does not affect blood parameters [44].

Glassy carbon properties proved to be so useful that it is
used to cover surfaces of the newest dental implants (Tra-
becular Metal-Dental Implants), which imitate the structure
and properties of the spongy bone [42].

The results of microscopic examinations of histopatho-
logical preparations on a light microscope did not reveal
any properties that indicate an increased severity of patho-
logical processes (minor inflammatory reactions are also
described in the literature [20]). Similar histological images
were observed in soft tissue preparations and in the bone
tissue of both the examined groups and the control group.
The only differences concerned the presence of a dye from
the implanted glassy carbon in groups | and lll. The presence
of bone tissue with an increased quantity and thickening of
bone trabeculae, which are characteristic for wound heal-
ing processes, was found in each of the examined groups
(the control and experimental ones).

Microscopic examination of bone tissue specimens with
implemented cement modified with glassy carbon

Specimens of bone with cement were excised for micro-
scopic examination from the extracted rabbit femoral bones.
The specimens were dried and sputtered with gold.

The examination was performed on a HITACHI S-4200
scanning electron microscope (with field emission) using an
accelerating voltage of 15 kV.

Images of the specimens were observed on the bone-
cement boundary after 3 and 6 months from implantation
of cement modified with glassy carbon into the rabbit or-
ganism.

The arrangement of C, P and Ca elements on the surface
of specimen sections was examined using a Noran EDS
(energy-dispersive X-ray spectroscopy) System Six [26].

Microscopic images of the surface of the interphase
boundary between the bone and cement modified with
glassy carbon after 3 and 6 months from the implantation
of the modified cement indicated a movement of carbon
particles into the bone or a growth of the bone tissue into
carbon pores (a broad interphase boundary area), as shown
in FIGs. 23-25 [26,45].

This testifies to the advantageous influence of a carbon
additive in cement on its biological properties.
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RYS. 23. Obraz mikroskopowy powierzchni granicy
miedzyfazowej pomiedzy koscig a cementem mo-
dyfikowanym weglem szklistym po 3 miesigcach
od implantacji modyfikowanego cementu [26].
FIG. 23. Scanning electron microscopy photo-
graphs of the boundary between bone and cement
modified with glassy carbon after 3 months being
in organism rabbit [26].

RYS. 24. Obraz mikroskopowy powierzchni granicy
miedzyfazowej pomiedzy koscig a cementem mo-
dyfikowanym weglem szklistym po 6 miesigcach
od implantacji modyfikowanego cementu [26].
FIG. 24. Scanning electron microscopy photo-
graphs of the boundary between bone and cement
modified with glassy carbon after 6 months being
in organism rabbit [26].
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RYS. 25. Rozmieszczenie pierwiastkow
C, P, Ca na powierzchni przekrojéw pre-
paratow kosci z cementem modyfikowa-
nym weglem szklistym po 6 miesigcach od
implantacji modyfikowanego cementu [26].
FIG. 25. The location of elements: C, P,
Ca on the surface of the cross sections
of bone with cement modified with glassy
carbon after 6 months being in organism
rabbit [26].
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Whioski

1. Do oceny trwatosci cementu kostnego stosowanego
do mocowania endoprotez stawoéw mozna wykorzystaé
metode badan zmeczenia niskocyklowego ze wzgledu
na zmeczeniowy charakter oddziatywan w tym materiale
podczas ruchu cztowieka. W warunkach obcigzenia zme-
czeniowego niskocyklowego cement na osnowie PMMA
modyfikowany domieszkg wegla szklistego wykazywat
mniejszg predkos¢ cyklicznego petzania w poréwnaniu do
cementu bez domieszki.

Z medycznego punktu widzenia oczekuje sie zatem
zwiekszenia trwatosci mocowania endoprotezy stawu
biodrowego, gdyz mniejsze odksztatcenia cementu w pro-
cesie pefzania wigzg sie z mniejszym osiadaniem trzpienia
protezy.

2. Cement modyfikowany weglem szklistym po starze-
niu w srodowisku roztworu Ringera oraz po naswietlaniu
promieniami RTG zachowat w wiekszym stopniu swe wias-
ciwosci lepkosprezyste niz cement bez domieszki. Zatem
domieszka wegla szklistego ograniczyta postep procesu
starzenia cementu chirurgicznego.

3. Obrazy mikroskopowe powierzchni granicy miedzy-
fazowej pomiedzy koscig a cementem modyfikowanym
weglem szklistym po 3 i 6 miesigcach od implantacji mody-
fikowanego cementu wykazaty przemieszczanie sie czgstek
wegla do kosci lub wrastanie tkanki kostnej do porow wegla
(szeroka strefa granicy miedzyfazowej). Swiadczy to o ko-
rzystnym oddziatywaniu domieszki wegla w cemencie na
jego wiasciwosci biologiczne.

4. Wyniki badan mikroskopowych preparatow histolo-
gicznych pobranych z krélikéw doswiadczalnych, ktérym
zaimplantowano zmodyfikowany weglem cement nie
wykazaty cech swiadczgcych o nasileniu proceséw pato-
logicznych. Zaréwno w preparatach tkanek miekkich, jak
i w tkance kostnej obu grup badanych oraz grupy kontrolnej
zaobserwowano podobne obrazy histologiczne. W kazdej
z badanych grup (doswiadczalnych i kontrolnej) stwier-
dzono wystepowanie tkanki kostnej ze zwiekszong iloscig
i pogrubieniem beleczek kostnych, charakterystycznych dla
proceséw gojenia sie.

5. Modyfikacja fizyczna cementu kostnego poprzez zasto-
sowanie domieszki wegla szklistego powoduje obnizenie
maksymalnej temperatury polimeryzacji. Domieszka wegla
szklistego skraca jednak czas utwardzania sie modyfi-
kowanego cementu kostnego. Oznacza to koniecznos$¢
zwiekszenia szybkosci wprowadzania cementu kostnego
do kanatu kosci udowej podczas zabiegu implantacji stawu
biodrowego.

Podziekowania

Badania byty wykonane zgodnie z projektem badawczym
finansowanym przez Ministra Nauki i Szkolnictwa Wyzszego
Nr N N518 383837.

Conclusions

1. The low-cycle fatigue examination method can be ap-
plied to evaluate the durability of bone cement used for fixing
joint endoprostheses because of the fatigue-like nature of
the interactions in that material during a person’s movement.
Under low-cycle fatigue conditions the PMMA-based cement
modified with a glassy carbon additive showed a lower cyclic
creep rate compared to cement with no additive.

Therefore, enhanced durability of the hip joint endopros-
thesis fixation is expected from the medical point of view,
since smaller deformations of cement during the creep pro-
cess mean reduced subsidence of the endoprosthesis stem.

2. After ageing in Ringer’s solution and X-ray exposure
the cement modified with glassy carbon retained its viscoe-
lastic properties to a larger degree than the cement with no
additive. Therefore, the glassy carbon additive limited the
progress of the ageing process of surgical cement.

3. Microscopic images of the surface of the interphase
boundary between the bone and the cement modified with
glassy carbon after 3 and 6 months from the implantation of
the modified cement indicated dislocation of carbon particles
into the bone or a growth of the bone tissue into carbon pores
(a broad interphase boundary area). This demonstrates the
advantageous influence of a carbon additive in cement on
its biological properties.

4. The results of microscopic examinations of histologi-
cal specimens extracted from laboratory rabbits implanted
with cement modified with glassy carbon did not reveal any
properties which would indicate increased intensity of patho-
logical processes. Similar histological images were observed
in both the soft tissue preparations and in the bone tissue of
the examined groups, as well as in the control group. The
presence of bone tissue with an increased quantity and
thickening of bone trabeculae, which are characteristic for
wound healing processes, was found in each of the exam-
ined groups (the control and experimental ones).

5. A physical modification of bone cement by using
a glassy carbon additive caused a decrease in the maximum
polymerization temperature. However, a glassy carbon
additive shortens the curing time of the modified bone ce-
ment. This means that it is necessary to increase the speed
at which bone cement is inserted into the femoral bone
channel during the hip joint implantation procedure.
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Streszczenie

Poniewaz znane jest dziatanie bakteriobdjcze
Srebra i ztota, podjeto probe wytworzenia nowej grupy
biomateriatow bakteriobdjczych do stosowania w sto-
matologii odtworczej, zawierajgcych czgstki nanosre-
bra i nanoztota. Celem opisanych badan byta ocena
cytotoksycznosci i aktywno$ci przeciwbakteryjnej
nowo wytworzonych biomateriatow. Do ich przygoto-
wania zastosowano roztwory koloidalne srebra i zfota,
a takze dodatek bioszkiet zawierajgcych nanosrebro.
Badania oparto na cemencie szkto-jonomerowym
zarabianym wodg. Jako bioszkiet zawierajgcych na-
nosrebro uzyto dwoch rodzajow szkiet otrzymanych
metodg zol-zel.

Przeprowadzono badania podstawowych wta$ci-
woSci uzytkowych wytworzonych cementow — czasu
wigzania i wytrzymatosci na Sciskanie. Badania
cytotoksyczno$ci wykonano metodg bezposredniego
kontaktu zgodnie z normg ISO 10993-5. Badanie dzia-
tania przeciwbakteryjnego przeprowadzono metodg
rozcienczen z wykorzystaniem bakterii Pseudomonas
aeruginosa oraz Staphylococcus aureus.

Wyniki powyzszych prac wykazaty, ze zastosowa-
na metoda dotowania srebrem lub ztotem cementow
Sszkto-jonomerowych zarabianych wodg pozwala na
otrzymanie materiatow wykazujgcych dziatanie prze-
ciwbakteryjne w stosunku do pateczki ropy btekitnej
Pseudomonas aeruginosa oraz gronkowca ztocistego
Staphylococcus aureus. Wsrod cementdow najlepszymi
wtasciwosSciami przeciwbakteryjnymi charakteryzowa-
ty sie cementy GJ-S2/W-P0-Ag i GJ-S2/W-Ag, nieco
gorsze dziatanie przeciwbakteryjne wykazywaty mate-
riaty GJ-S2/W-Z8 i GJ-S2/W-Au, a najstabsze - cement
GJ-S2/W. Poniewaz badane materiaty wykazywaty
cytotoksyczno$c w stopniu stabym lub umiarkowanym
po 4872 godzinach inkubacji, dlatego w dalszych ba-
daniach nalezy wyjasnic przyczyny cytotoksyczno$ci
tych materiatow.

Chociaz otrzymane materiaty wymagajg udosko-
nalenia i optymalizacji, szczegolnie w zakresie przy-
gotowania proszkow szkiet ze srebrem | wtasciwosci
uzytkowych cementow, to otrzymane wyniki zachecajg
do prowadzenia dalszych prac nad materiatami stoma-
tologicznymi o dziataniu przeciwbakteryjnym.

Stowa kluczowe: biomateriaty, cementy stomatolo-
giczne, cytotoksyczno$c, bakteriobdjczos¢

[Inzynieria Biomateriatéw 131 (2015) 32-39]
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Abstract

Since the bactericidal effect of silver and gold is
known, an attempt has been made to produce a new
group of bactericidal biomaterials for use in restorative
dentistry, containing nanoparticles of silver and gold.
The aim of this research was to evaluate the cyto-
toxicity and antibacterial activity of newly produced
biomaterials. Colloidal solutions of silver and gold, as
well as the addition of nanosilver-containing bioglass
were used for the preparation of these materials.
The study was based on water-mixable glass-ionomer
cement. Two types of glass, obtained by sol-gel
method were used as nanosilver-containing bioglass.

The basic performance properties of produced
cements - setting time and compressive strength -
were studied. Cytotoxicity assays were performed
by a direct contact method, in accordance with ISO
10993-5 standard. The test of antimicrobial activity
was performed using a dilution method, with Pseu-
domonas aeruginosa and Staphylococcus aureus.

The results of the above work have shown that
the method used to supplement water-mixable glass-
-ionomer cements with silver or gold allows to obtain
materials with antibacterial properties against Pseudo-
monas aeruginosa and Staphylococcus aureus. Also,
the addition of nanosilver and nanogold to cement did
not cause significant changes in the level of cytotoxi-
city relative to the basic cement.

The resulting materials, however, require improve-
ment and optimization, particularly regarding the pre-
paration of glass powders with silver and performance
of cements. The obtained results encourage the further
study of dental materials with antibacterial properties.

Keywords: biomaterials, dental cements, cytotoxicity,
bactericidal

[Engineering of Biomaterials 131 (2015) 32-39]
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Wprowadzenie

Cementy szkito-jonomerowe sg powszechnie stosowa-
ne w stomatologii zachowawczej i protetyce. Cechujg sie
wysokg wytrzymatoscig mechaniczng, wysokg adhezjg do
szkliwa i zebiny, nie wykazujg skurczu podczas wigzania,
nie podlegajg erozji w roztworze kwasu mlekowego ani
w wodzie oraz uwalniajg fluor w dtugim okresie czasu, przez
co hamujg rozwdj prochnicy wtérnej. W trakcie twardnienia
nastepuje ich chemiczne wigzanie z hydroksyapatytem za-
wartym w tkankach zebowych, co gwarantuje dtugotrwato$¢
i szczelno$¢ wypetnienia [1]. Cementy szkito-jonomerowe
wykazujg takze termiczng zgodnosc¢ ze szkliwem i zebing,
poniewaz posiadajg niski wspotczynnik rozszerzalnosci
termicznej zblizony do tkanek zeba. Powaznym problemem
w stomatologii sg choroby przyzebia. Jednym ze sposobow
przeciwdziatania rozwojowi bakterii zawartych w ptytce na-
zebnej moze byc¢ stosowanie do wypetniania ubytkéw mate-
riatdw, ktdre bedg posiadaty diugotrwatg zdolnos¢ biobdjcza.

Dziatanie przeciwbakteryjne srebra znane byto juz od
wielu stuleci. Do dzisiaj zostato wyjasnione i udokumentowa-
ne wiele aspektéw i mechanizméw oddziatywania srebra na
mikroorganizmy. W literaturze mozna znalez¢ wiele wynikéw
badan potwierdzajgcych to, ze srebro niszczy liczne rodzaje
bakterii, grzybow i plesni [2-5]. Terapia jonami srebra jest
skuteczna w walce z takimi szczepami bakterii jak: pateczki
duru brzusznego, gronkowca ztocistego, gonokoki czyli
dwoinki Neissera, dwoinki zapalenia ptuc czy paciorkow-
cow. Szerokie spektrum wiasciwosci antybakteryjnych jest
szczegolnie istotne przy kolonizacji florg mieszanag, ktéra
czesto jest zwigzana z wszczepianiem biomateriatéw [6].
Mechanizm leczniczego dziatania jonéw srebra polega na
tym, ze oddziatujg one na btone komdrkowg mikrobow,
uszkadzajg ich RNA i DNA, co uniemozliwia odtwarzanie
sie czgsteczki DNA. Ponadto jony srebra blokujg enzymy,
ktére sg pomocne w namnazaniu drobnoustrojow. Nato-
miast beztlenowe bakterie i wirusy sg niszczone przez
utlenianie [2]. Organizmy chorobotworcze nie sg zdolne
do uodpornienia na jony srebra, dzieki czemu moze ono
wykazywac niezmienng skutecznos¢ przez wiele lat. Nawet
jesli mechanizm niszczenia bakterii przez srebro nie zostat
jeszcze do konca zaproponowany, to badania empiryczne
ponad wszelkg watpliwos¢ wykazaty przydatnos¢ srebra
do niszczenia drobnoustrojow. Znane sg doniesienia lite-
raturowe opisujgce takze inne dziatanie srebra, takie jak:
silna stymulacja proceséw gojenia skory i innych tkanek
miekkich, pobudzanie komoérek kosciotworczych, a takze
leczenie najbardziej ucigzliwych stanéw zapalnych [6-8].

Od lat 70. XX wieku badano dziatanie przeciwbakteryjne
makroczgstek srebra. Okazato sie, ze dziatanie biobojcze
byto skuteczne, lecz technologia produkcji zbyt droga.
Dopiero dzieki opanowaniu sposobow otrzymywania sre-
bra w postaci nanoczasteczek (nanosrebra) mozna byto
uzyskac wspaniate relacje ceny do efektywnosci biobojczej
i stosowac nanosrebro na skale masowg, tym bardziej ze
jest to produkt ekologicznie czysty i bezpieczny dla otocze-
nia. Dodatkowo rozdrobnione nanoczgsteczki majg ogromne
rozwiniecie powierzchni czynnej, co bardzo podnosi poten-
cjat biobdjczy. Juz stezenia roztworéow 1+200 ppm sg sku-
teczne w codziennym uzytku. Obecnie w medycynie niekon-
wencjonalnej srebro koloidalne jest uzywane jako doustne
lekarstwo na rézne dolegliwosci, przede wszystkim z uwagi
na jego wtasciwosci przeciwbakteryjne i grzybobojcze. Z pis-
miennictwa wynika, ze wtasciwos$ci przeciwbakteryjne nano-
czgstek Ag lub Au zalezg nie tylko od stezenia nanoczgstek
w materiale, ale rowniez od ich wielkosci i ksztattu [9,10].

Introduction

Glass-ionomer cements are widely used in conservative
dentistry and prosthodontics. They are characterized by high
mechanical strength, high adhesion to enamel and dentin,
they do not show shrinkage during setting, do not erode in
a solution of lactic acid or water and release fluoride over
a long period of time, thereby hindering the development
of caries. During the hardening process, the cements bind
chemically to hydroxyapatite, present in dental tissues,
which guarantees the durability and tightness of the filling [1].
Glass-ionomer cements also exhibit thermal compatibility
with the enamel and dentin, because they have a low co-
efficient of thermal expansion, similar to the tooth tissue.
A major problem in dentistry is periodontal diseases. One
of the ways to prevent the development of dental plaque
bacteria may be filling the cavities with materials having
a long-term biocidal capacity.

The antibacterial activity of silver has been known for
many centuries. To this day, many aspects and mecha-
nisms of action of silver on microorganisms has been
explained and documented. There are numerous reports
in the literature, confirming that silver destroys many kinds
of bacteria, fungi and moulds [2-5]. Silver ion therapy is
effective in the fight against bacterial strains such as typhoid
bacillus, Staphylococcus aureus, diplococci (Neisseria
meningitidis, Neisseria gonorrhea, Diplococcus pneumoniae
or Streptococcus pneumoniae). The broad spectrum
of antibacterial properties is particularly important in the case
of mixed bacterial flora colonization, which is often associ-
ated with the implantation of biomaterials [6]. The therapeutic
mechanism of silver ions action is based on their interac-
tion with microbial cell membrane, and damaging DNA and
RNA, thus preventing DNA replication. Moreover, silver ions
block the enzymes that are helpful during microbial growth.
In contrast, anaerobic bacteria and viruses are destroyed
by oxidation [2]. Silver resistance is not widespread among
pathogens, for this reason, silver has constant effectiveness
for many years. Even though the detailed mechanism of
antibacterial action of silver is not yet fully accepted, the
empirical studies have demonstrated beyond doubt the
usefulness of silver for the destruction of microorganisms.
There are also reports in the literature describing other
effects of silver, such as a strong stimulation of the skin
healing processes and other soft tissues, stimulation of
osteoblasts, and healing of the acute inflammations [6-8].

Since 1970s the antibacterial properties of silver micro-
particles have been tested. It turned out, that the biocidal
activity was effective, but the technology was too expensive.
Only through the development of methods for the prepa-
ration of silver nanoparticles (nanosilver), a satisfactory
relationship between the price and biocidal efficiency could
have been established, allowing the use of nanosilver on
a mass scale, especially since the product is ecologically
clean and safe for the environment. In addition, the active
surface of dispersed nanoparticles is significantly increased,
which greatly enhances the biocidal potential. Solutions with
a concentration of 1+200 ppm are already effective in daily
use. Currently, colloidal silver is used in alternative medicine
as an oral remedy for various ailments, mainly because of its
antibacterial and antifungal properties. The literature reports
show that the antimicrobial properties of Ag or Au nanoparti-
cles depend not only on the concentration of nanoparticles
in a given material, but also on their size and shape [9,10].
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Niektorzy autorzy uwazajg, ze nanoczastki srebra czy ztota
charakteryzujg sie pewnymi wiasciwosciami katalityczny-
mi w niskich stezeniach, co moze nawet utatwia¢ wzrost
bakterii [11].

Ztoto, podobnie jak srebro, miedz i cynk rowniez cechuje
sie zdolnosciami biobdjczymi i przeciwgrzybicznymi. W sto-
matologii roztwory koloidalne srebra i ztota sg stosowane do
ptukania kanatéw korzeniowych w leczeniu endodontycznym.

Istotnym problemem w stomatologii sg choroby przy-
zebia prowadzace w okresie pozniejszym do tworzenia
kieszonek, recesji dzigsta i utraty kosci. Podstawowym
czynnikiem etiologicznym wiekszosci tych chorob sag
bakterie pochodzgce z plytki nazgbnej. W zaleznosci od
zaawansowania choroby postepuje sie w réznoraki sposoéb.
W periodontologii zasadniczym celem terapeutycznym jest
opanowanie infekcji bakteryjnej przez dazenie do obnizenia
poziomu mikroorganizmow poprzez mechaniczne usunigcie
ptytki nazegbnej. W agresywnej postaci choroby przyzebia
stosuje sie postepowanie dodatkowe w postaci antybioty-
koterapii ogodlnej lub miejscowej. Natomiast w najbardziej
zaawansowanej chorobie przyzebia oprocz zlikwidowania
przyczyny bakteryjnej zachodzi koniecznos¢ regeneracii
tkanek kostnych wokét zgba gtéwnie przy zastosowaniu
metod chirurgicznych. Dlatego waznym aspektem rozwig-
zywania problemow periodontologicznych jest dziatanie
profilaktyczne, a jednym ze sposobdéw dziatania moze by¢
stosowanie w stomatologii zachowawczej materiatow, ktore
bedg posiadaty dtugotrwatg zdolnos¢ bakteriobojcza.

Stad celem prowadzonych badan byto przygotowanie
cementow szkio-jonomerowych poprzez zarobienie roz-
tworami koloidalnymi srebra i ztota lub przez dodanie do
cementu proszku bioszkta zawierajgcego nanosrebro oraz
ocena ich aktywnosci przeciwbakteryjnej w poréwnaniu
z cementami zarobionymi woda.

Materialy i metody

Badanie oparto na cemencie szkto-jonomerowym zara-
bianym wodg o symbolu GJ-S2/W (nr 8). Cement stanowi
jednorodng mieszanine proszkow: szkta strontowobarowo-
glinokrzemianowego, poli(kwasu akrylowego), kwasu wino-
wego i pigmentdw barwigcych. Jako bioszkiet zawierajgcych
nanosrebro uzyto dwoch rodzajow szkiet otrzymanych
metodg zol-zel o symbolach: PO-Ag i Z8. Zawartosc¢ srebra
w bioszktach wynosita odpowiednio: 1% i 3,5%. Sposéb
przygotowania proszku cementu zostat opisany w pracy [12],
a bioszkiet ze srebrem w [5,13].

Przygotowano dwa rodzaje cementéw zawierajacych
srebro i ztoto: zarabiane roztworami koloidalnymi i z dodat-
kiem bioszkiet z nanosrebrem. Do przygotowania cemen-
téw zarabianych roztworami koloidalnymi (GJ-S2/W-Ag
i GJ-S2/W-Au), uzyto roztworow koloidalnych niejonowego
srebra (stezenie 250 ppm, nr serii 2012.09.24A) i niejo-
nowego ziota (stezenie 200 ppm, nr serii 2013.05.06A)
wyprodukowanych przez firme Nano-Koloid Sp. z o. o.
(www.nanogrp.com). Cementy z dodatkiem bioszkiet ze
srebrem powstaty przez dodatek proszkéw bioszkiet ze
srebrem do proszku podstawowego w proporcji 2000:1
i zarobieniu ich wodg (GJ-S2/W-P0 i GJ-S2/W-Z8). Jako
probke odniesienia przygotowano podstawowy cement
zarabiany wodg destylowang (GJ-S2/W). Zaréwno cement
GJ-S2/W jak i proszki bioszkiet ze srebrem PO-Ag i Z8
zostaty opracowane i wytworzonego w Instytucie Ceramiki
i Materiatéw Budowlanych w Warszawie.

Some authors consider that the silver or gold nanoparticles
have certain catalytic properties at low concentrations, which
may even facilitate the growth of bacteria [11].

Gold, like silver, copper and zinc also has the biocidal
and antifungal properties. In dentistry, colloidal solutions
of silver and gold are used to wash the root canal during
endodontic treatment.

Periodontal diseases constitute a significant problem
in dentistry, leading subsequently to formation of pockets,
gum recession and bone loss. Main etiological factor in
majority of these diseases are bacteria from dental plaque.
Therapeutic strategies vary depending on the severity of the
disease. A primary therapeutic target in periodontics is the
minimization of bacterial infection by reducing the number of
microorganisms through the mechanical removal of plaque
microflora. In an aggressive form of periodontal disease,
additional procedures are used in the form of general or lo-
cal antibiotic therapy. However, during the most advanced
stages of periodontal disease, in addition to elimination of
the bacterial culprit, it is necessary to regenerate bone tissue
around the tooth, mainly using surgical methods. There-
fore, an important aspect of problem solving is periodontal
prophylactic, and one of the courses of action may be the
use of materials with long-lasting bactericidal capacity in
conservative dentistry.

Hence, the purpose of the study was to prepare the
glass-ionomer cements by mixing it with colloidal solutions of
silver and gold, or by adding a nanosilver-containing bioglass
powder to the cement, and evaluation of their antimicrobial
activity compared with cements mixed with water.

Materials and Methods

The study was based on water-mixable glass-ionomer
cement GJ-S2/W (nr 8). Cement is a homogeneous mix-
ture of powders: strontium-barium-aluminosilicate glass,
polyacrylic acid, tartaric acid and the coloring pigment. Two
types of glass (symbols: PO-Ag and Z8), obtained by a sol-
gel method, were used as a nanosilver-containing bioglass.
The concentration of silver in bioglass was 1% and 3.5%,
respectively. A method of preparing the cement powder has
been described in [12], and bioglass with silver in [5,13].

Two types of cements containing silver and gold were
prepared: mixed with colloidal solutions and with the addi-
tion of nanosilver-containing bioglass. Colloidal solutions
of non-ionic silver (concentration 250 ppm, batch no.
2012.09.24A) and non-ionic gold (200 ppm concentration,
batch no. 2013.05.06A) produced by Nano-Koloid Sp. zo. o.
(www.nanogrp.com) were used to prepare cements mixed
with colloidal solutions (GJ-S2/W-Ag and GJ-S2/W-Au).
Cements with the addition of nanosilver-containing bioglass
were prepared by the addition of nanosilver-containing bio-
glass powder to the base powder in a ratio of 2000:1 and
mixing with water (GJ-S2/W-P0O and GJ-S2/W-Z8). Basic
cement mixed with distilled water (GJ-S2/W) was prepared
as a reference sample. Both the GJ-S2/W cement and the
nanosilver-containing bioglass powder, P0-Ag and Z8, have
been developed and prepared at the Institute of Ceramics
and Building Materials in Warsaw.

Each cement sample was prepared in the same manner.
A weighed quantity of powder, divided into two equal parts,
and the appropriate amount of the mixing liquid were placed
on a glass plate. The weight ratio of powder to liquid was
2.7:0.4. Half of the powder was added to the total amount
of liquid and mixed for 10 seconds. Then the remaining
powder was added and mixed for the next 10 seconds, until
a homogeneous mass was obtained. All test samples were
formed from cement prepared according to this method.
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Kazdg probke cementu przygotowano w taki sam sposoéb.
Na ptytce szklanej umieszczono odwazong ilos¢ proszku
podzielong na dwie rowne czesci oraz odpowiednig ilos¢é
ptynu do zarabiania. Stosunek wagowy proszku do ptynu
wynosit 2,7:0,4. Do catej ilosci ptynu wprowadzono potowe
proszku i mieszano przez 10 sekund. Nastepnie dodano
pozostaty proszek i mieszano do uzyskania jednolitej masy
przez nastepne 10 sekund. Z tak przygotowanego cementu
formowano wszystkie probki do badan.

Czas wigzania cementow okres$lano w temperaturze
37°C przy pomocy penetrometru o masie 400 g + 5 g
zakohczonego igtg z ptaskg koncowkg o srednicy 1 mm.
Po napetnieniu formy materiatem w stanie plastycznym
przeprowadzano badanie poprzez opuszczanie koncowki
penetrometru pionowo na jego powierzchnie i pozostawienie
jej przez 5 s. Igte penetrometru opuszczano w odstepach
dziesieciosekundowych, az do momentu, gdy igta przestata
pozostawia¢ w materiale koliste wgtebienia widoczne przy
dwukrotnym powiekszeniu. Za czas wigzania przyjeto czas
jaki uptynat od korica mieszania do momentu, gdy igta nie
pozostawia kolistych sladéw na powierzchni cementu.

Oznaczono wartosci wytrzymatosci na Sciskanie opraco-
wanych cementow, gdyz parametr ten okresla odpornosc¢
materiatdow stosowanych do odbudowy twardych tkanek
zeba na dziatanie pionowych sit podczas czynnos$ci zucia.
Dla kazdego cementu przygotowano po 6 probek w ksztatcie
walcow. Zaraz po zakonczeniu mieszania, badanymi cemen-
tami wypetniano formy ze stali nierdzewnej, aby otrzymac
prébki o srednicy 4 mm i wysokosci 6 mm. Po uptywie
1 godziny probki szlifowano, wyjmowano z form, zanurzano
w wodzie i przechowywano przez 24 godziny w cieplarce
utrzymujgcej temperature 37°C. Parametry wytrzymatos$-
ciowe otrzymanych cementéw okreslono z wykorzystaniem
maszyny wytrzymatosciowej, 0 maksymalnym obcigzeniu
10 kN i szybkosci posuwu gtowicy 0,7 mm/min. Wartosci
wytrzymatosci na Sciskanie obliczane byly przez program
komputerowy na podstawie wprowadzonych wymiaréw
probek i zmierzonego obcigzenia maksymalnego.

Badania dziatania cytotoksycznego wykonano zgodnie
z Polska Normg (PN-EN ISO 10993-5:2009). Hodowle
komorek L929 (linia komorek fibroblastopodobnych otrzy-
manych z podskoérnej tkanki ttuszczowej myszy C3H)
prowadzono w ptynie hodowlanym Eagle’a z dodatkiem
10% inaktywowanej (30 min, 56°C) surowicy cielecej oraz
100 j/ml penicyliny, 100 pg/ml streptomycyny i 2 mM/mi
L-glutaminy w temperaturze 37°C, w atmosferze 5% CO,.
Komorki pasazowano stosujgc roztwér 0,05% trypsyny
z 0,02% EDTAw PBS, o pH 7,2.

Badanie cytotoksycznego dziatania probek wykonano
metodg bezposredniego kontaktu z jednowarstwowg hodow-
lg komérek L929 po 24, 48 oraz 72 godzinach. Na ptytce
24-dotkowej firmy Nunc zaktadano hodowle komoérek L929
o gestosci 1x105/ml i inkubowano 24 h w temperaturze 37°C,
w atmosferze 5% CO,. Po tym czasie ptyn znad komoérek
usunieto, a jednowarstwowg hodowle komérek zalano 1 ml
ptynu hodowlanego z dodatkiem 2% surowicy cielece;.
Na tak przygotowang hodowle komérek natozono prébki
badanych materiatébw w postaci krgzkéw i inkubowano
w temperaturze 37°C i atmosferze 5% CO,. Przed natoze-
niem na komorki, probki materiatow naswietlono promie-
niami UV przez 45 min. Zmiany iloSciowe i morfologiczne,
pod wptywem badanych materiatéw, oceniono po 24,4872
godzinach w mikroskopie odwréconym. W celu okreslenia
ilosci martwych komorek zastosowano barwienie btekitem
trypanu. Martwe komorki wybarwione sg na granatowo,
a zywe, opalizujgce - sg bezbarwne.

The setting time of cement was determined at 37°C, us-
ing a penetrometer with a mass of 400 g+ 5 gand a 1 mm
-diameter flat tip. After filling the mold with material in a plas-
tic state, the test was performed by lowering the tip of the
penetrometer vertically on the material surface and leaving
it there for 5 seconds. The penetrometer tip was lowered
at intervals of ten seconds, until it was no longer leaving
the circular indentations in the material, visible under 2x
magnification. The setting time was the elapsed time from
the end of mixing, until the tip was no longer leaving the
circular indentations on the cement surface.

The compressive strength values of the developed ce-
ments has been established, since this parameter deter-
mines the resistance of materials used for the reconstruc-
tion of hard tissues of the tooth, against the vertical forces
exerted during chewing action. Six cylindrical samples were
prepared for each cement type. Immediately after mixing,
a stainless steel molds were filled with the tested cements
to obtain samples with a diameter of 4 mm and a height
of 6 mm. After 1 h the samples were polished, removed
from the molds, immersed in water and stored for 24 h in
an incubator set at 37°C. Strength parameters of prepared
cements were determined using a testing machine, with a
maximum load of 10 kN and the speed of head traverse of
0.7 mm/min. Compression strength values were calculated
by a computer program, based on a given sample dimen-
sions and the measured maximum load.

The cytotoxicity of biomaterials was investigated ac-
cording to Polish standard (PN-EN ISO 10993-5:2009) on
mouse fibroblasts line L929 (American Type Culture Collec-
tion Certified Cell Line-ATCC CCL1). The culture cells were
maintained in Eagle’s medium (EMEM-minimum essential
medium Eagle’a) supplemented with 10% calf serum, an-
tibiotics (100 U/mL penicillin and 100 g/mL streptomycin),
and 2 mM I-glutamine. The cells were passaged using
0.05% trypsin with 0.02% EDTA in PBS, pH 7.2. Testing of
the cytotoxic effect of the samples was performed by direct
contact with a monolayer of L929 cells after 24, 48 and 72 h.
A culture of L929 cells with a density of 1x10%ml has been
carried out on a 24-well Nunc plate, and incubated for 24 h
at 37°C under 5% CO,. After this time the cell culture super-
natant was removed and the 1 ml of medium supplemented
with 2% calf serum was added to cell monolayer. Samples
of the tested materials in the form of discs were applied on
such prepared cell culture and incubated at 37°C and 5%
CO,. Before applying material on the cells, the samples
were irradiated with UV light for 45 min. Morphological and
quantitative changes resulting from the application of tested
materials were evaluated after 24, 48 and 72 h using an
inverted microscope. In order to determine the amount of
dead cells, staining with trypan blue was used. Dead cells
are stained dark blue, while viable cells are iridescent and
colorless.

Antimicrobial activity studies were conducted using
microorganisms from the Polish Collection of Microorgan-
isms (PCM): Pseudomonas aeruginosa (PCM 2058) and
Staphylococcus aureus (PCM 2054). The dilution method
was used during the study. The starting bacterial cultures of
the test strains of P. aeruginosa and S. aureus, were set up in
nutrient broth and incubated for 18 h at 37°C. Cement sam-
ples for testing were sterilized by UV irradiation for 45 min.
100 pl of bacterial culture was added to wells on a sterile
24-well plastic plate (NUNC), containing 1 ml of broth and
the test material (disc) and incubated for 24 h, 48 h and
7 days. After this time the cultures were diluted with NaCl
and 100 pl was plated on nutrient agar plates. The plates
were incubated at 37 + 1°C. After 18 h of incubation, colonies
were counted. Broth cultures of all microorganisms, without
the tested materials were used as controls.
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Badania dziatania przeciwbakteryjnego przeprowadzo-

® e e 000 0 o z wykorzystaniem mikroorganizméw pochodzgcych

z Polskiej Kolekcji Mikroorganizméw (PCM): Pseudomo-
nas aeruginosa - pateczka ropy btekitnej (PCM 2058) oraz
Staphylococcus aureus - gronkowiec ztocisty (PCM 2054).
W badaniach zastosowano metode rozcienczen. Wyjsciowe
hodowle szczepdw testowych bakteryjnych, P. aeruginosa
i S. aureus, zatozono w bulionie odzywczym i inkubowano
18 godzin w temperaturze 37°C. Prébki cementéw do badan
sterylizowano przez naswietlanie promieniami UV przez
45 min. Do studzienek, na sterylnej 24 dotkowej ptytce
plastikowej (NUNC), zawierajgcych 1 ml bulionu i badany
materiat (krgzek), dodawano po 100 ul hodowli bakteryjnej
i inkubowano 24 h, 48 h oraz 7 dni. Po tym czasie hodowle
rozcienczano NaCl i wysiewano po 100 pl na ptytki zagarem
odzywczym. Ptytki inkubowano w temperaturze 37+1°C.
Po 18 godzinach inkubacji liczono kolonie. Kontrole stano-
wity hodowle bulionowe poszczegdlnych mikroorganizméw,
bez testowanych materiatow.

Zaréwno badania dziatania cytotoksycznego jak i prze-
ciwbakteryjnego wykonano w Instytucie Immunologii i Terapii
Doswiadczalnej PAN we Wroctawiu.

Wyniki i dyskusja

Wyniki badania czasu wigzania cementéw wykazaty, ze
zarabianie cementow roztworami koloidalnymi nie wptywa
na zmiane czasu wigzania, natomiast dodatek bioszkiet ze
srebrem wydiuza czas wigzania o ok. 40-45% (RYS. 1).
Badania wytrzymatos$ci na Sciskanie (RYS. 2) nie wykazaty
istotnego wptywu roztworu do zarabiania cementoéw na ten
parametr. Dodatek bioszkiet z nanosrebrem w niewielkim
stopniu obniza wytrzymato$¢ cementdw na Sciskanie.

Aby okresli¢ stopien cytotoksyczno$ci badanych
cementow okreslono wzrost komoérek, ich zywotno$é
i zmiany morfologiczne. Po 48 i 72 godzinach inkubacji
wszystkie rodzaje cementéw wykazywaty cytotoksycz-
nos¢ w stopniu stabym lub umiarkowanym (TABELA 1).

TABELA 1. Zmiany cytotoksycznosci w hodowli
komorek L929 pod wplywem badanych prébek
cementow.

TABLE 1. Changes of cytotoxicity in L929 cell cul-
ture after exposure to the tested cement samples.

Stopien cytotoksycznosci*
The degree of cytotoxicity*

Symbol
probki po 24 godz. po 48 godz. po 72 godz.
Cement inkubaciji inkubaciji inkubaciji
symbol after after after
24 h of 48 h of 72 h of
incubation incubation incubation
GJ-S2/W 1 2 2
GJ-S2/W-Ag 0 2 2
GJ-S2/W-Au 0 1 1
GJ-S2/W-P0-Ag 2 1 2
GJ-S2/W-Z8 1 2 2
* 0 - brak, 1 - staby, 2 - umiarkowany
* 0 - no effect, 1 - weak effect, 2 - moderate effect

Both the studies of cytotoxic activity and antibacterial
properties were conducted at the Institute of Immunology
and Experimental Therapy PAS, in Wroclaw.

Results and Discussion

The results of the cement setting time testing showed
that the mixing of cements with colloidal solutions does
not change the setting time, while the addition of silver-
containing bioglass increases the setting time by approx. 40-
45% (FIG. 1). Compressive strength tests (FIG. 2) showed
no significant effect of a cement mixing solution on this
parameter. The addition of nanosilver-containing bioglass
slightly reduces the compressive strength of the cements.

To determine whether cements may affect cells, new
biomaterials were assayed for in vitro cytotoxic activities,
in the standardized cell-culture system, according to Pol-
ish standard (PNEN ISO 10993-5:2009) where mouse
fibroblasts cell line L929 were used. Cell growth, cell
morphology and cell viability were examined as the pa-
rameters to determine the cytotoxicity of the cements.
After 48 and 72 h of incubation, all of the tested cements
displayed cytotoxicity to low or moderate degree (TABLE 1).
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GJ-S2/W GJ-S2/W-Ag  GJ-S2/W-Au GJ-S2/W-PO-Ag  GJ-S2/W-Z8

Czas wigzania / Setting time [min]

Symbol cementu / Cement symbol

RYS. 1. Czasy wigzania badanych prébek cemen-
téw (badanie reprezentatywne).

FIG. 1. The setting times of tested cement samples
(representative experiment).
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Wytrzymatos¢ na Sciskanie /
Compressive strength [Mpa]
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Symbol cementu / Cement symbol

RYS. 2. Wytrzymalos¢ na sciskanie badanych
probek cementéw (wartosci srednie z odchyleniem
standardowym).

FIG. 2. Compressive strength of the cement test
samples (average values with standard deviation).
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Po 24 h jedynie cementy zarabiane roztworami koloidalnymi
(GJ-S2/W-Ag i GJ-S2/W-Au) nie wykazywaty dziatania cy-
totoksycznego. Badania wykazaty, ze dodatek nanosrebra
do cementéw nie spowodowat istotnych zmian stopnia
cytotoksycznosci w stosunku do cementu podstawowego
(GJ-S2/W). Najnizszym stopniem cytotoksycznosci cha-
rakteryzowat sie cement z dodatkiem nanoczgstek ztota.

Przyktadowe obrazy mikroskopowe morfologii komoérek
(po 72 godz. inkubacji) zamieszczono na RYS. 3.

After 24 h only cements mixed with colloidal solutions
(GJ-S2/W-Ag and GJ-S2/W-Au) showed no cytotoxic effect.
Studies have shown that addition of nanosilver to cement
did not cause significant changes in the level of cytotoxic-
ity, comparing to the base cement (GJ-S2/W). The lowest
degree of cytotoxicity was displayed by the cement with the
addition of gold nanoparticles.

Representative microscopic images of the cells morphol-
ogy (after 72 h of incubation) are presented in FIG. 3.

RYS. 3. Zmiany morfologii komoérek po 72 godzinach inkubacji z wybranymi cementami w poréwnaniu z kon-

trolng hodowlg komoérek L929 bez cementow.

FIG. 3. The morphological changes in cells cultures L929 in the presence of selected cements in comparison

to control cells cultures without this cements.

Badania dziatania przeciwbakteryjnego wykazaty, ze
cementy zawierajgce nanoczgstki srebra i ztota w poréwna-
niu do materiatu bez dodatkow (GJ-S2/W) wykazujg stabe
dziatanie przeciwbakteryjne — kilkukrotnie obnizajg ilos¢
bakterii. Sposréd tych cementéw najlepszym dziataniem
charakteryzuje sie cement zarabiany roztworem koloidal-
nym srebra (GJ-S2/W Ag), natomiast najstabszym - cement
z dodatkiem bioszkta Z8 (GJ-S2/W-Z8). Natomiast w poréw-
naniu do kontrolnych hodowli szczepdw, wszystkie cementy
z Ag lub Au bardzo wyraznie wptywajg na obnizenie liczby
bakterii (blisko 100x) (RYS. 4 i 5).

The studies of antibacterial activity have shown that ce-
ments containing silver and gold nanoparticles, compared
to a material without additives (GJ-S2/W), exhibit weak
antibacterial activity - reducing the amount of bacteria sev-
eral-fold. From among these cements, the most effective is
cement mixed with colloidal solution of silver (GJ-S2/W Ag),
while the weakest - cement with the addition of Z8 bioglass
(GJ-S2/W-Z8). However, in comparison to control cultures
of bacterial strains, all cements containing Ag or Au very
clearly contribute to decreasing the number of bacteria
(approx. 100x) (FIG. 4 and 5).
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Symbol cementu / Cement symbol

W wyjsciowa /

100 | H po 24 h inkubacji/
24 h of incubation

O po 48 h inkubacji /
48 h of incubation

O po 7 dniach inkubacji /
7 days of incubation

RYS. 4. Wyniki badania dziatania
przeciwbakteryjnego cementow
na gronkowca ztocistego Staphy-
lococcus aureus (doswiadczenie
reprezentatywne).

FIG. 4. The effects of antibacterial
activity of cements on Staphylo-
coccus aureus (representative
experiment).
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Podsumowanie

Poniewaz prowadzone badania miaty charakter wstepny,
prezentowane wnioski sg ogolne i muszg zosta¢ zweryfi-
kowane w toku dalszych, szczegotowych badan. Wyniki
powyzszych prac wykazaty, ze zastosowana metoda doto-
wania srebrem lub ztotem cementéw szkfo-jonomerowych
zarabianych wodg pozwala na otrzymanie materiatow
wykazujgcych dziatanie przeciwbakteryjne w stosunku do
pateczki ropy btekitnej Pseudomonas aeruginosa oraz gron-
kowca ztocistego Staphylococcus aureus. Wéréd cementéw
najlepszymi wiasciwosciami przeciwbakteryjnymi charak-
teryzowaty sie cementy GJ-S2/W-P0-Ag i GJ-S2/W-Ag,
nieco gorsze dziatanie przeciwbakteryjne wykazywaty ma-
teriaty GJ-S2/W-Z8 i GJ-S2/W-Au, a najstabsze - cement
GJ-S2/W. Poniewaz badane materiaty wykazywaty cytotok-
sycznos$¢ w stopniu stabym lub umiarkowanym, po 48 i 72
godzinach inkubacji, dlatego w dalszych badaniach nalezy
wyjasnic jej przyczyny. Otrzymane materiaty wymagajg jed-
nak udoskonalenia i optymalizacji, szczegodlnie w zakresie
przygotowania proszkow szkiet ze srebrem i wtasciwosci
uzytkowych cementow. Otrzymane wyniki zachecajg do
prowadzenia dalszych prac nad materiatami stomatologicz-
nymi o dziataniu przeciwbakteryjnym.

Podziekowania

Praca zostata sfinansowana ze $rodkéw na dziatalno$¢
statutowq Instytutu Ceramiki i Materiatow Budowlanych
w Warszawie.

W wyjsciowa/
M po 24 h inkubacji /
24 h of incubation

O po 48 hinkubaciji /
48 h of incubation

RYS. 5. Wyniki badania dziatania
przeciwbakteryjnego cementow
na pateczki ropy btekitnej Pseu-
domonas aeruginosa (doswiad-
czenie reprezentatywne).

FIG. 5. The effects of antibacterial
activity of cements on Pseudomo-
nas aeruginosa (representative
experiment).

O po 7 dniach inkubacji /
7 days of incubation

Conclusions

Since the conducted studies have a preliminary character,
presented conclusions are general and must be verified in
the course of further detailed studies. The results of the
above work have shown that the method used to supplement
water-mixable glass-ionomer cements with silver or gold
allows to obtain materials with antibacterial properties
against Pseudomonas aeruginosa and Staphylococcus
aureus. Cements GJ-S2/W-P0-Ag and GJ-S2/W-Ag dis-
played the strongest antibacterial properties, slightly weaker
antibacterial effects were displayed by materials GJ-S2/
W-Z8 and GJ-S2/W-Au, and the weakest - by cement GJ-
S2/W. Since the tested materials displayed weak to moder-
ate degree of cytotoxicity after 48 and 72 h of incubation, it is
necessary to explain the cytotoxicity of these materials in the
course of future research. The resulting materials, however,
require improvement and optimization, particularly regarding
the preparation of glass powders with silver and performance
of cements. The results encourage to conduct further studies
on dental materials with antibacterial properties.

Acknowledgements

The authors would like to thank the Institute of Ceram-
ics and Building Materials in Warsaw for providing financial
support to this project.

Z ommm® 0 00000 0000000000000 000006000000060000000000

L






STUDIA PORYTPLONMOWIE
AGH Biomateriaty — Materiaty dla Medycyny

2015/2016

Organizator: Adres:

Akademia Gorniczo-Hutnicza 30-059 Krakow, Al. Mickiewicza 30

im. Stanistawa Staszica w Krakowie Pawilon A3, p. 208 lub p. 210

Wydziat Inzynierii Materiatowej i Ceramiki tel. 12 617 44 48, 12 617 47 44, fax. 12 617 33 71
Katedra Biomateriatow email: epamula@agh.edu.pl; krok@agh.edu.pl
Kierownik: Prof. dr hab. inz. Elzbieta Pamuta http://www.agh.edu.pl/ksztalcenie/oferta-ksztalcenia/
Sekretarz: Dr inz. Malgorzata Krok-Borkowicz studia-podyplomowe/biomaterialy-materialy-dla-medycyny/
Charakterystyka:

Tematyka prezentowana w trakcie zaje¢ obejmuje przeglad wszystkich grup materiatow dla zastosowan medycznych:
metalicznych, ceramicznych, polimerowych, weglowych i kompozytowych. Stuchacze zapoznajg sie z metodami projek-
towania i wytwarzania biomateriatébw a nastepnie mozliwosciami analizy ich wtasciwosci mechanicznych, wtasciwosci fi-
zykochemicznych (laboratoria z metod badan: elektronowa mikroskopia skaningowa, mikroskopia sit atomowych, spek-
troskopia w podczerwieni, badania energii powierzchniowej i zwilzalnosci) i wkasciwosci biologicznych (badania: in vitro
i in vivo). Omawiane sg regulacje prawne i aspekty etyczne zwigzane z badaniami na zwierzetach i badaniami klinicznymi
(norma EU ISO 10993). Stuchacze zapoznajg sie z najnowszymi osiggnieciami w zakresie nowoczesnych nosnikéw lekéw,
medycyny regeneracyjnej i inzynierii tkankowej.

Sylwetka absolwenta:

Studia adresowane sg do absolwentéw uczelni technicznych (inzynieria materiatowa, technologia chemiczna), przyrodni-
czych (chemia, biologia, biotechnologia) a takze medycznych, stomatologicznych, farmaceutycznych i weterynaryjnych,
pragnacych zdoby¢, poszerzy¢ i ugruntowac wiedze z zakresu inzynierii biomateriatéw i nowoczesnych materiatéw dla me-
dycyny. Stuchacze zdobywajg i/lub pogtebiajg wiedze z zakresu inzynierii biomateriatéw. Po zakonczeniu studiow wykazujg
sie znajomoscig budowy, wtasciwosci i sposobu otrzymywania materiatéw przeznaczonych dla medycyny. Potrafig anali-
zowac wyniki badan i przektadac je na zachowanie sie biomateriatu w warunkach zywego organizmu. Ponadto stuchacze
wprowadzani sg w zagadnienia dotyczgce wymagan normowych, etycznych i prawnych niezbednych do wprowadzenia
nowego materiatu na rynek. Ukonczenie studidw pozwala na nabycie umiejetnosci przygotowywania wnioskow do Komisji
Etycznych i doboru metod badawczych w zakresie analizy biozgodnosci materiatow.

Zasady naboru:

Termin zgtoszen: od 20.09.2015 do 20.10.2015 (liczba miejsc ograniczona - decyduje kolejnos¢ zgtoszen)
Wymagane dokumenty: dyplom ukornczenia szkoty wyzszej

Osoby przyjmujgce zgtoszenia:

Prof. dr hab. inz. Elzbieta Pamuta (tel. 12 617 44 48, e-mail: epamula@agh.edu.pl)

Dr inz. Matgorzata Krok-Borkowicz (tel. 12 617 47 44, e-mail: krok@agh.edu.pl)

Czas trwania: 2 semestry (160 h) Optaty: 2 600 zt
8 zjazddw (soboty-niedziele) 1 raz w miesigcu
Przewidywana data rozpoczecia: 28.11.2015




