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COMPARATIVE EPR ANALYSIS
OF OXYGEN INTERACTIONS
WITH PLANTS CARBONIZED AT
DIFFERENT TEMPERATURES

SyLwiA BARTLOMIEJCZYK, BARBARA PILAWA*,
MARTA KRzESINSKA, StAWOMIRA Pusz, JUSTYNA ZACHARIASZ,
WouciecH WALACH

CEeNTRE oF PoLYMER AND CARBON MATERIALS,

PoLisH ACADEMY OF SCIENCE,

MARII CURIE-SkroDoOWSKIEJ 34, 41-819 ZaBRzE, PoLAND
*E-MAIL: BPILAWA@KARBOCH.GLIWICE.PL

Abstract

Carbon materials, bamboo (Bambusa vulagris) and
yucca (Yucca flaccida) pyrolysed at 550°C, 750°C and
950°C, were tested as oximetric probes by electron
paramagnetic resonance spectroscopy at X-band
(9.3 GHz). The following parameters of the spectra:
amplitude, linewidth and g-factor, were determined.
Influence of oxygen molecules O, on EPR spectra of
the individual carbon materials was compared. Strong
EPR spectra were recorded for samples carbonized
at 550°C and weak signals were obtained for plants
carbonized at higher temperatures: 750°C and 950°C.
It was stated that amplitudes of EPR lines of all the
carbonized plants decrease in the air environment
compared to amplitudes of spectra measured in
vacuum. This effect increases with degree of vacuum.
Changes in the EPR spectra of samples studied in
the air environment may be applied in medicine to
determination of oxygen content in different cells.
Because of strong resonance signals as oximetric
probes we proposed bamboo and yucca carbonized
at 550°C, and we rejected plants carbonized at 750°C
and 950°C with low EPR signals.

Keywords: carbonized plants, paramagnetic
centers, paramagnetic oxygen molecules, electron
paramagnetic resonance, EPR spectra, oximetry

[Engineering of Biomaterials, 73, (2008), 1-3]

Introduction

Paramagnetism of carbon materials depends on tem-
perature of sample heating [1-11]. High concentration of
paramagnetic centers and chemical structure indicate
susceptibility of materials to oxygen. Carbon materials may
be used as oximetric probes for biological systems [12-18].
Oximetry is a very important technique for determination
of singlet oxygen formation during photodynamic therapy
[19-20]. Photodynamic therapy of tumor cells is accompa-
nied by intensive excitation of oxygen molecules to singlet
state by laser irradiation. Singlet oxygen formation in cells
is accompanied by decrease of amplitude of EPR lines of
carbon probe [ 16-18]. New carbon oximetric probes are still
searching and their chemical structure is studied.

The aim of this work was to find carbon materials for EPR
spectroscopic oximetry in medicine. Carbon materials ob-
tained from different types of pyrolysed plants were tested by
the use of electron paramagnetic resonance (EPR) spectros-
copy. The best oximetric probes characterize strong depend-
ence of EPR spectra on oxygen contents in the environment.
We compared interactions of paramagnetic centers of the
individual samples with paramagnetic oxygen molecules O,.

Materials and methods

Bamboo (Bambusa vulagris) and yucca (Yucca flaccida)
pyrolysed at 550°C, 750°C, and 950°C were studied. Car-
bonization process was done in the neutral atmosphere.

The first derivative EPR spectra were measured with
magnetic modulation of 100 kHz. The measurements were
done by the use of RADIOPAN (Poznan, Poland) EPR spec-
trometer with microwave frequency of 9.3 GHz. Microwave
frequency was detected by MCM102 recorder produced by
EPRAD Firm (Poznan, Poland). Amplitudes (A), linewidths
(AB,,) and g-factors of the EPR lines were obtained. EPR
spectra were measured with different attenuations [dB]:
15,10, 5, and 0.5. EPR measurements were done for sam-
ples in air and in vacuum (900-10° mbar).

Results and discussions

No EPR lines were measured for the original plant sam-
ples. Probably low amount of paramagnetic centers exist
in bamboo and yucca, but their concentration is negligible.
During heating of plant materials chemical bonds are rup-
tured and paramagnetic centers appear in the samples.
EPR spectra were obtained for all the studied carbonized
materials. g-Values were in the range 2.0028-2.0030. Para-
magnetic centers concentrations in the carbonized plants
were about 10'6-102" spin/g.

a)
550C
317 322 327 332 337 342
B [mT]
b)
750C
322 326 330 334 338
B [mT]

FIG.1. EPR spectra of bamboo carbonized at 550°C
(a) and 750°C (b). Data for samples in air.
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FIG.2. EPR spectra of yucca carbonized at 550°C
for pressure of 900 mbar. Spectra were measu-
red with attenuations of microwave power [dB]:
15, 10, 5, and 0.5.

FIG.3. EPR spectra of yucca carbonized at 550°C
for pressure of 2 mbar. Spectra were measured
with attenuations of microwave power [dB]:
15, 10, 5, and 0.5.
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FIG.4. EPR spectra of yucca carbonized at 950°C
for pressure of 900 mbar. Spectra were measu-
red with attenuations of microwave power [dB]:
15, 10, 5, and 0.5.

Amplitudes of the spectra depend on temperature of plant
heating. We measured strong EPR lines for bamboo and
yucca pyrolysed at 550°C. The low amplitudes character-
ize resonance curves of plants carbonized at 750°C and
950°C. For example EPR spectra of bamboo heated at
550°C and 750°C for sample in air are compared in FIG.1.
As one can see noisy spectrum is observed for samples
heated at 750°C.

Exemplary EPR spectra of yucca pyrolysed at 550°C and
950°C for samples in vacuum are shown in FIGURES 2-3
and 4-5, respectively. Plants carbonized at 750°C and 950°C
were rejected as oximetric probes. Their EPR signals were
too low or revealed complex character. Complex structure of
EPR spectra is clearly visible for yucca carbonized at 950°C.

FIG.5. EPR spectra of yucca carbonized at 950°C
for pressure of 2 mbar. Spectra were measured
with attenuations of microwave power [dB]:
15, 10, 5, and 0.5.

We see two components differ in linewidths in these spectra
(FIG.4-5). EPR spectra of this carbonized yucca is superpo-
sition of broad and narrow lines resulted from two types of
paramagnetic centers in the sample. Similarity of these EPR
spectra (FIG.4-5) with multi-component spectra of natural
coal samples [11] is expected. Paramagnetic centers located
in simple units consisting of a few aromatic rings are respon-
sible for broad EPR component and 1 electrons delocalized
on large aromatic structures give narrow component[11]. The
data indicate that chemical structure of yucca carbonized at
950°C is more complicated in comparison to yucca heated
at 550°C. Paramagnetic carbonized plants with multi-com-
ponent EPR spectra should be rejected as oximetric probes,
because calculations for such spectra are too complex.

4.0
35
304\
2.5

2.0

Amplitude [a.u]

-
o 100 200 300 400 500 GO0 700 8OO 200 1000

p [mbar]

70
&0 .
50 .

40+

30 .

Amplitude [a.u]

20

FIG.6. Influence of degree of vacuum (pressure
p [mbar]) on amplitudes of EPR lines of yucca
carbonized at 550°C. Attenuation of microwave
power was 15 dB.

FIG.7. Influence of microwave power on amplitu-
des of EPR lines of yucca carbonized at 550°C for
samples in vacuum (10° mbar).
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FIG.8. Influence of microwave power on amplitu-
des of EPR lines of yucca carbonized at 950°C for
samples in vacuum (105 mbar).

As oximetric probes were proposed plants heated at
550°C with simple EPR spectra (FIG.2-3). Their EPR ampli-
tudes strongly decrease with increasing of oxygen contents
in the environment (FIG.6). Quasi-chemical bonds between
carbon material and oxygen molecules are responsible for
this effect. Exemplary correlation presented in FIG. 6 may
be the reference curve for determination of oxygen content
in the biological sample environment. In practice com-
parison of amplitudes of EPR spectra of carbon materials
located in cell cultures and amplitudes in reference curves
is necessary to obtain information about oxygen content in
the tested cells.

Continuous microwave saturation of EPR technique was
used to develop characteristic of aromatic structure of the
studied carbonized materials. EPR spectra of samples car-
bonized at 550°C saturate at lower microwave powers than
EPR spectra of plants heated at 750 and 950°C (FIG.7-8).
It can be concluded that plants heated at 550°C proposed
to oximetry contain lower condensed aromatic units as
compared to samples heated at higher temperatures. Con-
densation of aromatic units led to decrease of paramagnetic
carbon contents in these samples.

Conclusions

On the basis of electron paramagnetic resonance studies
of carbonized bamboo and yucca in air and in vacuum the
following conclusions may be drawn:

1. The studied plant materials carbonized at 550°C,
750°C, and 950°C are paramagnetic.

2. Strong EPR lines characterize the analysed samples
carbonized at 550°C and weak EPR lines reveal samples
carbonized at both 750°C and 950°C.

3. Paramagnetic centers of the plant materials heated
at 550°C, 750°C and 950°C interact with paramagnetic O,
molecules, what led to quenching of their EPR signals.

4. Decrease of amplitudes of the recorded EPR spectra
is stronger for highest oxygen concentrations in the sample
environment.

5. Because of strong EPR lines and dependence of
their amplitudes on oxygen concentration, bamboo and
yucca carbonized at 550°C is proposed as oximetric probe
in medicine.
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Abstract

Coal samples carbonized at 600°C and TEMPO
probes we applied in oximetry. EPR spectra of me-
dium-ranked coal carbonized at 400, 500, and 700 °C
were not sensitive to oxygen. Oxygen effects during
photodynamic therapy of tumor cells were tested.
Oximetric probes were used to examination of singlet
oxygen O, formation in melanotic CRL-1424 tumor
cells irradiated by laser (500 mW, A=662 nm) at the
presence of photolon as the photosensitizer. Tumor
cells were irradiated during 7, 15, and 30 minutes.
Changes in EPR spectra of coal probe and TEMPO
after excitation of oxygen O, from triplet ground
state (S=1) to diamagnetic singlet (S=0) state were
analysed. Measurements of EPR spectra of coal car-
bonized at 600°C and TEMPO in: control cell culture,
irradiated cells, and cells irradiated at the presence of
photolon, were done. After PDT intensity of EPR lines
of the used oximetric probes considerably increases.
It was proved that the strongest formation of singlet
oxygen in the studied cells appears after 15 minutes

of laser irradiation.

Keywords: paramagnetic centers, PDT, oximetric

probes, EPR
[Engineering of Biomaterials, 73, (2008), 4-6]

Introduction

Free radicals and diamagnetic oxygen molecules O,
destroy tumor cells during photodynamic therapy (PDT) [1].
It is known three different types of free radicals mechanisms
in irradiated cells [1-3]. Free radicals are formed: 1) by laser
irradiation, 2) after cells interactions with excited photosen-
sitizer (for low oxygen concentration in cells), and, 3) in
reactions of excited by photosensitizer diamagnetic oxygen
O, molecules with cells (for high oxygen concentration in
cells). Intensive production of both free radicals and reactive

singlet oxygen is expected in optimal PDT.

In this work we searched high amount of singlet oxygen
O, in melanotic tumor cells irradiated by laser at the pres-
ence of the photosensitizer. Paramagnetic probes we used
in oximetry of irradiated cells. It is known that coal samples
strongly interact with paramagnetic oxygen O, [4-6], and they
are ambient for cell culture [7]. Coal samples and TEMPO

we proposed as oximetric probes.

Materials and methods

Sample characterization
Photodynamic therapy of CRL-1424 tumor cells obtained
from American Type Culture Collection (ATCC) was stud-
ied. The cells were grown in monolayer in Eagle’s minimal
Essential medium with Earle’s BSS and 2mM L-glutamine
(EMEM). The medium was supplemented with 10% fetal
bovine serum and 1% penicillin and streptomycin. The cell
culture was incubated at 37°C and in humid atmosphere of
5% CO,. Photolon (100 pg/mL) was used as photosensitizer.
The cells were irradiated by laser with wave 662 nm and
power 500 mW. The number of cells in the cultures was
determined by contrast phase OLYMPUS [X50 optical
microscope. We used different times of laser irradiation:
7,15, and 30 minutes.

EPR measurements

The measurements were performed by the use of an
X-band (9.3 GHz) electron paramagnetic resonance spec-
trometer with magnetic modulation of 100 kHz. Microwave
frequency was measured with MCM 101 recorder. In order
to avoid microwave saturation EPR spectra of the oximetric
probes were detected at low microwave power equal 0.7 mW.

Oxygen effects were studied by the use of oximetric
probes: coal samples and TEMPO. Coal with a carbon
content 64.8 wt% was heated at 400, 500, 600, 700 and
800°C. As oximetric probe was selected coal carbonized at
600°C with a carbon content 85.1 wt%, because of strong
changes of its EPR lines in oxygen atmosphere.

Changes in EPR spectra of coal probe (600°C) and
TEMPO caused by laser excitation of oxygen O, molecules
to diamagnetic (S=0) state were analysed. The spectra of
coal carbonized at 600°C and TEMPO located in control cell
culture, irradiated cells, and cells irradiated at the presence
of photolon, were compared.

Results and discussions

CRL-1424 cells are destroyed after laser irradiation and
their number in cultures decreases. Death of tumor cells
after laser irradiation is clearly visible from microscopic
observations presented in FIGURE 1. Lower amount of
tumor cells exist in irradiated culture (FIG.1b) than in control
culture (FIG.1a).

FIG.1. CRL-
1424 cell cul-
tures before
(a) and after
(b) laser irra-
diation at the
presence of
photolon as
photosensi-
tizer.
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FIG.2. Cell number in control cell culture, control
cell culture with photolon, and in irradiated cell
culture without and with photolon.

Decrease of cell number in culture after laser irradiation
is compared in FIGURE 2. The lower number of cells we
obtained after laser irradiation of cells at the presence of
photosensitizer. The number of cells in culture decreases
with increasing of irradiation time.

EPR spectra of coal carbonized at 400, 500, 600, 700
and 800°C for samples in air were compared in FIGURE 3.
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FIG.3. EPR spectra of coal carbonized at 400, 500,
600, 700 and 800°C for dry powdered samples in air.

Strong EPR lines were observed for coal heated at 400, 500,
and 600°C. Only a weak EPR signal was measured for coal
carbonized at 700°C. EPR lines were not measured for sam-
ple carbonized at 800°C. Concentrations of paramagnetic
centers N in coal samples and parameters of their lines in air
and in nitrogen N, environment are compared in TABLE 1.
Higher concentrations were obtained for coal samples in
nitrogen atmosphere.

AIR NITROGEN
Nx10'®

T Nx10®  AB,

P

g [+0.0002]

[°C] [spin/g] [mT] [+0.0002] [spin/g]

400 77 | o068 | 20034 | 79 | 067 | 20034
|l 500 58 | 061 | 2.0033 62 | 058 | 20033 [
|l s00 37 |os8] 20033 | 48 | o052 [ 20031 |
[| 700 | 0005 | 063 | 20020 | 0.006 | 058 | 20028 |f

TABLE 1. Paramagnetic centers concentrations (N),
g-factors and linewidths (AB,,) of EPR spectra of
coal samples carbonized at different temperatures.
Data for samples in air and nitrogen atmosphere
are compared.
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FIG.4. EPR spectra of coal oximetric probe and
TEMPO located in the cells irradiated during 15
minutes by laser at the presence of photolon.

EPR lines of coal carbonized at 600°C saturate at the
relatively higher microwave power. Such correlation is
characteristic for multi-ring aromatic units [4-5]. Unpaired
electrons of such molecular structures strongly interact with
paramagnetic O, molecules [4-5]. The correlation indicates
our proposal that sample carbonized at 600°C is valuable
oximetric probe.

So as oximetric probe we selected coal carbonized at
600°C and additionally TEMPO. Exemplary EPR spectra
of this coal probe and TEMPO in cell culture are shown in
FIGURE 4. Parameters of EPR lines of coal oximetric probe
(600°C) and TEMPO located in control cells, cells with pho-
tolon, cells irradiated by laser without and at the presence
of photolon, are presented in TABLE 2 and 3. Intensities of
their EPR lines increase after laser irradiation at the pres-
ence of photolon. Prolongation of irradiation time from 15
to 30 minutes gives decrease of EPR signals of both coal
and TEMPO probes.

Similar effects appear during photodynamic therapy of
SK melanotic tumor cells with coal and TEMPO probes [3].
Laser irradiation causes excitation of paramagnetic oxygen
molecules (S=1) from ground triplet state to diamagnetic sin-
glet state (S=0). Decrease of concentration of paramagnetic
oxygen molecules in the environment of cells.

In this work we confirmed usefulness of coal probes to
examination of oxygen effects in laser irradiated tumor cells.
After laser irradiation of tumor cells concentration of para-
magnetic oxygen O, molecules (S=1) decreases and amount
of diamagnetic (S=0) excited oxygen molecules increases.
Excitation of oxygen molecules in irradiated cell culture is
accompanied by rise of intensity of EPR line of coal probe
(TABLE 2). Creation of quasi-chemical bonds between para-
magnetic oxygen O, and coal quenches its EPR signal [4].

Control cell culture 0 245 0.36

Cell culture with photolon 0 3.64 0.35 2.0031
Irradiated cells without

photosensitize 7 1.78 0.35 2.0033
Irradiated cells with photolon 7 1.32 0.36 2.0032
Irradiated cells without

photosensitize 15 3.34 0.37 2.0031
Irradiated cells with photolon 15 2.38 0.38 2.0031
Irradiated cells without

photosensitize 30 3.18 0.38 2.0031
Irradiated cells with photolon 30 3.02 0.39 2.0033

TABLE 2. Integral intensities (l), linewidths (AB,))
and g-factors of EPR spectra of the tested oximetric
probes in cell culture during different conditions
of photodynamic therapy. Cells were irradiated by
laser during times (t): 7, 15, and 30 minutes. Data
for coal probe carbonized at 600°C are shown.
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Control cell culture 0 1.16 0.23 1.55 0.23 0.59 0.18 1.2
Cell culture with photolon 0 3.55 0.23 3.94 0.23 2.10 0.21 0.6
Irradiated cells without photosensitizer 7 0.87 0.27 0.51 0.21 0.40 0.19 0.1
Irradiated cells with photolon 7 11.02 0.21 13.71 0.23 9.02 0.21 0.5
Irradiated cells without photosensitizer 15 0.43 0.22 0.74 0.24 0.35 0.24 1.1
Irradiated cells with photolon 15 17.09 0.24 22.29 0.25 10.78 0.22 0.9
Irradiated cells without photosensitizer 30 0.53 0.23 0.57 0.23 0.14 0.14 1.6
Irradiated cells with photolon 30 7.45 0.23 8.13 0.23 3.46 0.18 0.8

TABLE 3. Integral intensities (I) and linewidths (AB,,) of EPR lines of TEMPO probe in cell culture during different
conditions of photodynamic therapy. Time (t) of laser irradiation was: 7, 15, and 30 minutes.

Diamagnetic oxygen molecules do not form such bonds and
as the result increase of EPR signal appear.

In this work we proposed coal sample as oximetric probe
in biological systems, because of its strong EPR line and
high susceptibility to oxygen. Additionally this sample does
not effect on cells in cultures. We observed similar growing
of cell culture without and at the presence of coal probe.
Such properties may possible observations of influence
of photodynamic therapy on tumor cells and the optimal
therapeutic conditions may be found.

As the second oximetric probe we tested TEMPO. Our
experiment proved usefulness of TEMPO probe in oximetry
and tumor cells studies. Similarly to coal probe intensity
of EPR line of TEMPO increase after excitation of oxygen
molecule from triplet to singlet oxygen.

Paramagnetic oximetric probes are known from a lot of
work [7-14], but probes examined in our studies may be
applied to cells, tissues and others biological species. The
high sensitivity of their EPR spectra to oxygen O, magnetic
state and absence of toxic reactions in cell medium are
mainly important.

Our work indicates that electron paramagnetic spectros-
copy and oximetric probes may be practically used in clinical
applications. We use physical methods to determine of opti-
mal conditions of photodynamic therapy of CRL-1424 tumor
cells. Optimal conditions of PDT we found for laser irradiation
of cells at the presence of photolon during 15 minutes. The
lower amount of singlet oxygen is formed in tumor cells after
laser irradiation during 30 minutes (TABLES 2,3).

Conclusions

On the basis of EPR examination of tumor cells irradiated
by laser the following conclusion may be drawn:

1. Coal samples carbonized at 600°C and TEMPO may
be used as oximetric probes for photodynamic therapy
of CRL-1424 cells. Paramagnetic oxygen O, molecules
strongly interact with these samples and decrease their
EPR amplitude.

2. Singlet oxygen formation is more effective during laser
irradiation of the studied cells at the presence of photolon.

3. The best conditions of PDT of CRL-1424 tumor cells
appear when 15 minutes time of laser irradiation was ap-
plied.
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Abstract

Electron paramagnetic resonance spectroscopy
(EPR) was used to examination of spin-lattice relaxa-
tion in vascular plants carbonized at 650°C. Application
of EPR method of continuous microwave signal satu-
ration in medicine was proposed. The first derivative
EPR spectra of pyrolysed bamboo and yucca were
measured for samples in air and in vacuum. Influ-
ence of microwave power in the range 0.7-100 mW
on amplitudes of EPR lines were evaluated. It was
stated that amplitudes of the studied carbon materials
increase with increasing of microwave power in the
studied range. Saturation of EPR lines was not ob-
served, so fast spin-lattice relaxation processes exist
in the analyzed materials. Changes of EPR amplitudes
for samples in air were slower than for evacuated
samples. This effect may be used for determination
of oxygen contents in the biological cells cultures and
for analysis of optimal parameters of photodynamic
therapy of cancer.

Keywords: carbonized plants, electron paramag-
netic resonance, EPR, microwave saturation, para-
magnetic centers, oximetry

[Engineering of Biomaterials, 73, (2008), 7-9]

Introduction

Samples sensitive to oxygen contents in the environ-
ment are used to examination biochemical processes
and conditions of medicinal therapies [1-6]. Application
of carbon materials in oximetry is known [2-4]. Carbon
materials, especially fusinite [2-3] are ambient for cells. It
is difficult to obtain fusinite so the new carbon probes for
oximetry were searching in this work. Microwave saturation

of EPR spectra depends on the sample environment [7-8].

Paramagnetic coal samples physically interact with oxygen ® @ @ e @ o o

molecules [9-10].

In this work we continue EPR studies of carbonized plant
materials [11-12]. Characteristic of paramagnetic centers in
yucca and bamboo carbonized at 550 and 950°C for samples
in contact with air was presented earlier [11-12]. In this work
we search EPR parameter dependent on oxygen content
in the sample environment and which is useful to oximetry.
Correlations between microwave saturation of EPR lines of
the paramagnetic carbonized materials and O, contents in
the tubes with sample were examined.

Materials and methods

Bamboo (Bambusa vulgaris) and yucca (Yucca flaccid)
pyrolysed at 650°C in the neutral atmosphere were studied.
Microscopic images of bamboo and yucca carbonized at
650°C at different cross-sections are shown in FIG.1-2 (a,b,c).

The spectroscopic measurements for samples in air and in
different degrees of vacuum were done by the electron para-
magnetic resonance spectrometer at X-band (9.3 GHz) with
magnetic modulation of 100 kHz. Microwave frequency was
recorded. EPR measurements were done for samples in air
and in vacuum (900-10-*mbar). Changes of amplitudes and
linewidths of EPR lines of the studied materials with increasing
of microwave power from 0.7mW to 100mW were measured.
g-Values were calculated from resonance condition by the
use of resonance magnetic field and microwave frequency.

Results and discussions

No EPR lines were measured for original plant samples.
Asymmetrical EPR spectra were recorded for bamboo and
yucca carbonized at 650°C. After bamboo and yucca heat-
ing at the mentioned temperature paramagnetic centers
appear in these samples and strong EPR spectra were
recorded. Dependencies of these spectra on microwave
power and paramagnetic oxygen molecules content in
sample environment were observed. Exemplary EPR
spectra of carbonized bamboo and yucca for samples
in air are presented in FIGURES 3 and 4, respectively.
Exemplary EPR spectra of carbonized bamboo and yucca
for evacuated samples (10-°mbar) are shown in FIGURES 5
and 6, respectively. EPR spectra recorded with attenuations
from 15 dB to 0.5 dB were compared (FIGs.3-6). Decrease
of attenuation from 15 dB to 0.5 dB led to increase of micro-
wave power (FIGs.3-6). All effects discussed in this paper
increase with increasing of vacuum degree from 900 mbar
to 10°°mbar. In this work we shown representative results
for the highest degree of vacuum (10-° mbar).

7

FIG.1. Various sections of bamboo carbonized at 650°C: a) cross-section of the stem — internal structure; magn. w
80x, in air; b) intersection along the stem — internal structure of single fibre; magn. 500x, in oil; c) intersection
along the stem — the structure of interfibrous area; magn. 500x, in oil.
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FIG.2. Various sections of yucca carbonized at 650°C: a) Intersection along the stem. Fibrous structure; magn.
160x, in air; b) Intersection along the stem. Fibrous structure. Pores in walls of fibres; magn. 500x; c) Cross
—section of the stem. Various diameters of fibres and different thickness of walls; magn. 500, in oil.
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FIG.3. EPR spectra of bamboo carbonized at 650°C
for sample in air. The lines were recorded with
attenuations (dB): 15, 10, 5 and 0.5.

FIG.4. EPR spectra of yucca carbonized at 650°C
for sample in air. The lines were recorded with
attenuations (dB): 15, 10, 5 and 0.5.
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FIG.5. EPR spectra of bamboo carbonized at 650°C
for sample in vacuum (10-° mbar). The lines were
recorded with attenuations (dB): 15, 10, 5 and 0.5.

FIG.6. EPR spectra of yucca carbonized at 650°C
for sample in vacuum (10-° mbar). The lines were
recorded with attenuations (dB): 15, 10, 5 and 0.5.
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FIG.7. Influence of microwave power (M) on ampli-
tudes of EPR lines of bamboo carbonized at 650°C
for samples in air and in vacuum (10-° mbar).

FIG.8. Influence of microwave power (M) on ampli-
tudes of EPR lines of yucca carbonized at 650°C for
samples in air and in vacuum (10-°* mbar).
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Linewidths of EPR spectra strongly changes after re-
moving of paramagnetic O, molecules from the tube where
samples were located. EPR lines for evacuated samples of
both carbonized bamboo and carbonized yucca (FIGs.5-6)
were narrower than EPR lines of sample in contact with O,
(samples in air) (FIG.3-4). Broadening of EPR lines in air
results from dipolar interactions of paramagnetic centers of
carbonized materials with paramagnetic oxygen molecules.

Linewidths of the recorded EPR spectra increase with
increasing of microwave power. This correlation is charac-
teristic for homogeneous broadening of resonance curves
[7-8]. It can be concluded that paramagnetic centers are
homogeneously distributed in the tested carbonized plant
materials. Carbonization process indicates rupturing of
chemical bonds in the whole heated plant materials.

g-Values of paramagnetic centers in the carbonized materi-
als were 2.0030. Mainly paramagnetic centers with unpaired
electrons localized on carbon or nitrogen atoms exist in the
heated plants samples. g-Factor did not change with degree
of vacuum and it was the same for evacuated samples as
for samples in air.

EPR spectra depend on microwave power used during
this experiment. It was stated that amplitudes of EPR lines
of the studied carbon materials increase with increasing
of microwave power up to 100 mW (FIGs.7-8). Microwave
saturation effect was not obtained for the recorded spectra.
It means that fast spin-lattice relaxation processes [7-8] exist
in the carbonized plant materials. Amplitudes of the EPR
lines did not reach the maximal value and the decrease of
amplitudes with increasing of microwave power at satura-
tion conditions was not observed. Differences in microwave
saturation of EPR spectra of the carbonized samples in air
and in vacuum are clearly visible. EPR lines of evacuated
samples changes faster with microwave power and the lines
of samples in air begin saturate. Additionally amplitudes
of EPR lines of the analysed plant materials are lower for
samples in air than for evacuated samples (FIGs.7-8).
Quasi-chemical bonds between oxygen molecules and
samples are responsible for this effect. Similar correlations
were observed for coals [9-10].

Results obtained in this work may be developed and used
in medicine. It was proved for plant materials that not only
amplitudes and linewidths, but also microwave power of
microwave saturation of their EPR lines depends on oxygen
contents in the sample environment. Correlations between
microwave saturation of EPR lines and oxygen contents in
the environment may be used in oximetry for photodynamic
therapy. Excited singlet oxygen molecules and free radicals
damage tumor cells during photodynamic therapy [13-14].
Measurements of microwave saturation of EPR lines of
bamboo and yucca carbonized at 650°C located in laser
irradiated cells give information about singlet oxygen forma-
tion. Increase of diamagnetic singlet oxygen contents in the
biological system refers to decrease of paramagnetic triplet
oxygen in ground state. Higher formation of singlet oxygen is
accompanied by stronger changes in microwave saturation.

Conclusions

Continuous microwave saturation of EPR spectra of
bamboo and yucca carbonized at 650°C indicates that:

1. Strong paramagnetism characterizes the studied plant
materials carbonized at 650°C for samples in both air and
vacuum.

2. Paramagnetic O, molecules quench EPR lines of the
carbonized materials.

3. Fast spin-lattice relaxation processes exist in the
studied plant samples.

4. Paramagnetic oxygen molecules O, change spin-lat-
tice relaxation processes in the plant materials carbonized
at 650°C.

5. Dependence of microwave saturation of EPR lines of
the carbonized plants with degree of vacuum may be used
for determination of oxygen contents in biological cells
cultures and for analysis of optimal parameters of photo-
dynamic therapy of cancer.
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Wprowadzenie

Dynamiczny rozwdéj metod leczenia choréb uktadu
moczowego zaowocowat réznorodnoscig w wyborze odpo-
wiedniego dla kazdego przypadku sposobie postepowania
diagnostycznego, czy tez leczniczego. Pacjenci wymagajacy
doraznej pomocy w sytuacji, w ktérej dochodzi do zablo-
kowania odptywu moczu z nerki, np. z powodu obecno$ci
kamienia, bardzo czesto poddawani sg zabiegowi nefro-
stomii, czyli wytworzeniu przetoki nerkowej. Przezskérna
przetoka nerkowa (ppn) jest jednym ze sposobdéw ponad-
pecherzowego odprowadzenia moczu. Od roku 1955, kiedy
to po raz pierwszy zastosowat jg Goodwin, ppn przeszia
szybkg droge ewolucji, znajdujgc coraz powszechniejsze
zastosowanie w urologii. Metoda ta jest wykorzystywana
w diagnostyce i leczeniu; stuzy zaréwno odprowadzeniu
moczu z nerki, jak réwniez stwarza alternatywny dostep
do gornych drég moczowych, przyktadowo w zabiegach
kruszenia kamieni moczowych. Sam termin nefrostomii
odnosi sie do wytworzenia kanatu, przetoki utrzymywane;j
przez rurke lub cewnik, ktéry perforuje skore, przechodzi
przez ciato i migkisz nerkowy, a koniczy sie w miedniczce
badz kielichu nerkowym [1,2].

W pracy przedstawiono charakterystyke drutéw pro-
wadzgcych stosowanych w zabiegu nefrostomii. Pomia-
réw drutéw dokonano metodami metalografii iloSciowej
wspomaganej komputerowo. Przy pomocy elektronowego
mikroskopu skaningowego z emisjg polowg FE SEM S 4200
HITACHI wspétpracujgcego ze spektrometrem Voyager
3500 NORAN INSTRUMENTS przeprowadzono jakosciowg
i ilosciowg analize sktadu chemicznego. Ustalono wtasci-
wos$ci mechaniczne drutow.

Technika zabiegu — wykonanie przetoki
nerkowej

Zabieg wykonuje sie w miejscowym znieczuleniu wyko-
rzystujac wizualizacje ultrasonograficzng lub rentgenowska.
Chory utozony jest na plecach z uniesionym ku gérze bo-
kiem. Po uprzednim nacieciu skory i powiezi w linii pachowej
Srodkowej lub czesci tylnej, ponizej XlI zebra przez dolny
lub Srodkowy kielich miedniczki nerkowej wprowadza sie
igte punkcyjng z natoZzona na nig koszulkg polietylenowg. W
USG lub RTG nalezy sprawdzi¢ potozenie igly, z ktérej po
usunieciu mandrylu wycieka kroplami mocz. Po usunieciu
iglty przez kanat koszulki wprowadza si¢ elastyczny drut
prowadzacy. Druty sktadajg sie ze sprezyny, wewnatrz ktorej
znajduje sie rdzen stalowy. Pomimo, ze koricéwka drutu jest
zakonczona tak, aby zapobiec uszkodzeniu $cian uktadu
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Introduction

Dynamic development of methods of urinary system dis-
eases treatment resulted in a variety of choice in diagnostic
or remedial methods suitable for each case. Patients who
require immediate help in the situation when urine drainage
from kidney is blocked due to e.g. the presence of renal
stone, very often undergo the treatment of nephrostomy, i.e.
creation of renal fistula. Transdermal renal fistula (trf) is one
of the ways of over-urinary bladder urine drainage. Since
1955, when it was used for the first tome by Goodwin, trf
has evolved rapidly, finding its application in urology. This
method is used in diagnostic as well as treatment; it serves
both: to drain urine from kidney and create alternative ac-
cess to upper urinary tracts, for example when crushing
renal stones. The term ‘nephrostomy’ itself pertains to the
formation of a channel, a fistula supported by a cannula or
catheter perforating the skin, passes through flesh and renal
parenchyma and ends in renal pelvis or renal calyx [1,2].

This elaboration presents characteristics of guide wire
used in nephrostomy. Wire measurement was made by
means of computer aided quantitative metallography.
By means of a scanning electron microscope with field emis-
sion FE SEM S 4200 HITACHI cooperating with spectrome-
ter Voyager 3500 NORAN INSTRUMENTS, a qualitative and
quantitative analysis of chemical composition was made.
Wire mechanical properties have been established.

Treatment technology — performance of
renal fistula

This treatment is performed with topical anaesthesia,
making use of ultrasonographic or X-ray visualisation. The
patient is placed on his back with his side raised. After initial
incision of skin and fascia in the middle axillary line or in the
back part, below the XII" rib through lower or middle calyx
of renal pelvis, a puncture needle with a polythene jacket
put on it is inserted. The position of the needle, from which
after the mandrill has been removed urine drips, must be
checked on the ultrasonograph or radiograph. When the
needle has been removed, elastic guide wire is inserted
through the jacket. The wire is made of a spring, inside of
which steel core is placed. In spite of the fact that wire tip
is ended in such a way to prevent damage to the walls of
renal calyx-pelvis system, the wire must be inserted in a
gentle and careful manner. Along the wire, in order to widen
the channel of the fistula, dilatators are inserted. They are
inserted to the previously determined depth. When dilatators
have been removed, an auto-static catherer (pig-tail) is in-
serted to the channel, and if there isn’'t one — a fluty catherer.



kielichowo-miedniczkowego nerki, drut nalezy wprowadzaé When its position has been established, it is sewn to the
ostroznie i delikatnie. Wzdtuz drutu w celu rozszerzenia skin with a single stitch [3-5].

kanatu przetoki wprowadzane sg rozszerzadta. Wprowadza

sie je na wczesniej ustalong gtebokos¢. Przez wytworzo- Wire testing of wire used in

ny kanat, po usunieciu rozszerzadet, wprowadza sie do
miedniczki autostatyczny cewnik (pig—tail), a jesli go brak
— cewnik fletowy. Po ustaleniu jego potozenia przyszywa
sie go do skory pojedynczym szwem [3-5].

nephrostomy

Two wires have been tested, both of similar structure,
but with different diameters (from Braun Company). The
wires are made on their entire length of spring reeled from

Badania drutow StosowanVCh w zablegu a round wire, inside of which a steel core is placed. They

nefrostomii are edged in the same way from both ends.

Badaniom poddano dwa druty firmy Braun o podobnej Wire with diameter of 0.56 mm
budowie i dlugosci, ale réznigce sie $rednica. Druty zbudo- Wire with diameter of 1102.5 mm. FIG.1 shows wire for
wane sg na catej dtugosci ze sprezyny nawinietej z drutu nephrostomy together with its tip. The picture was taken
okragtego, wewnatrz ktérej znajduje sie stalowy rdzen. by means of a scanning electron microscope FE SEM S
Zakonczone sg z obu stron w jednakowy sposoéb. 4200 HITACHI.
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RYS.1. Drut srednicy 0,56 mm stosowany w nefrostomii.
FIG.1. Wire with diameter of 0,56 mm used in nephrostomy.
Drut srednicy 0,56 mm The elements that make up the wire are as follows:
Dtugos¢ drutu wynosita 1102,5 mm. RYS.1 pokazuje * spring made of round wire with diameter of 118 um,
drut do nefrostomii wraz z koncéwka. Zdjecie wykonano * core wire with diameter of 304 um.
na elektronowym mikroskopie skaningowym FE SEM Qualitative and quantitative analysis, made on a scan-
S-4200 HITACHI. ning electron microscope, proved that both: the wire from
Elementy tworzgce drut stosowany w zabiegu nefrostomii which spring was made and core wire, have been made of
stanowig: acid-proof chromium-nickel steel (FIG.2).
* sprezyna wykonana z drutu okragtego $rednicy 118 um, Analysis of carbon content has been made by means of
« drut rdzeniowy $rednicy 304 um. infrared absorption method on analyser of LECO CS-244.
Analiza jakosciowa i ilosciowa przeprowadzona na It proved that the wire the spring is made of contains 0.16% C,
skaningowym mikroskopie elektronowym wykazata, ze whereas the content of carbon in core wire is 0.13% C.
zarowno drut, z ktdérego zostata wykonana sprezyna, jak Testing of mechanical properties made by means of In-
i drut rdzeniowy wykonane zostaty z kwasoodpornej stali stron tester proved that core wire is characterised by tensile
chromowo-niklowej (RYS.2). strength R,,=1613 MPa and unit elongation A,;,,=2.7%.
Element K-ratio Element Wt% Err.
(calc.) Wit% (1-Sigma)
i Cr-K 0.2338 0.887 22.02 20.73 +/- 0.99
20 Fe-K 0.7020 1.013 70.33 7113 +-142 ||
[ Ni-K 0.0777 1.050 7.54 8.14 +-090 ||
Total 100.00 100.00 ||

Liczba

RYS.2. Widmo promieniowania rentgenowskiego zare-

10 jestrowane dla probki drutu ze stali chromowo-niklowej

Iw oraz wyniki iloSciowej oceny sktadu chemicznego tej stali.

CHER FIG.2. X-ray spectrum recorded for a sample of wire

‘I“Mp" . u; | made of chromium-nickel steel and the results of

,'" ) '«‘\,‘\.m,, quantitative evaluation of chemical composition of
1] (i 3 10 12 14 16 18 20 this steel.

4 B u
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RYS.3. Drut srednicy 0.76 mm stosowany w zabiegu nefrostomii.
FIG.3. Wire with diameter of 0,76 mm used in nephrostomy.

Analize zawartosci wegla przeprowadzono metodg
absorpcji w podczerwieni na analizatorze firmy LECO
CS-244. Wykazata ona, ze drut, z ktérego wykonana jest
sprezyna, zawiera 0,16% C, natomiast zawarto$¢ wegla w
drucie rdzeniowym wynosi 0,13% C.

Badania wtasciwosci mechanicznych przeprowadzone na
maszynie wytrzymatosciowej firmy Instron wykazaty, ze drut
rdzeniowy charakteryzuje sie wytrzymatoscig na rozcigganie
R,=1613 MPa oraz wydtuzeniem wzglednym A,;,,=2,7%.

Drut srednicy 0,76 mm

Drugi poddany badaniom drut dlugosci 1100 mm ma bu-
dowe analogiczng do pierwszego. Rézni sie srednica, ktéra
wynosi 0,76 mm (RYS.3). Natomiast srednice elementow
tworzgcych drut wynoszg odpowiednio:

« Srednica drutu okragtego, z ktérego wykonana jest spre-
zyna - 150 pym,
* Srednica drutu rdzeniowego - 525 pm.

Analiza jakosciowa i ilosciowa przeprowadzona na
skaningowym mikroskopie elektronowym wykazata, ze
poszczegolne czesci drutu: sprezyna z drutu okragtego
oraz drut rdzeniowy zostaty wykonane ze stali chromo-
wo-niklowej. Metoda absorpcji w podczerwieni pozwolita na
stwierdzenie, ze drut, z ktérego zostata wykonana sprezyna
ma zawarto$¢ wegla na poziomie 0,08% C, natomiast drut
rdzeniowy zawiera 0,10% C.

Badania wiasciwosci mechanicznych wykazaty, ze drut
rdzeniowy charakteryzuje sie wytrzymatoscig na rozcigganie
R,=1445 MPa oraz wydtuzeniem wzglednym A,;,,=7,9%.

Podsumowanie

Sukces w diagnostyce i leczeniu z zastosowaniem
nefrostomii zalezy w duzej mierze od prawidtowego roz-
wigzania probleméw technologicznych w zakresie wytwa-
rzania narzedzi, instrumentarium, jak réwniez materiatow
pomocniczych do zabiegéw, w tym drutéw prowadzgcych
0 zgdanych wiasciwosciach uzytkowych. Przeprowadzone
badania drutéw importowanych pozwolity na ustalenie
wymagan, jakimi powinny sprosta¢ druty dla nefrostomii.
Po ustaleniu technologicznej plastycznosci wybranych
stali, podejmowane bedg préby opracowania technologii
wytwarzania drutow.

Wire with diameter of 0.76 mm

The other tested wire was 1100 mm long, its structure was
similar to the first one. They differ a far as diameter is con-
cerned — here it equals 0.76 mm (FIG.3.), while diameters
of the elements constituting the wire are respectively:

« diameter of the round wire of which spring is made - 150 pm,
* core wire diameter - 525 pm.

Quantitative and qualitative analysis made on a scanning
electron microscope proved that particular parts of the wire:
spring made of round wire and core wire, have been made
of chromium-nickel steel. Infrared absorption method proved
that the content of carbon in the wire the spring has been
made of equals 0.08% C, whereas the content of carbon in
core wire is 0.10% C.

Testing of mechanical properties proved that core wire
is characterised by tensile strength R,,=1445 MPa and unit
elongation A,;,;=7.9%.

Summary

The success in diagnostics and treatment when mak-
ing use of nephrostomy is to a great extent dependent on
properly solved technological problems of manufacturing
of tools and instruments, as well as accessories necessary
for treatment, including guide wire with required effective
characteristics. Carried out tests of imported wire enabled
to determine the requirements which wire for nepfrostomy
should meet. Once the technological plasticity of chosen
steel is established, attempts of development of technology
of wire production will be made.
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Wprowadzenie

Perspektywiczny i dynamiczny kierunek rozwoju sta-
nowig biomateriaty uktadu metal — warstwy bioceramicze,
w szczegolnosci fgczgce wysokie wiasciwosci fizyczne i
mechaniczne stopow tytanu z ksztattujgcg ich aktywnosé
biologiczng warstwa hydroksyapatytu [1,3]. Znaczenie apli-
kacyjne w wytwarzaniu warstw na biomateriatach znajdujg
gtéwnie techniki inzynierii powierzchni w tym m.in.: metody
natryskiwania cieplnego, metody PVD, CVD oraz metody
elektrochemiczne [1,4,5]. WSrod tych metod coraz wiekszg
role odgrywajg warstwy wytwarzane metodami jarzeniowymi
oraz metodami zol-zel i elektroforezy [4-6].

W pracy przedstawiono badania mikrostruktury oraz
mozliwosci ksztattowania kompozytowych warstw biocera-
micznych metodg hybrydowa.

Materiat i metody

Przedmiot badan stanowity bioceramiczne warstwy
kompozytowe na stopie tytanu Ti6AI4VELI (ASTM- grade 5)
wytworzone metodg hybrydowg tgczacg procesy azo-
towania jarzeniowego, zol-zel i elektroforezy. Na stopie
Ti6AI4V metodg azotowania jarzeniowego (temp. 800°C,
cisnienie 4 hPa, czas procesu 3h) wytworzono warstwe
TiN+Ti,N+aTi(N), ktérg nastepnie dwukrotnie pokryto war-
stwg SiO,-TiO, technikg zol-zel (obrébka cieplna warstwy
w temperaturze 500°C). Warstwe zewnetrzng stanowit
hydroksyapatyt (HA) wytworzony metodg elektroforezy.
Warstwe wygrzewano w temperaturze 750°C, a grubosc¢
regulowano poprzez dobdér czasu osadzania i parametrow
elektrycznych elektroforezy.

Badania morfologii i mikrostruktury wytworzonych bio-
ceramicznych warstw kompozytowych przeprowadzono z
wykorzystaniem elektronowego mikroskopu skaningowego
(LEO 1430VP).

Wyniki

Wytworzone na stopie Ti6AI4V warstwy TiN+Ti,N+aTi(N)
(RYS.1) charakteryzujg sie wysokg jednorodnosciag struk-
turalng (grubos¢ warstwy ~4 pm; twardo$¢ ~1750 HV, ;).
Warstwy TiN+Ti,N+aTi(N) wykonano w ten sposéb, ze na
krawedziach azotowanych prébek rozwiniecie powierzchni
jest wieksze niz na $rodku ($rodek R,=0,432, krawedz
R,=0,467). Fakt ten powinien korzystnie wptywac¢ na przy-
czepnos$¢ warstwy hydroksyapatytu.
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Introduction

One of the prospective and dynamic trend of development
in biomaterials is connected to metal-bio-ceramic layers
systems, particularly those which join high physical and
mechanical properties of titanium alloys with hydroxyapatite
layer, which has a positive effect on their biological activ-
ity [1,3]. Surface engineering techniques such as: thermal
spraying, PVD, CVD and electrochemical methods [1,4,5],
are particularly important when it comes to their application
in production of the layers on biomaterials. The layers pro-
duced by the glow-discharge, sol-gel and electrophoresis
methods [4-6] are becoming increasingly important. The
paper presents the study of microstructure and the pos-
sibility of designing bio-ceramic composite layers by hybrid
method.

Materials and methods

Bio-ceramic composite layers on Ti6AI4VELI alloy (ASTM-
grade 5) produced by hybrid method with the use of glow-dis-
charge nitriding, sol—gel and electrophoresis were the subject
of examinations. The TiN+Ti,N+aTi(N) layer on the alloy was
produced by glow-discharge assisted by nitriding in a pure
nitrogen atmosphere for 3h at a temperature of 800°C and
under 4 hPa pressure. The layer was consequently pre-
covered twice with the SiO,-TiO, sol-gel layer (heat treated
at 500°C). The hydroxyapatite (Chema-Elektromet Co,
Rzeszoéw), produced by electrophoresis method, was the
final layer. The HA layer was annealed at the temperature of
750°C, moreover, the thickness of the layer was controlled
by selecting the depositing time and electric parameters of
the electrophoresis process.

The morphology and microstructure of the manufactured
bio-ceramic composite layers were studied with the use of
scanning electron microscope (LEO 1430VP).

Results

The TiN+Ti,N+aTi(N) layer on Ti6Al4V alloy (FIG.1) is
characterised by a high structural homogeneity (thickness
~4 pm; microhardness ~1750 HV,,). The edge surface
development slightly exceeded the centre surface develop-
ment in the TiN+Ti,N+aTi(N) layer produced by the applied
method (centre R,=0,432 ym, edge R,=0,467 pm). This
fact ought to advantageously influence adhesion of the
hydroxyapatite layer.
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RYS.1. Topografia powierzchni warstwy azotowa-
nej otrzymanej na stopie Ti6Al4V; (a) na srodku
probki, (b) na krawedziach probki.

FIG.1. The surface topography of nitrided layer on
Ti6AI4V alloy; (a) in the centre of specimen, (b) in
the edges of specimen.

RYS.3. Uktad kompozytowy stop tytanu /
TiN+Ti,N+aTi(N) / SiO,-TiO,/ hydroksyapatyt.
FIG.3. The titanium alloy / TiN+Ti,N+aTi(N) /
SiO,-TiO,/ hydroxyapatite composite system.

Analizujgc topografie powierzchni uktadu stop Ti6AI4V/
TiN+Ti,N+aTi(N)/SiO,-TiO, stwierdzono wystepowanie
mniejszej ilosci mikropeknie¢ na srodku prébki (zatozona
mniejsza chropowatos$¢ warstwy azotowanej) niz na krawe-
dziach (RYS.2b,c).

Mikrostrukture warstw SiO,-TiO, wykonanych metoda
zol-zel przedstawiono na RYSUNKU 2. Widoczne s3 liczne
mikropekniecia powstate na skutek wygrzewania warstw
w podwyzszonej temperaturze. W przypadku warstw wy-
tworzonych na materiale bazowym - tytanie z podwarstwg
TiN+Ti,N+aTi(N), mikrostruktura warstw SiO,-TiO, jest bar-
dziej jednorodna i zwarta (RYS.2b) w poréwnaniu do warstw
wykonanych bezposrednio na stopie tytanu (RYS.2a).

RYS.2. Topografia powierzchni warstw SiO,-TiO,:
(a) na stopie Ti6AI4V,

(b) z podwarstwa TiN+Ti,N+aTi(N) — Srodek prébki,
(c) TiN+Ti,N+aTi(N) — krawedz prébki.

FIG.2. The surface topography of SiO,-TiO, layers:
(a) on the Ti6Al4V alloy,

(b) with TiN+Ti,N+aTi(N) sublayer - centre of
the specimen, (c) TiN+Ti,N+aTi(N) — edge of the
specimen.

During the analysis of surface topography of the Ti6AI4V
alloy/TiN+Ti,N+aTi(N)/SiO,-TiO, system, smaller quantity
of microcracks was observed in the centre of the specimen
(smaller roughness of the nitrided layer intended), rather
than on the edges (FIG.2b,c).

FIGURE 2 presents the microstructure of SiO,-TiO, layer
produced by the sol-gel technique. Numerous microcracks
have been observed due to the fact that the layers were
annealed at high temperatures. In the case of substrate
material - titanium with TiN+Ti,N+aTi(N) sublayer, the micro-
structure of SiO,-TiO, layers is more homogeneous and
compact (FIG.2b) in comparison with the layers produced
directly on titanium alloy (FIG.2a).
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Uktad kompozytowy stop tytanu/TiN+Ti,N+aTi(N)/
SiO,-TiO,/hydroksyapatyt wytworzony metodg hybrydowg
tgczgcy procesy azotowania jarzeniowego, metody zol-zel
i elektroforezy przedstawiono na RYSUNKU 3. Rozwiniecie
powierzchni oraz obecno$é mikropeknie¢ w mikrostruktu-
rze warstw (moggacych spetnia¢ role ,szczepien”), moze
korzystnie wptywac na zwiekszenie przyczepnosci warstwy
hydroksyapatytu do materiatu podtoza oraz w uktadzie im-
plant-organizm ludzki. Wytworzona warstwa hydroksapatytu
metodg elektroforezy jest jednorodna, cienka i zwarta z
widocznymi mikropeknieciami.

Analiza dyfrakcyjna (GID) otrzymanej powtoki hydrok-
syapatytowej [3] wskazuje na jej stabokrystaliczny badz
amorficzny charakter. Ponadto stwierdzono narastanie
hydroksyapatytu na powierzchni prébek w wyniku termo-
statowania w SBF, potwierdzajgc osiggniecie wtasnosci
bioaktywnych wytworzonych warstw kompozytowych.

Podsumowanie

Podsumowujgc mozna stwierdzi¢, ze prezentowana me-
toda hybrydowa: azotowania jarzeniowego, metody zol-zel,
elektroforezy pozwala na wytworzenie nowej generacji bio-
materiatéow tytanowych o $cisle okreslonej mikrostrukturze,
sktadzie chemicznym i fazowym oraz topografii powierzchni.
Z uwagi na korzystng wysokg bioaktywnos¢, jakos¢ warstw
oraz mozliwos$¢ poprawy wiasciwosci mechanicznych hy-
droksyapatytu korzystnym jest wytworzenie uktadu kompo-
zytowego z warstwami przejsciowymi TiN+Ti,N+aTi. Wydaje
sie, ze modyfikacja materiatu bazowego (tytanu) przez
wytworzenie warstw kompozytowych TiN+Ti,N+aTi(N)/SiO,-
TiO,/hydroksyapatyt moze przyczyniac sie do zwiekszenia
biozgodnosci oraz aktywnosci biologicznej w warunkach
organizmu ludzkiego.
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FIGURE 3 presents the titanium alloy/TiN+Ti,N+aTi(N)/
SiO,-TiO,/hydroxyapatite composite system, produced
by the hybrid method combining glow-discharge nitriding,
sol—gel and electrophoresis methods.

The surface development and presence of microcracks
in the microstructure of the layers (playing the role of “me-
chanical interlooking”), may positively influence on increase
of adhesion of the hydroxyapatite layer to the substrate ma-
terial and, therefore, implants applied in human organisms.
The hydroxyapatite layer produced by the electrophoresis
method was homogeneous, thin and compact with the vis-
ible microcracks.

The XRD analysis of the hydroxyapatite layer (GID
method) showed their fine-crystallinity or the amorphous
character [3]. Moreover, a growth of hydroxyapatite was
observed on the specimen surface, as a result of soaking
in SBF at a specific temperature. This confirms obtaining
bioactive properties by the composite layers.

Summary

To sum up, the application of a hybrid method: glow-
discharge nitriding, sol—-gel and electrophoresis allows us
to manufacture a new generation of titanium biomaterials
with the definite microstructure, phase and chemical com-
position and surface topography. Taking into consideration
high bioactivity, layer quality and possibility of improving
the mechanical properties of hydroxyapatite, it is advanta-
geous to produce composite systems with TiN+Ti,N+aTi
intermediate layers.

It seems that modifications of the substrate material
(titanium) through the production of TiN+Ti,N+aTi(N)/SiO,-
TiO,/hydroxyapatite may cause an increase of biocompat-
ibility and biological activity in human organisms.
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BIOSZKLO NOWEJ GENERACJI
JAKO SKLADNIK KOMPOZYTU
Z HYDROKSYAPATYTEM

J. Kokoszka, A. ONyszkiEwICZ, K. SzYMANSKA,
K.J. BRamowskaA, K. CHoLEwA-KowALSKA, A. SLOSARCZYK,
M. Laczka

AKADEMIA GORNICZO — HUTNICZA,
Wybziat. INZYNIERI MATERIALOWEJ | CERAMIKI,
AL. Mickiewicza 30, 30-059 Krakow

Streszczenie

Celem badan byto wytworzenie kompozytu hy-
droksyapatyt — bioszkto nowej generacji. Badaniom
poddano kompozyty o réznej zawarto$ci bioszkta
S2:2,5%, 5%, 10%, 25% oraz 50%, w ktérych reszte
sktadu procentowego stanowit hydroksyapatyt.

Otrzymane probki zostaty scharakteryzowane ze
wzgledu na sktad fazowy, a w celu oceny bioaktyw-
noSci przeprowadzono badania in vitro w sztucznym
osoczu (SBF).

Wykorzystujgc scanningowg mikroskopie elektro-
nowg oceniono stan powierzchni materiatow po 7 i 14
dniach inkubacji w sztucznym osoczu (SBF).

[Inzynieria Biomateriatow, 73, (2008), 16-18]

Wprowadzenie

Wazng role wsréd nowoczesnych materiatow implanta-
cyjnych odgrywajg materiaty bioaktywne zdolne do wytwa-
rzania z zywymi tkankami trwatego chemicznie potgczenia.
Do grupy tych materiatébw zalicza sie ceramike na bazie
fosforanéw wapnia oraz bioszkto. Samodzielne stosowanie
tych materiatéw nie jest powszechne w implantacji ze wzgle-
du na ich niskg odpornos¢ na kruche pekanie. Dlatego tez
poszukuje sie skutecznych potgczen tych materiatéw.

W pracy przedstawiono sposob wytworzenia kompozytu
sktadajgcego sie z hydroksyapatytu oraz bioszkta nowej
generaciji oraz przeanalizowano proces narastania apatytu
w symulowanym osoczu ludzkim (SBF) na powierzchni tych
materiatéw po 7 i 14 dniach inkubaciji.

Materialy i metody

Badaniom zostaty poddane kompozyty wykonane z
hydroksyapatytu oraz bioszkta pochodzenia Zzelowego o
roznym sktadzie chemicznym. Wykonano serie probek
kompozytu o zawartosci bioszkta 2,5%, 5%, 10%, 25% oraz
50%. Skfad procentowy kompozytéw oraz warunki obrébki
termicznej podano w TABELI 1.

Wykorzystano bioszkio S2 wytworzone za pomocg syn-
tezy zol-zel, o wysokiej zawartosci
krzemionki (80% mol. SiO,, 16% mol.
CaO0, 4% mol. P,Ox).

Sktadniki kompozytu poddano
24-godzinnemu mieszaniu w $ro-
dowisku alkoholu propylowego,

Skfad procentowy kompozytu /

Percentage composition of the
composite

2.5% S2/97.5% HAp

5% S2 /95% HAp

10% S2 /90% HAp

NEW GENERATION BIOGLASS
AS A COMPONENT OF
HYDROXYAPATITE COMPOSITE

J. Kokoszka, A. ONyszkiEwICZ, K. SzYMANSKA,
K.J. BRaMmowsKA, K. CHOLEWA-KOWALSKA, A. SLOSARCZYK,
M. LAczka

AGH - UNIVERSITY OF SCIENCE AND TECHNOLOGY,
FacuLTy oF MATERIALS ScIENCE AND CERAMICS,
30, Mickiewicz AL., 30-059 Cracow, PoLAND

Abstract

The aim of this study was to fabricate a new gene-
ration bio-glass / hydroxyapatite composite.

Bioceramic composites were synthesized by sin-
tering the powders of hydroxyapatite (HAp) mixed
directly with an additive of 2.5, 5, 10, 25 and 50 wt.%
bio-glass, at different temperatures ranging from 700
to 1300°C.

The obtained materials were characterised with
respect to phase composition and SBF test for estima-
tion of their bioactive properties was carried out.

The surfaces of composites were investigated as a
function of soaking time in simulated body fluid (SBF)
after 7 and 14 days, using SEM/EDAX analysis.

[Engineering of Biomaterials, 73, (2008), 16-18]

Introduction

Bioactive materials are a very important group of modern
implants, which can create the stable connection with living
organism tissues. These materials are calcium phosphates
and bio-glass based ceramics. In practice, because of their
low fracture toughness, these materials are used only in
none load bearing places.

In this work powders of HAp and silicate — based glass
(80% SiO,, 16% Ca0, 4% P,0s; S2), prepared by the sol—gel
method, were sintered at different temperatures ranging
from 700 to 1300°C.

Based on scanning electron microscope examinations,
the surface of investigated materials after different times of
incubation in SBF was observed.

Materials and methods

In the present study, HAp composites containing: 2.5, 5,
10, 25 and 50 wt.% bioglass additions, were investigated
over a range of sintering temperatures, to determine their
phase composition and microstructure. The percentage
chemical composition of the composites and temperature
treatment conditions are summarized in TABLE 1.

Using the sol-gel method, the
S2 powder (high silica glass 80%
mol. SiO,, 16% mol. CaO, 4% mol.
P,O;) was prepared.

The HAp and S2 powders were

Temperatury spiekania /
Sintering temperatures

a nastepnie poddano suszeniu w ||
temperaturze 100°C. Z otrzymane-

25% S2 / 75% HAp
50% S2/50% HAp

700 - 1100°C prepared by wet ball — milling in
. isopropyl alcohol, for 24 hours,
900 - 1300°C || and then dried at 100°C. Disc-

go materiatu wytworzono pastylki
metodg prasowania jednoosiowego
pod cisnieniem 100 MPa. Spiekanie
pastylek przeprowadzono w tempe-
raturach od 700°C — 1300°C.

TABLE 1. Sktad procentowy kompozytu oraz
temperatury spiekania.

TABLE 1. Percentage composition of the
composite and sintering temperatures.

shaped samples were pressed
uni-axially at 100 MPa. The
obtain samples were sintered at
temperatures of 700, 800, 900,
1000, 1100, 1200 and 1300°C.
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Otrzymane probki zostaty scharakteryzowane pod
wzgledem sktadu fazowego, a takze w celu oceny bioak-
tywnosci przeprowadzono badania in vivo w sztucznym
osoczu (SBF).

Wyniki badan

Na podstawie dyfrakcji rentgenowskiej (XRD) oraz badan
w podczerwieni (FTIR) wywnioskowano, iz w temperaturach
powyzej 1100°C zachodzi krystalizacja bioszkfa w kierunku
krzemiandéw wapnia, a takze nastepuje rozktad hydroksy-
apatytu do fosforanu wapnia (RYS.1).

Otrzymane spieki poddane zostaty badaniu w symulo-
wanym plynie fizjologicznym SBF w celu okreslenia stopnia
bioaktywnosci. Dla probek o okresie inkubacji 7 i 14 dni
przeprowadzone zostaty badania SEM/EDAX.

The HAp/S2 powders and the sintered samples were
characterized by X-ray diffraction (XRD) and a scanning
electron microscope coupled with energy dispersive X-ray
analysis (SEM/EDAX). In vitro assay was performed by
soaking the disks in the simulated body fluid during a period
of 7 and 14 days.

Results

Based on results of XRD and FTIR analysis we can
conclude that phase composition of sintered composites
at temperatures up to 1100°C, were calcium silicate being
probably a product of bio-glass recrystallization, and calcium
phosphate - decomposition of HAp. XRD patterns and FTIR
spectra of the 50% HAp / 50% S2 composite sintered at
1300°C are shown in FIG.1.

50%S52/50%HAp_1300°C
T T T T T T

. . .
cP CP -Ca,y(PO,),
s CS - Cay(Si;0g)

S- SiO2 cristobalite

CP

CP

-JLJZJ_.IJ uJJ.CJ{uSIl'

10 20 30

b ldiaid

2 @ [deg]
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50%S2/50%HAp_1300°C
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RYS.1. Charakterystyka XRD oraz analiza FTIR kompozytu 50% HAp / 50% S2 dla 1300°C.
FIG.1. XRD characteristics and FTIR analysis of the composite 50% HAp / 50% S2 at 1300°C.

Analiza powierzchni kompozytu 50%S2/50%HAp(1300°C)

SlKa
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RYS.2. Mikroskopowy obraz powierzchni SEM oraz analiza EDAX materiatu kompozytowego 50% S2 / 50% HAp

wypalanego w 1300°C przed inkubacja w SBF.

FIG.2. Microscope photo (SEM) and EDAX analysis of the surface 50% S2 / 50% HAp composite material sintered

at temperature of 1300°C before incubation in SBF.
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Analiza powierzchni kompozytu 50%S52/50%HAp(1300°C) 14 dni SBF

RYS.3. Mikroskopowy obraz powierzchni SEM oraz analiza EDAX materiatu kompozytowego 50% S2 / 50% HAp

wypalanego w 1300°C po 14 dniach w SBF.

FIG.3. Microscope photo (SEM) and EDAX analysis of composite material 50% S2 / 50% HAp sintered at the

temperature of 1300°C after 14 days in SBF.

Morfologia powierzchni probki oraz analiza sktadu dla
probki kompozytu 50% S2 / 50% HAp przed oraz po 14
dniach inkubacji w SBF przedstawione sg na RYS.2i 3.

Na podstawie tej analizy zaobserwowano znaczny wzrost
stezenia wapnia i fosforu przy obnizeniu/zaniku refleksu
charakterystycznego dla krzemu, co moze $wiadczy¢ o
formowaniu sie na powierzchni materiatu warstwy fosforanu
wapnia.

Opierajgc sie na wynikach wczesniejszych badan [5],
a takze biorgc pod uwage charakterystyczng morfologie
tworzacej sie warstwy powierzchniowej (kuliste, ,kalafioro-
wate” formy) mozna przypuszczac, ze warstwe te stanowi
hydroksyapatyt.

Whioski

1. Bioszklo nowej generacji SiO,-CaO-P,0, moze by¢
wiasciwym materiatem wyjsciowym do produkcji kompozy-
téw z hydroksyapatytem.

2. Skiad fazowy spiekdw wskazywat na przekrystalizo-
wanie bioszkta oraz rozktad hydroksyapatytu, zwtaszcza w
temperaturach powyzej 1100°C.

3. Badania przeprowadzone w SBF oraz analiza SEM/
EDAX wykazaty, iz na powierzchni kompozytu narasta
warstwa fosforandw wapnia, co jednoczes$nie wskazuje na
ich bioaktywnosc.
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The HAp/S2 composites were examined using SEM/
EDAX analysis after soaking in simulated body fluid (SBF)
for 7 and 14 days.

SEM observation and EDAX analysis of the 50% HAp /
50% S2 composite before and after 14 days contact with
SBF are shown in FIG.2 and 3. The examination proved that
after 14 days contact with SBF, Ca and P peaks increased,
with rapid drop of Si peak. This observation suggests that
hydroxyapatite was probably formed on the surface of the
sample as a result of being immersed in the simulated
body fluid.

Conclusions

1. Bioglass of new generation SiO,-CaO-P,0O; can be
used as initial materials for obtaining HAp/S2 composites.

2. Phase composition of sinters indicates for bio-glass
recrystallization and decomposition of hydroxyapatite, par-
ticularly at the temperature of 1100°C.

3. The studies in SBF and SEM/EDAX analysis probed
that a coat of calcium phosphate grows at the composite
surface, what also indicates their high bioactivity.

Acknowledgements

This investigation was financially supported by the
Faculty of Mat. Science and Ceramics, AGH, under project
No 11.11.160.365/2008.

References

[4] C.C. Tancred, A.J. Carr, A.A.O. Mccormack: The sintering and
mechanical behavior of hydroxyapatite with bioglass additions;
Journal of materials science: Materials in medicine 12 (2001)
81-93.

[5] R. Sindut: “Bioszkta nowej generacji — wptyw parametréw ma-
teriatowych na bioaktywnos$¢” rozprawa doktorska, AGH Krakéw
2006.

Z ommm® 0 00000 0000000000000 0000000000000000000000

L



WLASCIWOSCI BIOLOGICZNE
LITYCH WSZCZEPOW CEMENTU
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Streszczenie

Celem badan byta ocena biologiczna zmodyfiko-
wanych cementéw opartych na fosforanie wapnia,
w formie litych walcéw, przeznaczonych do uzupet-
niania ubytkow kosci. Badaniu poddano trzy rodzaje
materiatdw, oznaczonych roboczo symbolami B, H i
K-0,25 alg, o nastepujgcych sktadach komponentow
proszkowych: B - aTCP, DCP, DCPD; H - aTCP, HA;
K-0,25alg - aTCP, BTCP, DCPD, alginian sodu. Prze-
prowadzono badania cytotoksycznosci oraz odczynu
tkanki kostnej na obecno$c tych materiatéw. Okres
obserwacji po wszczepieniu kompozytéw w formie
litych walcéw do kretarzy koSci udowej krolikow
wynosit 1, 2 i 3 miesigce. W badaniach histologicz-
nych stwierdzono, ze w bezpos$rednim sgsiedztwie
implantéw, do 2 miesigca po wszczepieniu, obecna
byta faza wysiekowa. Wszczepy otaczato pasmo
tkanki tgcznej i kostnej czesciowo wnikajgcej w
strukture implantu. W 3 miesigcu obserwacji ulega-
jgce czesSciowej defragmentacji cementy otaczata
splotowata i blaszkowata tkanka kostna z wyspami
tkanki tgcznej. Implanty ulegaty stopniowej resorpcji
od strony brzeznej. Przeprowadzone badania mikro-
skopowe wykazaly, Zze resorpcja cementu i procesy
regeneracyjne tkanki kostnej byty intensywniejsze w
przypadku cementu zawierajgcego alginian sodu w
poréwnaniu do cementdw nie zawierajgcych alginianu.
Stowa kluczowe: biomateriaty, cementy, fosforan
wapnia, badania eksperymentalne, biozgodnos$¢

[Inzynieria Biomateriatéw, 73, (2008), 19-23]

Wprowadzenie

W chirurgii kostnej istnieje zapotrzebowanie na synte-
tyczne materiaty o wysokich parametrach osteokondukcyj-
nych [1,2]. Ostatnio wiele uwagi poswieca sie badaniom
nad cementami fosforanowo-wapniowymi, ktérych cechy
biologiczne sg wyjatkowo korzystne. Jednakze cementy te
cechujg sie stosunkowo niskg wytrzymatoscig mechanicz-
na, zwtaszcza we wczesnym okresie po zaimplantowaniu
[2]. Wiele fosforanowo-wapniowych cementéw ulega tez
dezintegracji po kontakcie z krwig lub innymi ptynami ustro-
jowymi, co ogranicza ich zastosowania w klinicznych proce-
durach. Doswiadczenia laboratoryjne wykazuja, Ze jednym
z promotoréw zwigkszenia kohezji cementéw moze byc¢
alginian sodu, zastosowany jako dodatek do cementu [3].

BIOLOGICAL PROPERTIES OF
SOLID CALCIUM PHOSPHATE
CEMENT IMPLANTS WITH
ADDITION OF SODIUM ALGINATE.
EXPERIMENTAL COMPARATIVE
STUDIES
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Abstract

The aim of the study was to evaluate biological
properties of modified calcium phosphate cements in
the form of solid cylinders used to fill bone loss. Three
kinds of materials denominated as B, H and K-0.25 alg
composed of powder components: B - aTCP, DCP,
DCPD; H-aTCP, HA; K-0.25 alg - aTCP, BTCP, DCPD,
sodium alginate, were investigated. Cytotoxicity and
bone tissue reaction to the presence of the materials
was evaluated. The follow up period after implantation
of the composites in the form of solid cylinders to the
rabbit trochanter was 1, 2 and 3 months. Histological
examinations revealed the presence of exudative
phase in the immediate surrounding of the implants
up to 2 months after implantation. The implants were
surrounded by a layer of connective and bone tissue
partly penetrating the structure of the implant. In the
3 month of observation, partly defragmented cements
were surrounded by plexiform and lamellar bone
tissue which contained islets of connective tissue.
The implants were undergoing gradual resorption on
the marginal side. Microscopic examinations revealed
that resorption of the material and regenerative proc-
esses in the bone tissue were most intense in the case
of cement with sodium alginate in comparison to those
not containing sodium alginate.

Keywords: biomaterials, cements, calcium phos-
phate, experimental studies, biocompatibility

[Engineering of Biomaterials, 73, (2008), 19-23]

Introduction

There is a demand in bone surgery for synthetic materials
with high osteoconductive properties [1,2]. Recently much
time has been devoted to the studies on calcium phosphate
cements, which have exceptionally beneficial biological prop-
erties. However the cements are characterized by a relatively
low mechanical strength, especially shortly after implantation
[2]. Also, many calcium phosphate cements undergo disin-
tegration after contact with blood or other systemic fluids,
what limits their applicability in clinical procedures. Labora-
tory experiments show that the addition of sodium alginate
may enhance cohesion of the cement [3]. Alginic acid sodium
salt (CqH,NaQy) is a natural polysaccharide produced from
seaweed from Phaeophyceae family (Macrocystis pyrifera,
Laminaria digitata, L. cloustoni, Ascophyllum nodosum).
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Sol sodowa kwasu alginowego (C;H,NaQ;) stanowi na-
turalny polisacharyd, wytwarzany z wodorostow rodziny
Phaeophyceae (Macrocystis pyrifera, Laminaria digitata,
L. cloustoni, Ascophyllum nodosum). Wielko$¢ jego wptywu
na wytrzymato$s¢ mechaniczng cementéw fosforanowo-
wapniowych zalezna jest od zastosowanego stezenia.
Zbyt wysokie moze prowadzi¢ do zahamowania procesu
wigzania cementu [4]. Oddziatywanie biologiczne algia-
nianu sodu jest znane i akceptowane. Jest on stosowany
miedzy innymi w technologiach zywieniowych, jako dodatek
nosnikow lekow, a takze jako biomateriat. W Instytucie
Szkta i Ceramiki w Warszawie przygotowano trzy rodzaje
kompozytowych cementéw opartych na fosforanach wap-
nia (sktad podano w nastepnym rozdziale). Oznaczone B i
H wykazywaty trwatos¢ w kontakcie z ptynami tkankowymi.
Natomiast cement K (bez dodatku alginianu) sodu w kon-
takcie z krwig ulegat powolnemu rozmigkaniu. Integralnosc¢
struktury cementu K uzyskano po modyfikacji jego sktadu
wyjsciowego przez zastosowanie dodatku alginianu do
proszku w ilosci 0,25% wag. (materiat oznaczony K-0,25
alg). Poniewaz nieznane byly oddziatywania biologiczne
tak przygotowanych kompozytéw, celem badan byta ocena
oddziatywania cytotoksycznego oraz poréwnawcza ocena
odczyndéw zywej tkanki kostnej na obecnos¢ wyzej wymie-

Its influence on the mechanical strength of calcium phos-
phate cements depends on its concentration. Too high
concentration may lead to the inhibition of cement setting
[4]. Biological effects of sodium alginate are known and ac-
cepted. It is used, among others, in food technology, as a
vehicle for drugs, and also as a biomaterial. Three forms of
composite calcium phosphate cements were developed at
the Institute of Glass and Ceramics (ISiC) in Warsaw (their
composition is given in the next chapter). Those denomi-
nated as B and H were stable in contact with systemic fluids.
On the other hand, cement K (without the addition of sodium
alginate) displayed slow softening in contact with blood. The
integrity of cement K structure was obtained after modifica-
tion of its initial composition with the addition of alginate
to the powder in the amount of 0.25% of weight (material
denominated K-0.25 alg). Since the biological effects of thus
prepared composites were unknown, the aim of the study
was to evaluate the cytotoxic effect and to assess compara-
tively the reaction of live bone tissue to the presence of the
above described materials in the form of solid cylinders.

Material and methods

The investigations involved three kinds of modified

nionych materiatéw, w formie litych walcow. [T e Proszek ceramic calcium phosphate
ementul % wag./ Plyn / Fluid cements designated H, B

. . 4 N AN 4 i i
Materiat i metody the cement and K-0.25 alg with alginate
oTCP 901 roztwér1bzll;sztynia/nu soduf supplementation with the fol-

% wag. . i
Badano trzy rodzaje ceramicznych zmo- 8 o 88 2w sodium succinate || '0Wing composition of powder
dyfikowanych cementéw wapniowofosfo- . solution components: aTCP or BTCP
ranowych oznaczonych H i B i K-0,25 alg H aTCP  98.0 [roztwér Na,HPO, 3% wag./|| (ot or B tricalcium phosphate -
z suplementacjg alginianu z udziatem na- HA 20 | 3 wi% Na,HPO, solution | Gg,(PQ,),), DCP (calcium hy-
TCP  77.80 ) )

stepujacych fosforanéw: aTCP lub BTCP (a BTGP 16,06 |OZWOr 1"2‘{;:3%2'3;‘” sodul| drogen phosphate - CaHPO,)
lub B fosforan trjwapniowy Cay(PO,),), DCP || K0252ig | DCPD 499 | 15 9, sodium succinate || OF DCPD (calcium hydro-
(wodorofosforan (V) wapnia CaHPO,) lub alginian .25 solution gen phosphate dihydrate -

DCPD (wodorofosforan (V) wapnia dihydrat, CaHPO,2H,0) (TAB.1).

CaHPO,2H,0) (TABELA 1).

Prébki cementéw przeznaczone do ba-
dan cytotoksycznosci miaty forme krazkow
(10mm x 1,5mm), natomiast przygotowane do
wszczepienia do tkanek - forme litych walcow (3mm x 10mm).
Cementy poddano sterylizacji radiacyjne;j.

Badania wykonano za zgoda Lokalnej Komisji Etycznejnr 1
ds. Doswiadczen na Zywych Kregowcach we Wroctawiu.

Ocena cytotoksycznosci

Badania cytotoksycznosci przeprowadzono metodg bez-
posredniego kontaktu probek cementéw z jednowarstwowg
hodowlg komorek fibroblastow mysich 3T3/Balb. Badania
cytotoksycznosci wykonano zgodnie z PN-EN ISO 10993
LBiologiczna ocena wyrobéw medycznych. Czes¢ 5: Badania
cytotoksycznosci in vitro”. Hodowle komdrek 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/ml L-glutaminy w temp.
37°C, w atmosferze 5% CO,. Komérki przeszczepiano
stosujac roztwor 0,05% trypsyny z 0,02% EDTA w PBS,
o pH 7,2. Hodowla komorek fibroblastow mysich zostata
zatozona na ptytkach Petriego w ilosci 0,5-108 na kazde;j.
Po 24 godzinach na hodowle komorkowe naktadano probki
materiatéw i inkubowano w temp. 37°C, w atmosferze 5%
CO,. Stopien toksycznosci badanych cementdéw oceniono
na podstawie zmian w morfologii komérek, ich przezywal-
nosci i zdolnosci do proliferacji.

Badania implantacyjne

Badania przeprowadzono na 27 krélikach rasy nowo-
zelandzkiej. Po domigsniowym znieczuleniu wykonywano
ciecie skory wzdtuz nasady kosci udowej i w odstonietych

TABELA 1. Sklad badanych cementow
wapniowo-fosforanowych.

TABLE 1. Composition of the investi-
gated calcium-phosphate cements.

Samples of cement for cy-
totoxicity examination were
prepared in the shape of circles
(10mm x 1,5mm), while those
prepared for implantation were
solid cylinders (3mm x 10mm). The cements were submitted
to radiation sterilization.

The study protocol was approved by the Local Ethics Com-
mittee No 1, for Experiments on Live Vertebrates in Wroctaw.

Cytotoxicity evaluation

Cytotoxicity evaluation involved immediate contact of
the samples with single-layer culture of mice fibroblast
3T3/Balb. Cytotoxicity examinations were performed accord-
ing to PN-EN ISO 10993 ,Biological evaluation of medical
products. Part 5: In vitro cytotoxicity”. Cells were cultured in
Eagle’s medium with 10% addition of inactivated (30 min.,
56°C) calf serum and 100 u/ml of penicillin, 100 pg/ml of
streptomycin and 2 mM/ml L-glutamine at 37°C, in atmos-
phere containing 5% CO,. The cells were transplanted
using solution of 0.05% trypsin with 0.02% EDTA in PBS,
pH 7.2. Mice fibroblasts culture was performed on Petri
dishes in the amount of 0.5-10%for each dish. After 24 hours,
cell cultures were covered by samples of material and in-
cubated at 37°C in air containing 5% CO,. The degree of
toxicity of the investigated cements was assessed on the
basis of pathological changes in the cells, their survival and
capability to proliferate.

Implantation examinations

The examinations were performed on 27 New Zealand
rabbits. Following intramuscular anaesthesia, the skin was
incised along the femoral bone epiphysis. In each of the
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kretarzach mniejszym i wiekszym nawiercano po 2 kanaty
(o $rednicy 3mm), w ktdérych umieszczano cylindryczne prébki
cementu. Migsnie i skére zszywano warstwowo. W zapla-
nowanych terminach sekcyjnych, j. po 1, 2, i 3 miesigcach,
wykonano eutanazje. W czasie sekgji, w pierwszej kolejnosci
oceniano makroskopowo blizne pooperacyjng, wyglad tkanek
W miejscu wszczepienia oraz stan wybranych narzgdéw we-
wnetrznych. Kosci udowe wraz z implantami pobierano do
badan histologicznych. Preparaty barwiono hematoksyling
i eozyng (HE) oraz metoda Van Gieson (VG).

Wyniki

Ocena cytotoksycznosci
Po 24, 48 i 72 h w hodowlach po
kontakcie z cementami K-0,25 alg, B,

-
= O
=2
ISR
E E
S
© ©
oo

Czas badania /
Duration of
examination [h]

Cement
K-0.25 alg

Symbol badanego materiatu /
Symbol of the investigated cement

Kontrola /
Control

exposed lesser and greater trochanters two canals (3 mm
in diameter) were drilled into which the cylindrical samples
of cement were inserted. The muscles and the skin were
sutured in layers. In the planned time, i.e. after 1, 2 and 3
months the rabbits were sacrificed. On autopsy the post-
operative scar and the tissues at the site of injection were
evaluated macroscopically. Next femoral bone samples with
implants were collected for histopathological examination.
The preparations were stained with haematoxylin and eosine
(HE) as well as with Van Gieson’s method (VG).

Results

Cytotoxicity evaluation
After 24, 48 and 72 h in cultures
in contact with the following ce-

Cement
B
Kontrola /
Control
Cement
H
Kontrola /
Control

H i kontrolnych komorki przylegaty do I o4 Inslnslns Ins|ns |ns || Mments: K-0.25 alg, B, H and controls
podtoza i miaty prawidiowe cechy mor- || =28 28 the cells adhered to the base and
fologiczne. We wszystkich hodowlach E%’;‘;E 48 |n.s.|ns [ns |ns|ns |ns || displayed normal morphological
A o . . NS g .
stw!erdzono komorklwpodzaiach. N|.<.a Eé’ °l 72 [nslns|ns [ns!lns |ns. features. Cells division was found
stW|e_rdzor_10 aglutynac:,p, wgkgollzaCJl, = 2a |0.762(0,822| 0,822 |0,76%| 0,842 0,762 in all the cultures. The cells .dld _not
oddzielania od podtoza ani lizy bfon || 2 > 0,08 | 0,02 | 0,026 | 0,03 [0,026 7| 0,03 || display any features of agglutination,
komorkowych. Proliferacja komorek w 5 £e 48 |1:46%(1,365[ 1,462 [1,282[ 1,382 [ 1,28+ vacuolization, separation from the
hodowlach kontrolnych i z cementami || & & = 0,09 | 0,02 |0,314] 0,23 | 0,243 0,230 base and cellular wall lysis. Cells
byta prawidtowa. Gestos¢ komorek w3 = 2,42+| 2,2+ 2,46+ | 2,1+ | 2,50+ | 2,1 || proliferation in control cultures and
- |l & 72 1'0,07 | 0.15 | 0,307 |0,353| 0,360 |0,353]| : -
hodowlach po kontakcie z cementami |[.© _ 0 2 2 2 2 : in cultures with cements was normal.
byta wyzsza, w poréwnaniu do gesto- || €5 _ 24 ] 0jJO0fJO0jJoO]oO 0 || The cells cultures in contact with ce-
$ci komodrek w hodowlach kontrolnych. 5 E 3 [ 48 0 0 0 0 0 0 || ment revealed higher cell density in
Odsetek komorek martwych po 72h = =a | 72 | 1 1 1 S 3_|| comparison to the density in control
w hodowlach z badanymi cementa- || _ Ig .| 24 0 0 0 0 0 0 || cultures. The percentage of dead
mi byt nizszy od odsetka komorek § 5 ‘g 48 0 0 0 0 0 o |l cells after 72 h in cultures with the
martwych w hodowlach kontrolnych. || @ & & investigated cements was lower than
W obserwaciji hodowli pod mikroskopem 2 2 0 0 0 0 0 O _||in the control cultures. Microscopic

stwierdzono degradacje ceramicznych
cementow kostnych K-0,25 alg, B i
H, ktéra zwiekszata sie z uptywem
czasu i byta najwigksza po 72 h. Po
24,48 i 72 h w ptynach hodowlanych
obserwowano w poblizu prébek licz-
ne, oddzielone drobiny materiatow.

Badania implantacyjne

W czasie obserwacji poopera-
cyjnych zwierzeta zachowaty czynnag
i bierng ruchomos$¢ w stawach biodrowych i staty przyrost
masy ciata. Rany skérne byly wygojone przez rychtozrost
i pokryte nowg okrywg wtosowg. Sekcje zwierzgt wykona-
no 1, 2 i 3 miesigce po implantacji badanych cementéw.

Badania makroskopowe

Obraz makroskopowy po implantacji wszystkich badanych
cementéw byt podobny. Po odpreparowaniu tkanek miekkich
uwidoczniono kretarze mniejszy i wiekszy kosci udowej o
prawidtowej wielkosci i barwie. W 1 miesigcu po operaciji
miejsca implantacji byty wyraznie dostrzegalne, pokryte
czesciowo okostng. W pozniejszych terminach wszczepy
byly stabiej widoczne, byty catkowicie pokryte okostng i
pozostawaty mocno zespolone z otaczajgcg je koscia.
W przekrojach poprzecznych kosci udowych stwierdzono
do 3 miesigca zachowanie cylindrycznej formy wszczepdw,
ktore ulegaly jedynie pojedynczym porzecznym peknieciom.

W narzadach wewnetrznych nie znaleziono zmian o cha-
rakterze patologicznym.

Badania histologiczne

cement B

Po 1 miesigcu obserwacji, w ggbczastej tkance kostnej
widoczne bylty wszczepy ograniczone pasmem nowowy-
tworzonej tkanki kostnej lub tkanki tgcznej widknistej od
strony ko$ci, oraz tkanki tgcznej luznej od strony wszczepu.

TABELA 2. Wyniki badan cytotoksycz-
nosci w hodowli fibroblastéw mysich
3T3Balb/C po 24, 48 i 72 h w kontakcie z
cementami K-0,25 alg, B i H (n.s. - nie st-
wierdzono; # - istotna réznica dla p,0,05).
TABLE 2. Results of cytotoxicity examina-
tions in mice fibroblasts cultures 3T3Balb/C
after 24,48 and 72 h in contact with K-0.25 alg,
B and H cements (n.s. - not found, # - sig-
nificant difference for p,0.05).

evaluation revealed degradation of
ceramic bone cements K-0.25 alg,
B and H, which increased with time
and was the highest after 72 h. After
24, 48 and 72 h, numerous sepa-
rate particles of the materials were
observed in the culture fluids in the
close vicinity to the samples.

Implantation examinations

In the observation period the
animals preserved active and passive mobility in the
hip joints and exhibited constant growth of body mass.
The skin wounds were healing by first intention and cov-
ered with hair. The animals were autopsied 1, 2 and 3
months after implantation of the investigated cements.

Macroscopic examinations

The macroscopic picture after implantation of all the inves-
tigated cements was similar. Following soft tissues prepara-
tion, the lesser and greater trochanters of the femoral bone
were exposed and they were found to be of normal size and
colour. One month after the surgery, the implantation sites
were partly covered with periosteum. Two and three months
after the operation the implants were less visible; they were
completely covered with periosteum and fused firmly with the
surrounding bone. Transverse sections of the femoral bones
revealed maintained cylindrical shape of the implants until the
third month, with merely the presence of transverse cracking.

Internal organs did not reveal any pathological changes.

Histological examinations

cement B

After 1 month of observation, in the spongy bone could
be visible the presence of implants separated with a layer of
newly formed bone tissue or fibrous tissue from the side of the
bone and loose connective tissue from the side of the implant.
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W bezposrednim sgsiedztwie znajdowano homogennie
barwigce sie pozostatosci fazy wysiekowej, nagromadzenia
komorek zapalnych, cienkoscienne naczynia krwionosne.
W otaczajacej wszczepy tkance kostnej obecne byty liczne
osteoblasty oraz fragmenty materiatu. W 2 miesigcu cementy
otaczato pasmo tkanki kostnej, a miejscami wtdknistej tkanki
tacznej. W pasmie tym znajdowano pozostatosci wysigku w
postaci homogennie barwigcych sie mas, nagromadzenie
komorek zapalnych oraz silnie zaznaczong aktywnosc¢ osteo-
blastéw. Pojedyncze waskie pasma tkanki kostnej i fgcznej
miejscami wnikaty na catej szerokosci w strukture wszczepu.
Od strony szpiku kostnego wszczep oddzielato pasmo tkanki
tacznej z ogniskami kostnienia. 3 miesigce po implantacji w
preparatach histologicznych widoczne byly pofragmentowane
tworzywa otoczone przerosnietg tkankg kostng. Miejscami
obserwowano rozplem witoknistej tkanki tgczne;j.

cement H

W 1 miesigcu po wszczepieniu, w obrazie mikroskopo-
wym widoczne byly materiaty otoczone szerokim pasmem
tkanki tgcznej bogatokomaorkowej od strony implantu i wiok-
nistej od strony ggbczastej tkanki kostnej. Opisywane pasmo
miejscami wnikato w obreb wszczepu, w formie wypustek.
Znajdowano w nim fragmenty cementu z ogniskami kost-
nienia z udziatem aktywnych osteoblastéw na powierzchni
beleczek kostnych. W otaczajgcym implanty szpiku kostnym
widoczne byty pozostato$ciami wysieku, liczne cienkoscien-
ne naczynia krwionosne, homogennie barwigce sie masy.
W 2 miesigcu obserwacji widoczne byly wyraznie pofragmen-
towane wszczepy, ktére byly ograniczone i poprzerastane
pasmami tkanki fgcznej i kostnej. W szpiku kostnym znajdo-
wano mate fragmenty cementu, ogniskowo nagromadzone
komoérki zerne, w tym osteoklasty oraz ogniska kostnienia.
W 3 miesigcu po operacji w obrazie mikroskopowym widocz-
ne byly pofragmentowane wszczepy ograniczone blaszko-
watg tkankg kostna, a miejscami tkankg taczna.

cement K-0,25 alg

W gagbczastej tkance kostnej, w 1 miesigcu po operaciji,
widoczne byly pofragmentowane wszczepy przero$niete i
otoczone tkankg kostng i tagczng. W szpiku kostnym obecne
byly pozostatosci fazy wysiekowej, liczne cienkoscienne na-
czynia krwionos$ne. W 2 miesigcu obserwacji widoczne byty
implanty otoczone pasem nowowytworzonej tkanki kostnej o
cechach tkanki kostnej blaszkowatej oraz tkanki tgcznej wni-
kajacej w formie wypustek w przestrzehn wszczepu. 3 miesigce
po implantacji, w preparatach barwionych HE widoczne byty
pomniejszone wszczepy tkwigce tkance kostnej blaszkowatej,
ograniczone w pojedynczych wypadkach waskimi i nieliczny-
mi wysepkami tkankitgcznej. Z dala od centralnego wszczepu
w tkance kostnej znajdowano fragmenty tworzywa otoczone
tkankg kostng. Cement byt wyspowo obecny w szpiku kostnym,
otoczony tkanka chrzestng lub blaszkowata tkankg kostng.

In immediate surrounding there were homogenously staining
remains of the exudative phase, aggregation of inflammatory
cells and thin-walled blood vessels. The bone tissue sur-
rounding the implant contained numerous osteoblasts and
fragments of the material. In the second month, the cements
were surrounded with a layer of bone tissue and fibrous tissue
in places. This layer contained remains of exudates in the
form of homogenously staining mass, aggregation of inflam-
matory cells and strongly marked osteoblasts activity. In some
places single narrow bands of bone and connective tissues
penetrated the structure of the implant on the whole width.
From the side of bone marrow the implant was separated with
a layer of connective tissue with the foci of ossification. Three
months after implantation, the histological preparations con-
tained fragmented cements surrounded with overgrown bone
tissue. Proliferation of fibrous tissue was observed in places.

cement H

One month after the implantation the microscopic picture
revealed that the cements were surrounded with a broad band
of rich in cells connective tissue from the side of the implant
and fibrous tissue from the side of spongy bone. In places
the band penetrated the implant in the form of projections. It
contained fragments of cement with foci of ossification with
the participation of active osteoblasts on the surface of bone
trabeculae. The bone marrow surrounding the implant con-
tained the remains of exudates, numerous thin-walled blood
vessels, homogenously staining mass. Observation in the
second month revealed distinct, fragmented implants which
were limited and overgrown with bands of connective and
bone tissue. Bone marrow contained small fragments of ce-
ment, focally accumulated phagocytes, including osteoclasts,
and foci of ossification. The microscopic picture in the third
month after implantation displayed fragmented implants lim-
ited with lamellar bone tissue and connective tissue in places.

cement K-0.25 alg

One month after the operation the spongy bone revealed
the presence of fragmented implants which were overgrown
and surrounded with bone and connective tissues. The bone
marrow contained the remains of exudative phase and nu-
merous thin-walled blood vessels.

The observation two months after the operation showed
that the implants were surrounded with layers of newly-formed
bone tissue of the type of lamellar bone tissue and connective
tissue penetrating the implant in the form of projections. Three
months after the implantation, preparations stained with HE
revealed decreased implants in lamellar bone tissue, which
in single cases were limited with narrow and scarce islets of
connective tissue. In remote locations from the central implant
there were fragments of cement surrounded with bone tissue.
Islets of the cement were found in the bone marrow, they were
surrounded with cartilaginous tissue or lamellar bone tissue.

RYS.1. Obraz mikroskopowy 3 miesiace po implantaciji litych cementéw fosforanowo-wapniowych z dodatkiem algi-

nianu sodu do tkanki kostne;j.

FIG.1. Microscopic view of solid calcium phosphate implants imapanted to bone tissue in 3 months observation.
(A) cement K-alg (H&E,560x), B) cement B (H&E,560x), C) cement H (H&E,560x).
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Podsumowanie

Badania biologiczne obejmowaty ocene cytotoksycznos$ci
oraz miejscowej reakcji tkanki kostnej 1, 2 i 3 miesigce po
wszczepieniu do kosci udowych krélikéw litych fosforanowo-
wapniowych cementéw: K-alg z dodatkiem alginainu oraz
dwdch cementow B i H bez suplementaciji.

Na podstawie przeprowadzonych badan stwierdzono brak
dziatania cytotoksycznego. W ocenie makroskopowej, w bada-
niach implantacyjnych, stwierdzono podobny obraz wgajania
sie wszystkich trzech badanych cementéw. W okresie od 1 do
3 miesigca po wszczepieniu probki wszczepdw tkwity w nasa-
dach kosci udowych, zachowalty pierwotny ksztatt cylindryczny
i byly pokryte okostng. W badaniach mikroskopowych tkanki
kostnej wokét wszystkich wszczepdw stwierdzono obecnosé
fazy wysiekowej w bezposrednim sgsiedztwie implantéw w 1
miesigcu i czesciowo w 2 miesigcu po wszczepieniu. Cementy
otaczato pasmo tkanki fgcznej czgsciowo wnikajgcej w struk-
ture implantu. Obserwowano wysoka aktywno$c¢ osteoblastow
ukfadajgcych sie wzdiuz beleczek splotowatej i blaszkowatej
tkanki kostnej, ktéra obok skgpej tkanki tgcznej otaczata w 3
miesigcu obserwaciji ulegajace czesciowej defragmentacii ce-
menty. Implanty ulegaty stopniowej resorpcji, gtéwnie od strony
brzeznej, zachowujgc pierwotny cylindryczny ksztatt. Przepro-
wadzone badania mikroskopowe wykazaty, ze procesy rege-
neracyjne byty najefektywniejsze po wszczepieniu cementu
oznaczonego symbolem K-0,25 alg, z suplementacjg alginanu
sodu, a nieco wolniejsze wokot tworzyw B i H. Na podobne
obserwacje wskazujg Ueyama Y i inni w swoich badaniach
nad zastosowaniem membrany alginianowej do regenerac;ji
ubytkéw kostnych u krolikow. Wykazali oni pozytywny wptyw
cementow fosforanowo-wapniowych z dodatkiem alginianu
na procesy regeneracji tkanki kostnej. Zawarto$¢ alginianu
nie skraca czasu gojenia, ale w jego obecnosci obserwuje
sie szybszy proces tworzenia sie prawidtowej blaszkowatej
tkanki kostnej, podczas gdy w grupie kontrolnej (cementy B
i H) obserwowano wiekszy udziat tkanki tacznej [5]. Zaréwno
badania wiasne jak i dane uzyskane przez innych autoréw
wskazuja, ze lite cementy fosforanowo-wapniowe spetniajg
wymogi zastosowania klinicznego w chirurgii kostnej. Kom-
pozyty cementowe wzbogacane alginianem sodu wykazujg
wiekszg trwatos¢ w kontaktach z ptynami ustrojowymi [4].

Whioski

1. Wytworzone cementy oparte na fosforanach wapnia nie
wywotywaty efektu cytotoksycznego.

2. Wszystkie badane cementy oznaczone symbolami B, H i
K-alg, ulegaty w zywych tkankach czesciowej biodegradaciji
i fragmentac;ji. Proces ten byt najbardziej nasilony w 3 mie-
sigcu po wszczepieniu do kosci.

3. W 2 miesigcu po miesigcu po wszczepieniu do kosci,
wokot i wewnatrz pofragmentowanych wszczepow tworzyta
sie blaszkowata tkanka kostna.

4. Wszystkie trzy badane materiaty charakteryzowata wysoka
biozgodno$c¢. Proces osteokondukciji najszybciej przebiegat
po implantacji K-alg, zawierajgcego dodatek alginianu sodu.
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Resume

The biological examinations included evaluation of
cytotoxicity and local reaction of the bone tissue 1, 2 and
3 months after implantation of solid calcium phosphate ce-
ments: K-alg with addition of alginate and two cements with-
out supplementation, B and H, into the rabbit femoral bones.

The examinations did not demonstrate any cytotoxic effect.
Macroscopic evaluation in implantation studies revealed a
similar healing pattern in all the investigated cements. In the
time from one to three months after implantation, implant
samples were present in the femoral bone epiphyses, they
maintained their initial cylindrical shape, and were covered
with periosteum. Microscopic evaluation of the bone tissue
around the implants revealed the presence of exudative
phase one month, and partly two months after the implanta-
tion. The cements were surrounded with layers of connective
tissue partly penetrating the structure of the implant. The
observations showed high activity of osteoblasts, which were
arranged along the lamella of plexiform and lamellar bone
tissue, which, together with scarce connective tissue was
surrounding partly defragmented cements in the 3 month
of observation. The implants underwent partial resorption,
mainly from the marginal side, but their initial cylindrical
shape was maintained. Microscopic examination showed
that the regenerative processes were most effective after
implantation of cement designated as K-0.25 alg, with so-
dium alginate supplementation, being slightly slower around
cements B and H. Similar observations were reported by
Ueyama Y and others in their studies on the use of algi-
nate membrane in bone loss regeneration in the rabbit.
They demonstrated a positive effect of calcium phosphate
cements with the addition of alginate on the processes of
bone tissue regeneration. The addition of alginate does not
shorten the healing time, but it prompts formation of lamellar
bone tissue, while in the control group (cements B and H), a
higher participation of connective tissue was observed [5].
Both, own studies, as well as data obtained by other authors
demonstrate that solid calcium phosphate cements fulfill
the requirements for clinical use in bone surgery. Cement
composites enriched with sodium alginate are also more
durable in contact with systemic fluids [4].

Conclusions

1. Calcium phosphate cements did not produce any cyto-
toxic effect.

2. All the investigated cements, denominated as B, H and
K-alg, underwent partial biodegradation and fragmentation in
the live tissue. The process was most pronounced 3 months
after their implantation to the bone.

3. Lamellar bone tissue was formed around and inside
fragmented implants two months after cement implantation.
4. All three investigated cements were characterized by
high biocompatibility. The process of osteoconductivity
was the quickest in the case of cement K-alg containing
sodium alginate.
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Streszczenie

Nieregularne ubytki kosci, zwtaszcza umigjscowio-
ne w gtebi kosci, sg trudne do uzupetnienia materiata-
mi litymi bez usuniecia zdrowej tkanki ponad ubytkiem.
Odpowiednim materiatem mogtaby byc¢ resorbowalna
ceramika w postaci ptynnej.

W tym celu opracowano w Instytucie Szkta i Cerami-
ki (ISiC) trzy postacie cementéw wapniowo-fosforano-
wych mogagcych by¢ wszczepianymi iniekcyjnie. Kom-
ponenty proszkowe tych cementéw zawieraty a-TCP
i/lub B-TCP i/lub DCP i/lub DCPD i/lub i/lub HA i/lub
alginian sodu. Proszki zarabiane roztworami wodnymi
12% wag. bursztynianu sodu lub 1-3% wag. Na,HPO,
miaty pofptynng postac, mozliwg do implantacji me-
todg iniekcji za pomocg strzykawki lekarskiej i igty
iniekcyjnej do wytworzonych ubytkéw w ko$ci udowej
krolikéw. Okres obserwacji wynosit 1, 2 i 3 miesigce.
W badaniach histologicznych obserwowano w pierw-
Szym miesigcu po wszczepieniu obecnosé fazy wysieko-
wej w tkance bezposrednio przylegajgcej do wszczepu,
ktora ustgpowata w drugim miesigcu po wszczepieniu.
Ulegajgce biodegradacji cementy otoczone byty cienki-
mi pasmami wibknistej tkanki tgcznej oraz tkanki kost-
nej splotowatej, ktére wnikaty w strukture wszczepu.
W 3 miesigcu cze$ciowo zresorbowane i pofragmen-
towane wszczepy otaczata i przerastata gtdwnie splo-
towata i blaszkowata tkanka kostna z wyspami tkanki
tgcznej. Najszybciej procesy resorbcji wszczepu i re-
generacji kosci przebiegaty po wszczepieniu cementu
zawierajgcego alginian sodu. Badania eksperymen-
talne wykazaty, ze wszystkie trzy rodzaje cementéw
wapniowo-fosforanowych sg biozgodne, wykazujg
cechy osteoindukcji i osteokondukcji. Ich ptynna
forma umozliwia tatwe i szczelne wypetnianie niere-
gularnych lub gteboko w koSci potozonych ubytkow.
Stowa kluczowe: cement fosforanowo-wapniowy,
wszczep aplikowany iniekcyjnie, badania ekspery-
mentalne, biozgodnos¢

[Inzynieria Biomateriatéw, 73, (2008), 24-28]

Wstep

Naprawcze operacje w chirurgii kostnej, jak rowniez
innych tkanek, powinny w najmniejszym stopniu uszkadzaé
tkanki zdrowe. W przypadku ubytku tkanki kostnej, uzu-
petnienie wszczepem litym zawsze wymaga mniejszej lub
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Abstract

Irregular bone loss, especially situated deeply in-
side the bone, cannot be easily filled with solid materi-
als without removal of healthy bone tissue from above
the loss. Thus resorbable liquid ceramic material could
be a good alternative.

For this reason, three forms of injectable calcium
phosphate cements have been developed at the In-
stitute of Glass and Ceramics (ISiC). Powder compo-
nents of the cements contained a-TCP and/or 3-TCP
and/or DCP and/or DCPD and/or HA and/or sodium
alginate. The powders, mixed with aqueous solutions
of 12 wt.% sodium succinate or 1-3 wt.% Na,HPO,,
had a semi-liquid form that could be applied by means
of injection with a medical syringe and an injection
needle to the site of bone loss in the rabbits’ femur.
The follow up period was 1, 2 and 3 months. Histo-
logical examinations one month after the injection
revealed the presence of exudates in the tissue adjoin-
ing the implant, which disappeared two months after
the injection. Undergoing biodegradation cements
were surrounded by a thin layer of fibrous tissue and
plexiform bone tissue, which penetrated the structure
of the implant. In the third month, partly resorbed and
fragmented implants were surrounded and overgrown
mainly with plexiform and lamellar bone tissue with
islands of connective tissue. The processes of implant
resorption and bone regeneration were the quickest
in the case of cement containing sodium alginate.
The experimental studies have shown that all three
kinds of calcium phosphate cement are biocompatible
and reveal features of osteoinduction and osteocon-
duction. The liquid form enables easy and tight filling
of irregular or deep-seated bone loss.

Keywords: calcium phosphate cement, implants
injected, experimental studies, biocompatibility

[Engineering of Biomaterials, 73, (2008), 24-28]

Introduction

Reconstructive operations in bone surgery, as well as
other tissues surgery, should aim at minimal destruction of
healthy tissue. In the case of bone loss, solid implant filling
always requires some destruction of the adjoining healthy
tissue in order to adjust the shape of the implant to the
shape of the loss or to seat the implant in the loss situated
inside the bone.



wiekszej destrukcji sgsiadujgcej z ubytkiem tkanki zdrowej,
celem wzajemnego dopasowania ksztattu wszczepu i ksztat-
tu ubytku lub osadzenia wszczepu w ubytku znajdujgcym
sie wewnatrz kosci. Warunkiem dobrej integracji wszczepu
i tkanki jest scisty kontakt materiatu na duzej powierzchni z
zywa tkanka. Nowym materiatem, potencjalnie spetniajgcym
powyzsze warunki, moze by¢é cement fosforanowo-wap-
niowy w formie ptynnej. Wprowadzony do ubytku kosci o
nieregularnym ksztatcie szczelnie wypetniatyby go bez ko-
niecznosci dodatkowego ksztattowania miejsca biorczego.

Cementy oparte na fosforanach wapnia, po zwigzaniu
proszku z fazg ptynng, ulegaja stopniowej transformacji
do apatytu. Pozwala to oczekiwa¢ nie tylko ich wysokiej
biozgodnosci, ale takze wtasciwosci osteokondukcyjnych i
stymulacji regeneracji tkanki kostnej [1,2]. Wadg niektérych
cementéw opartych na fosforanach wapnia jest ich podat-
nos$¢ na wymywanie w bezposrednim kontakcie z krwig lub
innymi ptynami oraz ich kruchos¢. Zaletg jest mozliwos¢
tatwej aplikacji metoda iniekcji [3,4]. By podnies¢ wytrzy-
mato$¢ mechaniczng i zapobiec dezintegracji po wczesnym
kontakcie z ptynami ustrojowymi wprowadza sig¢ modyfikacje
sktadu zwigzkami przciwwymywalnymi, podnoszacymi spo-
istos¢ i przyczepnosé. Role te moze spetniaé alginian sodu
[4]. Wykazano, Zze dodatek alginianu sodu do konwencjonal-
nych cementéw wapniowo-fosforanowych zwigksza wytrzy-
mato$¢ mechaniczng cementu, ktéra wzrasta znaczgco wraz
ze wzrostem stezenia alginanu sodu do poziomu 0,8% wag.
Wyzsze stezenia alginianu obnizajg wytrzymatos¢ mecha-
niczng i powodujg spowolnienie lub nawet brak wigzania
przy jego obecnosci wiekszej niz 1% wag. [5]. W badaniach
dyfrakcyjnej analizy rentgenowskiej wykazano brak wptywu
stezenia alginianu sodu, w zakresie 0-2,0% wag., na kon-
wersje cementow fosforanowych w apatyt [2,5]. Stwierdzone
zostato i praktycznie wykorzystane w inzynierii tkankowej
pozytywne, ochronne oddziatywanie alginanu sodu na ko-
morki osteoblastow narazonych na cytotoksyczne, niezwig-
zane sktadniki cementu fosoranowo-wapniowego [6].

W Instytucie Szkta i Ceramiki (1ISiC) w Warszawie opraco-
wano trzy rodzaje cementow fosforanowo-wapniowych w for-
mie wstepnie ptynnej, oznaczonych symbolami B, H, i K-0,25
alg. Przeprowadzone badania oddziatywania tych materiatow
na fibroblasty mysie oraz komérki osteogenne wykazaty brak
dziatania cytotoksycznego. W tescie XTT, bedgcego prébg
oceny aktywnosci metabolicznej komérek, uzyskano podwyz-
szone wartosci w stosunku do préby kontrolnej. Cementy B i
H wykazywaty fatwos$¢ zarabiania, swobodny przeptyw przez
igte iniekcyjng oraz brak oznak dezintegracji w Srodowisku
wilgotnych tkanek. Natomiast cement K-0,25 alg, po kontakcie
z krwig w ubytku kosci wykazywat oznaki rozmywania sie.
Integralnos¢ struktury cementu K-0,25 alg uzyskano po
modyfikacji jego sktadu wyjsciowego przez zastosowanie
dodatku alginianu do proszku w ilosci 0,25% wag.

Celem badan byta ocena reakcji zywej tkanki kostnej na
wszczepy ptynnej postaci cementu wapniowo-fosforanowego.

Materialy i metody

Do badan implantacyjnych zastosowano cementy o
nastepujgcym sktadzie:
» Cement oznaczony symbolem ,H” — proszek o sktadzie:
a-TCP 98% wag.; HA 2% wag. i ptyn wigzagcy w postaci
roztworu wodnego Na,HPO, (3% wag.).
* Cement o symbolu ,B” — proszek o sktadzie B-TCP
90,1% wag.; DCP 6,6% wag.; DCPD 3,3% wag. i ptyn wigzacy
bedacy roztworem wodnym bursztynianu sodu (12% wag.).
» Cement oznaczony symbolem ,K-0,25 alg” - proszek o
sktadzie o-TCP 77,8% wag., B-TCP 16,96% wag., DCPD
4,99% wag. i 0,25% wag. alginianu sodu i ptyn wigzgcy be-
dacy roztworem wodnym bursztynianu sodu (12% wag.).

Good integration of the implant with the bone can only be
achieved if the filling material is in close contact with healthy
tissue over a large area. A new material, liquid calcium phos-
phate cement potentially fulfils the above conditions. When
injected to an irregular bone defect, it fills it tightly without the
need to shape additionally the recipient site.

Cement based on calcium phosphate, after setting of the
powder in liquid phase, undergoes gradual transformation to
apatite. This allows expecting not only their high biocompat-
ibility, but also osteoconductive properties and stimulation
of bone tissue regeneration [1,2]. However some calcium
phosphate cements in contact with blood and other fluids
are susceptible to washout and are fragile [3,4]. In order to
improve mechanical resistance and prevent disintegration
after early contact with systemic fluids, their composition can
be modified with anti-washout agents and agents improving
cohesion and adherence. This role is performed by sodium
alginate [4]. It was shown that the addition of sodium alginate
to conventional calcium phosphate cements enhances the
mechanical resistance of the cement, which increases sig-
nificantly with increased concentration of sodium alginate to
the level of 0.8 wt%. Higher concentrations of sodium alginate
reduce the mechanical resistance and cause slowing down or
even lack of setting when the level is higher that 1 wt% [5]. Dif-
fraction radiological analysis showed lack of effect of sodium
alginate concentration at 0-2.0 wt.% range on the conversion
of phosphate cement into apatite [2,5]. Positive, protective
effect of sodium alginate on osteoblasts exposed to cytotoxic,
unbound components of calcium phosphate cement was
confirmed and practically applied in tissue engineering [6].

Three forms of liquid calcium phosphate cements, desig-
nated B, H and K-0.25 alg were developed at the Institute of
Glass and Ceramics (ISiC) in Warsaw. Studies of the effect of
these materials on mice fibroblasts and osteogenic cells did
not demonstrate any cytotoxic effect. The XTT test, which was
performed to evaluate the metabolic activity of cells, revealed
increased values in comparison to control sample. B and H
cements were easily mixable and were characterized by free
flow through the injection needle as well as lack of signs of
disintegration in the environment of moist tissues. On the
other hand, K-0.25 alg cement showed the signs of washout
after contact with blood in the bone loss. The integrity of K-
0.25 alg structure was obtained after modification of its initial
composition with powder alginate at the amount of 0.25 wt%.

The aim of the study was to evaluate the reaction of living bone
tissue to the injection of liquid form of calcium phosphate cement.

Materials and methods

The cements used in implantation studies had the fol-
lowing composition:
» Cement designated ,H” — powder containing: a-TCP 98 wt%;
HA 2 wt% and setting fluid in the form of water solution of
Na,HPO, (3 wi%).
»Cementdesignated,B”— powder containing 3-TCP 90.1 wt%;
DCP 6.6 wt%; DCPD 3.3 wt% and setting fluid in the form
of sodium succinate solution (12 wt%).
» Cement designated ,K-0.25 alg” — powder containing a-TCP
77.8 wt%, B-TCP 16.96 wi%, DCPD 4.99 wt% as well as
0.25 wt% sodium alginate and setting fluid in the form of
water solution of sodium succinate (12 wt%).

The powders were composed of the following calcium
phosphates:
» a-TCP manufactured by ISiC as high-temperature poly-
morphic modification of tricalcium phosphate,
* B-TCP, a low-temperature polymorphic modification of trical-
cium phosphate purchased as a marketing product from Fluka,
» DCP, calcium hydrogen phosphate, CaHPO,, purchased
as a marketing product from POCh,
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Skiad proszkéw stanowity nastepujgce fosforany wapnia:
* a-TCP wytworzony w ISiC jako wysokotemperaturowa
odmiana polimorficzna fosforanu tréjwapniowego,

* B-TCP bedacy niskotemperaturowg odmiang polimorficzng
fosforanu tréjwapniowego, zakupiony jako produkt handlowy
firmy Fluka,

» DCP bedacy wodorofosforanem (V) wapnia o wzorze che-
micznym CaHPQ,, zakupiony jako produkt handlowy POCh,
* DCPD (wodorofosforan (V) wapnia dihydrat) o wzorze
chemicznym CaHPQO,-2H,0, zakupiony jako produkt han-
dlowy POCh,

* HAbedacy ortofosforanem wapnia o wzorze chemicznym
Ca,o(PO,)s(OH),, zakupiony jako produkt handlowy Alfa
Aesar. Zwigzek ten zostat zastosowany w cemencie H jako
nukleator krystalizacji.

Cement K-0,25 alg zawierat ponadto alginian sodu,
zakupiony jako produkt handlowy Fluka.

Opracowane cementy zawieraty proszek i ptyn, ktére po
wymieszaniu w proporcji 3g proszku na 1ml ptynu tworzyly
mase plastyczng, ktéra w temperaturze pokojowej lub w
temperaturze 37°C ulega zwigzaniu przez rozpuszczanie
jednych fosforanow i strgcanie innych. Dominujaca faza
krystaliczng w zwigzanych cementach jest hydroksyapatyt.
Proszki poddane byty sterylizacji radiacyjnej. Ptyny zostaty
zakonfekcjonowane po filtracji w komorze z laminarnym
przeptywem powietrza. Plastyczne cementy aplikowano za
pomocg strzykawki w ilosci 1ml.

Badania wykonano za zgodg | Regionalnej Komisji Etycz-
nej ds. Badan na Zwierzetach we Wroctawiu.

Badania przeprowadzono na 27 krélikach rasy nowoze-
landzkiej przeznaczajac po trzy kréliki na kazdy rodzaj ma-
teriatu i planowany termin sekcyjny, po 1, 2 i 3 miesigcach.
Materiat wszczepiano do kretarzy kosci udowej. W obu kre-
tarzach nawiercano po 2 kanaty o srednicy 3 mm. Do tak wy-
konanych operacyjnych ubytkow, za pomoca strzykawki le-
karskiej wprowadzano po 1ml cementu w potptynnej postaci.
Migsnie zszywano pojedynczymi szwami z nici wchtanianych
Dexon 3-0 (Syneture, USA). Skore zszywano pojedynczymi
szwami stosujgc poliamidowe nici niewchfanialne, Amifil M
3-0 ( Sinpo, Poznan). Wykonywana byta codziennie ocena
ogolnego stanu zdrowia krolikdw, ze szczegdlnym uwzgled-
nieniem gojenia sie ran operacyjnych, ruchomosci czynnej
i biernej stawu biodrowego oraz wykorzystania paszy.

W zaplanowanych terminach, tj. po 1, 2, i 3 miesigcach
po wszczepieniu cementdw, wykonano eutanazje krolikow.
W czasie wykonywanych sekcji, w pierwszej kolejnosci
oceniano makroskopowo rane pooperacyjng oraz wyglad
tkanek w miejscu wszczepienia probek. Nastepnie pobiera-
no kosci udowe wraz z implantami do badan histologicznych
i oceniano stan narzgdow wewnetrznych.

Do badan mikroskopowych fragment kosci udowe;j
wraz z wszczepami utrwalano w 10% wodnym roztworze
formaldehydu w buforze fosforanowym. Nastepnie kos¢
odwapniano. Preparaty barwiono hematoksyling i eozyng
(HE) oraz metoda Van Gieson (VG). Preparaty histologiczne
oceniano pod mikroskopem $wietinym Axioskop (firmy Ze-
iss), z zastosowaniem komputerowego programu do analizy
i akwizycji obrazu (Axiovision firmy Zeiss).

Wyniki

Do 48 godzin po wykonanym zabiegu wszystkie zwie-
rzeta wykazywaty zmniejszony apetyt, pobierajgc nie wiecej
niz 50% dziennej dawki pokarmowej przy zachowanym
taknieniu. W trzeciej dobie spozywanie paszy wracato do
normy. Wszystkie zwierzeta przezyty do czasu planowanych
terminow sekcyjnych i nie wykazywaty klinicznych objawow
chorobowych. Zwierzeta zachowaty czynng i bierng rucho-
mos¢ w stawach biodrowych.

« DCPD, calcium hydrogen phosphate dihydrate,
CaHPO, 2H,0, purchased as a marketing produkt from
POCh,

» HA, calcium orthophosphate, Ca,,(PO,)s(OH),, purchased
as a marketing product from Alfa Aesar. This compound was
used in the H cement as a crystallization nucleator.

Moreover, K-0.25 alg cement also contained sodium
alginate purchased as a marketing product from Fluka.

The cements contained powder and fluid in proportion of
3g of powder per 1ml of fluid, which, after mixing, produced
a plastic mass, which at room temperature or at 37°C under-
goes setting by dissolution of some phosphates and precipi-
tation of others. Hydroxyapatite is the dominating crystalline
phase in the bounded cements. The powders were submit-
ted to radiation sterilization. The liquids were prepared for
use after filtration in a chamber with laminar air flow. Plastic
cements were applied by means of a syringe in 1ml portions.

The study protocol was approved by the Regional Ethical
Committee for Animal Studies in Wrocaw.

The investigations involved 27 New Zealand rabbits,
three animals for each kind of the material and the autopsy
was planned after 1, 2 and 3 months. The material was im-
planted into the femoral bone trochanters. Two 3 mm chan-
nels were drilled in both trochanters and 1 ml of semi-liquid
cement was injected by means of a medical syringe to such
performed bone loss. The muscles were closed with single
absorbable Dexon 3-0 sutures (Syneture, USA). The skin
was sutured with single polyamide non-absorbable Amifil
M 3-0 sutures (Sinpo, Poznan). Evaluation of the general
condition of the animals, with special regard to wound heal-
ing, active and passive mobility of the hip joint and the use
of fodder was performed daily.

In the planned time, i.e. 1, 2 and 3 months after injec-
tion of cement the rabbits were sacrificed. On autopsy the
wound and tissues at the site of injection were evaluated
macroscopically. Next femoral bone samples with implants
were collected for histopathological examination and the
condition of internal organs was evaluated.

For microscopic studies, femoral bone fragments includ-
ing the implants were fixed in 10% formaldehyde solution
in phosphate buffer. Next the bone was decalcified. The
samples were stained with hematoxylin and eosin (HE) and
with Van Gieson method (VG). The histological preparations
were evaluated in Axioskop light microscpe (manufactured
by Zeiss), using software for picture analysis and acquisition
(Axiovision manufactured by Zeiss).

Results

Up to 48 hours after the procedure all the animals re-
vealed decreased appetite and were using not more than
50% of their daily fodder, with normal thirst. On the third day
after the procedure the use of fodder returned to normal.
All the animals survived until the planned time of autopsy
and did not show any clinical signs of illness. The animals
preserved active and passive mobility in the hip joints.

All the autopsied animals exhibited skin wounds healing
by first intention. The macroscopic picture after implanta-
tion of all the injected cements was similar. Soft tissues and
bone adjoining the implant site were normal in colour and
architecture. One month after injection of the liquid cement
they were partly covered with periosteum. Two months
after the procedure the site of injection was invisible and
the bone defect was completely covered with periosteum.
The cements fused firmly with the surrounding bone.
Transverse sections of the femoral bones in the third month
revealed irregular fragments of implants filling spaces in the
spongy bone. No pathological lesions in the internal organs
were found on autopsy examinations.



U wszystkich sekcjonowanych zwierzat rany skorne zago-
ity sie przez rychtozrost. Obraz makroskopowy po implantacji
wszystkich badanych cementdw byt podobny. Tkanki migkkie
oraz kos¢ w bezposrednim sgsiedztwie wszczepdw miaty barwe
i rysunek prawidtowy. W 1 miesigcu po wszczepieniu probki
plynnego cementu byty czesciowo pokryte okostng. W 2 miesig-
cu obserwacji miejsce wszczepu byto niewidoczne, ubytek kosci
zostat catkowicie pokryty przez okostna. Cementy byly mocno
zespolone z otaczajgcy je koscia. W poprzecznych przekrojach
kosci udowych do 3 miesigca obserwacii, widoczne byly nieregu-
lamego ksztaltu fragmenty wszczepdw wypetniajgce przestrzenie
kosci gabczastej. W czasie wykonywania sekgcji nie stwierdzono
zmian o charakterze patologicznym w narzgdach wewnetrznych.

Badania mikroskopowe

cement B

W 1 miesigcu obserwacji widoczna byta ggbczasta tkanka
kostna, w ktérej przestrzenie pomiedzy beleczkami wypetione
byty wszczepem cementowym o nieregularnej formie. W bez-
posrednim sasiedztwie tworzyw obecne byto waskie pasmo
tkanki tgcznej, oddzielajgce je od tkanki kostnej, lub widoczne
byty fragmenty wszczepu ograniczone i przerosniete pasmami
tkanki kostnej z obecnymi licznymi i aktywnymi osteoblasta-
mi. W szpiku kostnym obserwowano pozostatosci wysieku z
licznymi naczyniami krwiono$nymi i homogennie barwigcymi
sie masami. W 2 miesigcu po implantacji widoczne byly prze-
strzenie wypetnione cementem ograniczone miejscami mtodg
splotowatg tkanka kostng, a miejscami chrzestng lub widknistg
tkanka tgczng. W obrebie pofragmentwanego implantu obecne
byty liczne pasma tkanki kostnej. W 3 miesigcu obserwac;ji
liczne, mate fragmenty wszczepu, znajdujgce sie w kosci
gabczastej, otoczone byly i poprzerastane tkankg kostna.
Od strony szpiku kostnego fragmenty materiatu byty oddzielo-
ne pasmem tkanki kostnej z wyspami tkanki tgczne;j.

cement H

W 1 miesigcu po operacji w preparatach histologicznych
widoczna byta kos¢ gabczasta, w ktdrej przestrzenie pomiedzy
beleczkami kostnymi wypetniata amorficzna struktura cemen-
tu. Na granicy faz ze szpikiem kostnym cement ograniczato
pasmo tkanki tgcznej z licznymi cienkosciennymi naczyniami
i skupiskami komdrek zapalnych. W 2 miesigcu po operacji
widoczne byly fragmenty wszczepu otoczone tkankg kostna,
z licznymi osteoblastami na powierzchni beleczek kostnych.
W bezposrednim sgsiedztwie tkanki kostnej, na granicy z
wszczepem, znajdowano pozostatosci wysieku, nagroma-
dzenia komorek zapalnych i liczne cienkoscienne naczynia
krwionosne. W 3 miesigcu po wszczepieniu widoczne byly
fragmenty cementu, otoczone tkanka kostna, niekiedy tkanka
chrzestng lub wyspami tkanki facznej. Od strony szpiku kostne-
go wszczepy oddzielato cienkie pasmo tkanki kostnej. W ota-
czajacej implanty tkance kostnej zaznaczona byta silna aktyw-
nos¢ osteoblastéw ukiadajgcych sie wzdtuz blaszek kostnych.

cement K-0,25 alg

W 1 miesigc obserwacji widoczne byly wszczepy o niere-
gularnym ksztalcie, ograniczone tkankg kostna, posrod ktorej
miejscami widoczny byt rozplem tkanki tacznej. Beleczkowa
tkanka kostna otaczajgca implant miejscami oddzielona byta
od wszczepu pasmem szpiku kostnego z widocznymi pozo-
statosciami wysieku i licznymi cienko$ciennymi naczyniami
krwionosnymi. Wokét wszczepu w tkance kostnej znajdowaty
sie fragmenty materiatu. 2 miesigce po implantacji widoczny
byt pomniejszony i pofragmentowany wszczep, otoczony
tkankg kostng i taczng. Fragmenty materiatu znajdowano w
znacznym oddaleniu od centrum wszczepu. Byty one otoczo-
ne i zamkniete blaszkowatg tkankg kostng. 3 miesigce po ope-
racji w preparatach histologicznych widoczne byly implanty
pofragmentowane i przerosniete blaszkowatg tkankg kostna.

Microscopic examinations

cement B

In the first month of observation, spaces between trabeculae
in the spongy bone were filled with cement implant of irregular
form. Immediately adjoining the cement there were narrow lay-
ers of connective tissue separating it from the bone tissue, or
there were visible fragments of the implant which were limited
and overgrown with bone tissue fibres with numerous and active
osteoblasts. The bone marrow revealed the remains of exu-
dates with numerous blood vessels and homogenously staining
mass. Examination performed two months after the implant
revealed spaces filled with cement, locally limited with young,
plexiform bone tissue and cartilaginous or fibrous connective
tissue in places. The fragmented implant revealed the pres-
ence of numerous bands of bone tissue. In the third month of
observation, numerous, small fragments of the implant situated
in the spongy bone were surrounded and overgrown with bone
tissue. Fragments of the material were separated from bone
marrow by bone tissue with islands of connective tissue.

cement H

Examination one month after the surgery showed spongy
bone with spaces between trabeculae filled with amorphic ce-
ment structures. On the border of the phases and bone marrow
the cement was surrounded by a layer of connective tissue
with numerous thin-walled blood vessels and congregations of
inflammatory cells. Two months after the operation fragments
of the implant were surrounded by bone tissue with numerous
osteoblasts on the surface of bone trabeculae. Immediately
surrounding the bone tissue, on the border with the implant,
there were observed remains of exudates, congregations of
inflammatory cells and numerous thin-walled blood vessels.
Three months after, the implant observation revealed fragments
of cement surrounded with bone tissue, sometimes with carti-
laginous tissue or connective tissue islands. The implants were
separated from bone marrow by a thin layer of bone tissue. The
bone tissue surrounding the implants revealed a potent oste-
oblasts activity, which were situated along the bone lamellae.

cement K-0.25 alg

Examination one month after the surgery showed irregular
implants surrounded by bone tissue, with visible proliferations of
connective tissue in places. Trabecular bone tissue surrounding
the implant was locally separated from the implant by a layer
of bone marrow with remains of exudates and numerous thin-
walled blood vessels. Fragments of the material were visible
in bone tissue around the implant. Examination two months
after the operation revealed the presence of decreased and
fragmented implant surrounded by bone tissue and connective
tissue. Fragments of the material were found in distant loca-
tions from the centre of the implant. They were surrounded and
closed with laminar bone tissue. Three months after the opera-
tion the histopathological preparations demonstrated fragment-
ed implants which were overgrown with laminar bone tissue.

Resume

The examinations involved evaluation of local reaction
of bone tissue 1, 2 and 3 months after implantation of three
kinds of calcium phosphate cement designated B, H and K-alg
to rabbit femoral bones. Each of the three materials was
prepared in the form of semi-product containing powder and
liquid components which were mixed immediately prior to ap-
plication. Comparative macroscopic and microscopic studies
after implantation of the three kinds of calcium phosphate ce-
ment revealed a similar sample healing pattern. Bone defects
reconstructed by means of the investigated cements were
completely covered with periosteum within one month since
implantation. Transverse sections of the femoral bones at the
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RYS.1. Obraz mikroskopowy cementéw fosforanowo-wapniowych aplikowanych iniekcyjnie do tkanki kostnej

w 3 miesigcu obserwac;ji.

FIG.1. Microscopic view of calcium phosphate implants injected to bone tissue in 3 month of observation.
A) cement K-alg (H&E, 280x), B) cement B (H&E, 140x), C) cement H (V&G, 140x).

Podsumowanie

Badania obejmowaty ocene miejscowej reakcji tkanki
kostnej 1, 2 i 3 miesigce po wszczepieniu do kosci udo-
wych krélikow trzech rodzajow cementéw wapniowofosfo-
ranowych, oznaczonych symbolami B, H i K-alg. Kazde
z trzech tworzyw przygotowano w postaci potproduktéw
zawierajgcych sktadnik proszkowy i ptynny do zarobienia
bezposrednio przed wszczepieniem. Na podstawie prze-
prowadzonych badan poréwnawczych, makroskopowych
i mikroskopowych, po wszczepieniu trzech rodzajow ce-
mentéw fosforanowo-wapniowych, stwierdzono podobny
obraz wgajania sie prébek. W okresie do 1 miesigca po
wszczepieniu ubytki w kosciach, do ktérych wprowadzono
prébki badanych cementéw, zostaty catkowicie pokryte
okostng. W przekrojach poprzecznych kosci udowych, w
miejscu wszczepow, w 3 miesigcu obserwacji widoczne byty
nieregularnego ksztattu fragmenty wszczepow znajdujgce
sie w kosci ggbczastej. W badaniach mikroskopowych, w
pierwszym miesigcu po wszczepieniu, stwierdzano wyraz-
ng faze wysiekowa, ktéra ustepowata w drugim miesigcu.
W tym okresie obserwowano obecnos¢ tworzacej sie
nowej tkanki kostnej, otaczajgcej i wnikajacej w strukture
implantu. Stwierdzono tez wysokg aktywnos¢ osteoblastow,
prowadzgcg do powstawania beleczek blaszkowatej tkanki
kostnej, ktéra w 3 miesigcu obserwaciji otaczata i przerastata
ulegajace biodegradacji i defragmentacji cementy. Cemen-
ty ulegaty przerastaniu tkankg kostng nie tylko w strefie
brzeznej, ale takze wewngtrz wszczepu. W 3 miesigcu
obserwacji cementy uleglty znaczacej resorpcji (w ok. 50%)
w poréwnaniu ilo$ci wyjsciowych. Rozwinigcie powierzchni
oddziatywania miato wptyw na wysoki stopien resorpcji, co
wynikato z ptynnej formy cementow. Zapewniato to rozlegly
kontakt z krwig i innymi ptynami ustrojowymi, podnosito
stopniowg rozpuszczalnosé oraz podwyzszato aktywnos¢
komorkowa [7]. Na podstawie przeprowadzonych badan
mikroskopowych stwierdzono, ze ptynne postaci cementu
fosforanowo-wapniowego s3 tatwe do implantacji, szczel-
nie wypetniajg ubytek kosci, co zapewnia dobry kontakt
wszczepu z tkanka.

Whioski

1. Fosforanowo-wapniowe cementy w formie ptynnej sg
tatwo do aplikacji i szczelnie wypetniajg ubytek kosci.

2. Cementy fosforanowo-wapniowe we wstepnej postaci
ptynnej charakteryzujg sie wysokim stopniem biozgodnosci
i ulegajg biodegradacji okoto 50% objetosci, w ciggu 3
miesiecy.

3. Proces osteokondukcji najszybciej przebiegat w sto-
sunku do cementu zawierajgcego alginian sodu.

site of implantation three months after the procedure revealed
the presence of irregular fragments of the implants in the spongy
bone. Microscopic examinations one month after implantation
revealed a distinct exudates phase, which disappeared in the
second month. In this time the presence of newly formed bone
tissue surrounding and overgrowing the structure of the implant
was observed. Moreover, high osteoblastic activity leading to
formation of trabeculae of laminar bone tissue was observed,
which surrounded and overgrew undergoing biodegradation
and defragmentation cements in the 3™ observation month.
The cements were overgrown with bone tissue not only in
the marginal zone, but also inside the implant. Observations
in the third month revealed a significant resorption (in about
50%) of the cements in comparison to the initial amounts. The
high rate of resorption was possible due to extension of the
activity surface associated with the use of a liquid form of the
cements. This enabled extensive contact of the implant with
blood and other systemic fluids and enhanced cell activity [7].
Microscopic examinations confirmed that liquid forms of
calcium phosphate cements are easily implantable and
fill tightly the bone loss what provides good contact of the
implant with tissue.

Conclusions

1. Calcium phosphate cements in the liquid form are
easily applicable and fill tightly the bone loss.

2. Calcium phosphate cements in the initial liquid form
are characterized by high biocompatibility and undergo 50%
biodegradation in three months.

3. The process of osteoconductivity was the quickest in
the case of cement containing sodium alginate.
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