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EFFECT OF MAGNETIC FIELD ON
THE STRUCTURE FORMATION
AND PROPERTIES OF
HYDROXYETHYLMETHACRYLATE
/| POLYVINYLPYRROLIDONE
COPOLYMERS

OLEG SUBERLYAK*, VOLODYMYR SKOROKHODA

Lviv PoLyTECHNIC NATIONAL UNIVERSITY

DePARTMENT OF CHEMICAL TECHNOLOGY OF PLASTICS PROCESSING
S. BANDERA STR., 12, Lviv, 79013, UKRAINE

* E-MAIL: SUBERLAK@POLYNET.LVIV.UA

Abstract

The effect of a permanent magnetic field on the
polymerization kinetics and structural parameters of
a hydrogel network on the basis of 2-hydroxyethyl-
methacrylate with polyvinylpyrrolidone compositions
has been investigated. It has been shown that the
magnetic field activates matrix polymerization of
mentioned compositions and assists in the structure
formation of copolymers with a smaller crosslink
density. The efficiency of the developed polymeric
materials for production of ultrathin contact lenses
“Glipox” has been confirmed.

Keywords: polyvinylpyrrolidone, 2-hydroxyethylmeth-
acrylate, magnetic field, matrix polymerization

[Engineering of Biomaterials, 86 (2009), 2-4]

Introduction

The polyvinylpyrrolidone (PVP) / 2-hydroxyethylmetha-
crylate (HEMA) cross-linked copolymers are successfully
applied in biomedical practice, including the manufacture
of endoprostheses, contact lenses, implants, dental
compositions etc. [1]. They are obtained, basically, via
thermo-, photo- and radiation polymerization in the
presence of initiators or without them [2,3]. The main
regularities of such syntheses and reactions topological
schemes were developed at the Department of Chemical
Technology of Plastic Processing of the Lviv Polytechnic
National University; the possibility of polymerization process
activation both under homogeneous conditions and on
the phase boundary has been revealed as the result of
the charge-transfer complex formation into the system of
monomer — polymeric matrix — protophobic solvent.

It is foreseen that under polymerization the reactivity
of polymeric matrix may be strengthened by orientational,
diffusive and solvation effects generated by external energy
fields, permanent magnetic field in particular. At the same
time the polymerization processes under the influence of
the magnetic field (MF) have not been studied thoroughly,
though they are important both from scientific and practical
points of view. Therefore, the researches in this direction
foresee the deepening of theoretical conceptions about
polymer formation and enhancement of possibilities for
synthesis of new polymers and modification of existing ones
resulting in the new non-traditional syntheses of perspective
hydrogel materials on the basis of PVP copolymers.

Aim of the work

The aim of this work is to investigate the effect of the
permanent magnetic field on the polymerization kinetics,
structure formation and properties of HEMA / PVP copoly-
mers.

Materials and methods

HEMA (Bisomer) used for polymerization was purified
by vacuum distillation (residual pressure is 130 N/m?2,
Tooi = 351 K). Also ethylene glycol dimethacrylate (DMEG;
Merck) (T,; = 343 Kunder the residual pressure of 400 N/m?)
and high purified polyvinylpyrrolidone (PVP; AppliChem
GmbH) with mol. wt. 28-10° were used. Benzoyl peroxide
(BP), having been recrystallized twice from methanol, was
used as the initiator of polymerization.

The permanent magnetic field was created by the powder
magnets “Niomax” on the basis of ferrum-neodymium-
boron Fe,,Nd,B which were characterised by the following
properties: the residual magnetic induction, B,=1.15 T;
the coercive force on magnetization, jH, = 400 kA/m; the
maximum magnetic energy, (BH/2),,..= 240 kJ/m3. Magnets
had the form of disks with a diameter of 97 mm and thickness
of 20 mm which were clasped by magneto-conductor
with one mobile pole. The intensity of magnetic field was
regulated by a free clearance between disks.

Structural parameters of the polymeric net in hydrated
state were estimated by means of the molecular weight
of macrochain section (M,) between neighboring cross-
linking nodes or by means of cross-linking density (v=1/M,)
determined using module of high elasticity.

The molecular weight of chain section between neigh-
boring cross-linking nodes was calculated by the following
formula [4]: 5

Lpyv,
" 05-u’

where:

L — coefficient of linear swelling;

p,— polymer density, kg/m?,

v, — molar volume of the solvent, m3-kg-'-mol;

M — parameter of polymer-liquid interaction

4
v.o, L

CRT(AZ A7)

0., — equilibrium tension, kgf/m?
A=1+¢g, 0<e<0,3,

€ — equilibrium tension strain.

Polymerization kinetics was investigated using dilatomet-
ric analysis [5], composition of copolymers were investigated
by the procedures described in [6] and permeability of poly-
mers for water and NaCl was investigated by the procedure
offered by Karelin [7].

nu=05

Results and discussion

HEMA polymerization was studied in the presence of
PVP at the ratio HEMA:PVP = 10:0...7:3 weight parts (wt.p.)
in the range of magnetic field intensity H = 0...310 kA/m
and temperatures 303...333 K. The influence of MF on
homopolymerization kinetics of HEMA was studied previ-
ously at the ratio monomer : initiator = 10:0,03 wt.p. at 313 K.
It was determined that homopolymerization of HEMA both
in a magnetic field, and without it proceeds with the same
rate (FIG. 1, curve 5 and 5), i.e. it is possible to ascertain
that MF does not influence the HEMA homopolymerization.



At the same time, MF accelerates polymerization in the case
of PVP-containing compositions with peroxide as well as
without it. The polymerization rate increases proportionally to
the increase of polymeric matrix amount in the composition,
the same as for thermoinitiated polymerization (FIG. 1).

- 10
<

/5' ?
86000
time, s

FIG. 1. Dependence of polymer A yield upon mix-
ture composition.
[PB] = 0.3%. HEMA:PVP mixture composition, wt. p.:
1-7:3;2-8:2;3,4-9:1; 5,5 -10:0; MW, = 28000;
Intensity of magnetic field H, kA/m: 1...3, 5 - 310;
4,5 -0; T=313 K.

The mentioned phenomena may be explained using
previously determined mechanism of matrix polymerization
of (meth)acrylates in the presence of PVP. The process
evidently is accompanied by monomer molecules salvation
over PVP-matrix with the charge-transfer complex formation
[8] (SCHEME 1).

SCHEME 1. Complexation between HEMA and PVP.

The dissociation of double bond in monomer molecules
is facilitated and the polymerization rate increases due to
the complex formation. On the other hand, probably [9],
the orientation in the magnetic field is caused, mainly, by
the anisotropy of molecules diamagnetic susceptibility.
The single bond has the greatest diamagnetic susceptibil-
ity when the field is directed along a bond axis; therefore
the molecule is orientated perpendicularly to a field.
On the contrary, the double bond has the greatest value
when the field is directed perpendicularly to a bond axis
and the molecule is orientated in parallel to the magnetic
field. In the article [9] it was supposed that the peptide bond
should have the anisotropy of a diamagnetic susceptibility
because it partially has the character of the double bond
due to the presence of two resonance structures. Thus, the
peptide bond anisotropy has the same sign and almost the
same value as the double bond.

Taking into account all above mentioned and the similarity
of the peptide bond with the bond in the PVP macromolecule,
it is possible to foresee that the plane of the single bond in
the PVP macromolecule tends to be oriented perpendicularly
to MF, and the bond connecting a cycle with the main chain
is parallel to MF(as well as the plane of the double bond
C=C in the monomer) (SCHEME 2).

o)
I | O
CH5~C—C[-R ——I|l
I CH3-C—CH-R
kQHZ I
H CH2
M -

O=0+=Z

N

CH3~C—C—R
=
T
S

SCHEME 2. The components orientation of
monomer-polymer composition in MF.

Also itis possible to foresee that aggregation of monomer
molecules near the polymeric matrix would be easier owing
to such orientation under MF influence. This fact, in turn,
facilitates the access of monomer molecules to the active
groups of PVP macromolecules strengthening in such a
way the complexation, which is the factor of polymerization
acceleration [8]. As a result of the oriented placing of mac-
romolecules the mobility of formed associates decreases,
the best kinetic conditions of chain growth are created,
and also the initial conditions of the structure formation of
(co)polymers with the arranged distribution of macrochains
are established.

During polymerization in the solution the nature of a
solvent and its properties, among which dielectric constant
(€) is the determining factor, have the great influence on
the polymerization rate (TABLE 1). The researches have
shown that the polymerization rate of the HEMA / PVP com-
positions decreased in the following row: water (¢ = 78.3) >
dimethyl sulfoxide (DMSO) (¢ = 46.6) > ethylene glycol (EG)
(¢ = 37.7) > butanol (¢ = 17.7).

TABLE 1. Effect of magnetic field intensity (H) and
solvent dielectric constant (€) on the polymeriza-
tion rate (V) of compositions with PVP (T = 313 K).

[ Composition * H, KA/m €V, mol-dm®s”’
1 0 4.7-10%

2 HEMAPVP 310 11.4-10°
3 |HEMA:PVP:H,O 310 78.3 8.8-10°

4 |HEMA:PVP:DMSO 310 46.6 5.2:10®

5 |HEMA:PVP:EG 310 37.7 2.3:10%

6 |HEMA:PVP:butanol| 310 17.7 1.3:10°
* — HEMA:PVP: solvent :PB = 9:1:10:0,02 wt. p.

3
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TABLE 2. Structural characteristics of the net and properties of
copolymers synthesized in MF (T = 313 K, [PB] = 0.3 mas.%).

The results of the investigations concerning
the MF effect on the structure formation of co-
polymers have been used to obtain hydrophilic
polymers necessary for production of ultrathin

HEVMVf‘ U (LNR :(rltﬁ:l]sity, M"’ V:.'l’(l)_z'v.l{" DNE%;;SOQ’ Nllzl:”a Tk*' contact lenses “Glipox” and accommodative

P 0 6.241.0 16 1 0.83 120045 ] 357+1 crystalline lenses. The properties of the “Glipox”
10:0 310 17.342.0 5.8 0.94 |278+5|378%2 material are given in TABLE 3.

—— - - = = The lenses have successfully passed the

9:1 3(1)0 ggﬂ 8 lgg (1)88 %;gfg gg?ﬂ industrial and toxicological tests. They are sta-

0 11' 3_+1' o s 9 2' » 288;5 369;1 ble to the action of detergents and disinfectants

8:2 310 11.9415 84 261 |333+8|383+2( and stand sterilization in water without changing

—— - - — —| their optical and physico-mechanical properties.

7:3 3(1)0 ugﬂ g gg 2‘1“7; %Zgig gggig The lenses are produced with a refraction from

M, - molecular weight of the net fragment; v - cross-linking density; Bgi ttc())+(; ?g)n:t:: Lhécg:ﬁﬁ: Inot:e“?:r:,gf?;c:g:

Dy.c - coefficient of NaCl diffusion through the hydrogel; F - surface : oo P g . :

hardness; T, - heat resistance by Vicata, Thus it is necessary to pay attention to the

* - properties in the solid state, others - in the equilibrium swelling state. important property of lenses to keep the form

On the basis of experimental investigations the basic
kinetic parameters of the polymerization reaction (rate con-
stants, reaction orders, activation energy) for the composition
HEMA:PVP = 9:1 wt.p. in MF have been calculated. The ef-
fective activation energy of the process in DMSO is 46 + 2, in
water — 39 + 2 kJ/mol. These values are considerably lower
in comparison with polymerization of such systems without
MF (67 and 57 kd/mol, respectively). The received values
testify the active role of solvents in the polymerization process
in MF, with changes depending on their dielectric constant.

At the same time, it has been established that MF es-
sentially influences the crosslinking during HEMA homopo-
lymerization. In the MF crosslinking density considerably
decreases compared with polymerization of PVP-composi-
tions (TABLE 2), though MF practically does not affect the
homopolymerization kinetics of HEMA.

The obtained dependences correlate with above men-
tioned orientation scheme of the components of monomer-
polymeric composition in the magnetic field and are caused
by MF effect on the aggregation of monomer molecules due
to the polarising and orientational phenomena. Since the
planes of C=C double bonds of HEMA, as well as of ethylene
glycoldimethacrylate (DMEG) which is responsible for the
formation of the structural network at HEMA polymerization
are oriented in parallel to the external magnetic field, the
best kinetic conditions of chain growth in the reaction of
binary copolymerization of HEMA with DMEG are created.
Therefore the part of the latter component decreases in
crosslinking reaction and copolymer with less crosslinking
density (higher value of Mn) and the better operational
properties is formed (TABLE 2).

The copolymers operational properties and their interde-
pendence with the structure and obtaining conditions have
been examined in order to develop the synthesis technology
for the production of medical wares, including contact lenses.
It has been established that MF with the intensity of 310 kA/
m increases sorption ability by 10...15 % and permeability of
copolymers for water and soluble low-molecular substances
(TABLE 2), which is one of the basic characteristics for es-
timation of duration and ophthalmic comfort of the lenses.
The increase of surface hardness of the synthesised in MF
copolymers (which determines their fitness for mechanical
treatment) compared with those obtained via thermopolym-
erization (from 200 to 278 MPa for homopolymer and from
210...296 to 231...340 MPa for copolymers depending on
their composition), is determined by the fact that under MF
conditions the polymer with a more ordered and less defec-
tive structure is formed. The researches have confirmed the
possibility to obtain hydrophilic polymers with the increased
physico-mechanical properties in the constant MF with the
following mechanical treatment.

without curling and high optical properties even
at the least thickness.

TABLE 3. Technical characteristics of the contact
lenses “Glipox” in equilibrium swelling state.

I Technical features and its value Value I

Minimal thickness of the lens in the centre, mm 0.04
Tenacity, MPa 6.9
Elasticity, % 69
Water content, % 38
Permeability of light, % 96
Permeability” of NaCl, mol-m-2-h-" 264

" Permeability” of water, m®m-2-h-"! 76.3-10°
* — for minimal thickness

Conclusion

It has been determined the active effect of permanent
magnetic field on the polymerization kinetics of HEMA / PVP
compositions and the formation of more ordered structure
of copolymers with less crosslinking density and better
properties. It has been used for technological implementa-
tion of polymeric material “Glipox” used for ultrathin contact
lenses.
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Abstract

Experimental results concerning the effect of
composition, nature of polymeric matrix, monomer
and solvent on the structure, physico-mechanical and
selective-transport characteristics of hydrogel memb-
ranes based on cross-linked grafted copolymers of
methacrylates and water-soluble polymers (polyvinyl-
pyrrolidone, polyvinyl alcohol) have been presented.
Methods of high-penetrating hydrogel membranes
formation have been developed and capability of
directional control of their structure and operational
characteristics has been determined.

Keywords: hydrogels, methacrylates, polyvinylpyrro-
lidone, polyvinyl alcohol, permeability

[Engineering of Biomaterials, 86 (2009), 5-8]

Introduction

Cross-linked grafted copolymers of methacrylates and
functionally active polymers, polyvinylpyrrolidone (PVP)
and polyvinyl alcohol (PVA) in particular, are widely used in
medicine due to their valuable properties. The main area
of application is production of contact lenses, biologically
compatible implants, membranous drugs, membranes for
biological compounds concentration and purification,
systems of drug release, etc. [1,2]. Such materials form
polymeric hydrogels after water sorption. It is well-known
that hydrogel properties are determined by the chemical
structure and structural parameters of their net. Therefore,
in this paper we have investigated the effect of composition
and formation conditions on the structure and properties of
cross-linked hydrogel membranes based on PVP and PVA
copolymers with methacrylates.

Materials and methods

Synthesis of hydrogel membranes and study of their com-
positions were carried out in accordance with previously de-
veloped procedure [3]. 2-Hydroxyethyl methacrylate (HEMA;
Bisomer) and glycidyl methacrylate (GMA; Mitsubishi Rayon
Co. Ltd) were used as monomers. Both HEMA and GMA
were purified and distilled under vacuum: residual pressures
were 130 and 520 N/m? and boiling temperatures were
78 and 69°C, respectively. High-purified PVP (AppliChem
GmbH) with molecular weight of 10-10® and PVA (Gohsenol)
with acetate groups content 0.8-2.0% were used as poly-
meric matrices. Polymerization was initiated by potassium
persulphate and isopropylbenzene hydroperoxide.

Hydrogel membranes were obtained by combining the
membrane formation stage and composition polymeriza-
tion stage in the solution of one or more solvents (mostly
in water) or by hardening the composition in the formed
membranous net after solvent evaporation. Before the
experiments membranes were hydrated in water until the
equilibrium state was achieved.

Structural parameters of the polymeric net in hydrated
state were estimated by means of the molecular weight of
macrochain section (M,) between neighboring cross-linking
nodes determined using module of high elasticity.

The molecular weight of chain section between neigh-
boring cross-linking nodes was calculated by the following

formula [4]: ) LSPDVS

" 05-p’
where:
L — coefficient of linear swelling;
p,— polymer density, kg/m?;
v, — molar volume of the solvent, m3-kg-'-mol';
J — parameter of polymer-liquid interaction

v.o L*
= 0,5- %
RT(A -1 )
0. — equilibrium tension, kgf/m?
A=1+¢ 0<e<0,3,

€ — equilibrium tension strain.

Sorption characteristics of obtained hydrogel membranes
were determined using a gravimetric method. Mechanical
properties were determined using a break method, by means
of specially constructed device “Kimura Machinery” of 050/
RT-6010 type, according to the procedure presented in [5].
This device allows to carry out investigations in aqueous
medium. Diffusive permeability of synthesized membranes
for water and model substance soluble in it (sodium chloride)
without external pressure is determined using laboratory
osmometer according to the procedure suggested by Kare-
lin [6]. Effectiveness and inhibitory action for salt aqueous
solutions at ultrafiltration were determined using FM-02
laboratory plant, being pressurized by air supplied from a
compressor. The change of salt concentration in the solution
was estimated by filtrate conductivity using P577 measuring
bridge with platinum reference electrodes.

Membrane effectiveness by filtrate (J, m*-m2-h-") at ultra-
filtration is determined by the following formula [7]:

~AQ
S-At’
where AQ is volume (m?) of filtrate penetrating through the

membrane with area S (m?) for time 1 (h).
Inhibitory action for salts (R,) is calculated by the follow-

ing formula: c c
Rz — -0 f
0

-100%,

where C,, C; are salt concentrations in the initial solution
and filtrate, respectively, mol/l.

Results and discussion

Investigations of physico-mechanical properties of syn-
thesized hydrogel membranes show that the presence of
PVA in their structure, when copolymer (PVA-HEMA) con-
tains regularly allocated hydroxyl groups of high-molecular
fragments and alkoxyl branching, considerably improves
deformation-strength characteristics (strength and elastic-
ity increase, TABLE 1) compared with membranes, where
hydroxyl groups of high-molecular fragments are changed
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for pyrrolidone cycles with ionogenic groups (—NCO) of
PVP macromolecules, as well as with known polyHEMA
membranes [8] only with alkyl branching. The high me-
chanical strength of membranes based on PVA is caused,
to our mind, by intermolecular interaction inside polymeric
matrix due to hydrogen bonds between regularly allocated
hydroxyl groups [9].

During membranes synthesis the change of water
part for dimethylsulphoxide (DMSQO) increases internodal
molecular weight of hydrogel net which should increase
their permeability. At the same time hydrogels’ mechanical
properties do not change (0.45 and 0.49 MPa, TABLE 1).
Thus, introducing aprotonic DMSO into the initial composition
we can directionally regulate the structural parameters of
hydrogel net and change penetrability of the membrane on
its basis in the necessary direction.

Membranes based on PVA-PVP-HEMA combined
polymeric matrix are characterized by less net density
(higher M,) compared with those based on polyHEMA [8]
and PVA-HEMA (TABLE 1). However, mechanical strength
of these membranes is relatively low (0.4-0.5 MPa), which
essentially constricts possibilities of their application in
baromembrane processes. The increase of PVP content, as
well as the decrease of HEMA concentration in membranes
based on PVA-PVP-HEMA combined polymeric matrix,
result in the decrease of their mechanical strength (TABLE 1,
pos. 2, 4) though the molecular weight of internodal fragment
is the same.

In order to increase the mechanical strength of hydrogel
membranes we investigated the possibility of introducing
GMA, soluble in DMSO, into the initial composition. It has
been established that GMA introduction (TABLE 1, pos. 6)
slightly decreases the net density and increases mechanical
characteristics twice.

Investigations confirm that the nature of polymeric matrix
and initial monomer have an essential effect on the structural
parameters of hydrogel net (M,,) (TABLE 1). However, for all
PVA-containing membranes water content is approximately
the same (TABLE 2).

We have established that permeability of synthesized
hydrogel membranes during the processes without external
pressure (osmosis) does not depend directly upon material
water content and net structural parameters, i.e. the increase
of water content and internodal molecular weight do not
cause the identical increase of coefficients of water- (K) and
salt-osmotic (a) permeability (TABLE 2). Apparently, in such
a case conformational transformations and polarization of
copolymer functional groups with appearance of a surface
charge play the important role. The membranes based on
PVA-PVP-HEMA combined polymeric matrix are character-
ized by higher osmotic water permeability compared with
those based on PVA-HEMA and especially with membranes
based on polyHEMA (TABLE 2).

It is known that in membranous processes the factors
favorable to hydrogel polymeric net opening stimulate the
decrease of strength on the one hand and the increase
of water content with corresponding increase of hydrogel
membranes effectiveness on the other hand [9]. We have
established that in filtration processes synthesized mem-
branes effectiveness increases with the increase of applied
external pressure. Therefore for investigations of transport-
selective characteristics in ultrafiltration processes we have
chosen membranes with the structure ensuring regular and
gradual change of effectiveness upon the pressure within
the range from 0 to 2 kgf/cm?.

The effect of pressure on the hydrogel membranes ef-
fectiveness by distilled water has been examined. For all
membranes based on PVA and PVP the increase of applied
pressure causes the increase of effectiveness by water.

TABLE 1. Physico-mechanical properties of
hydrogel membranes in hydrated state.

Composition of forming
solution, wt. parts M.,

Relative
elongation
at rupture,

€, %

Tensile
strength,

kg/mol o, MPa

HEMA H,O

1.] - | 30| 30 | 200 15 10,5 500

2.125| 5 30 | 200 | 175 0,29 281

3./25[10 | 30 | 200 | 180 0,45 390

4./30| 15| 15 | 200 | 185 0,21 260

200

5.125|10 | 30 DMSO 195 0,49 295
100 +

6.1 25 | 10 13&1;\5 100 | 146 0,87 510
DMSO

M, is molecular weight of net internodal fragment

TABLE 2. Sorption-diffusive characteristics of
hydrogel membranes (thickness 30 ym).

Coefficient of

Composition of

forming solution, Water RElioebilily

No content, by water by NaCl

wt. parts
W, % K104, q,
PVA PVP HEMA H,O m3-m2:-h"" mol-m2-h"

1.1 30 | - 30 (200 84 52 404
2| 5 ]125| 30 |200| 75 150 320
3.]10 | 25| 30 [200| 80 280 320
4./15|30| 15 |200| 81 280 437
5] - | - | 100 [100| 40 ) 80

Moreover, if under small pressures (0.2-0.6 kgf/cm?) there
is minimum dependence of effectiveness upon pressure, the
pressure differential more than 0.6 kgf/cm? leads to the ex-
ponential increase of effectiveness (FIG. 1). Apparently, the
optimum orientation of polymeric chains in the direction of
pressure effect with the formation of a channel type structure
with a minimum resistance to a liquid flow takes place.

The effect of mixture structure on the membranes perme-
ability has been established. In particular, at ultrafiltration
processes the change of water part for DMSO under low
pressures (till 1 kgf/cm?) also increases the effectiveness
of synthesized hydrogel membranes (FIG. 1).

The results of investigations concerning the effect of the
mixture structure upon hydrogel membranes effectiveness
by water confirm the possibility of their application as
ultrafiltration membranes. Moreover, the change of a
solvent composition allows to change their effectiveness
under ultrafiltration pressures higher than 0.6 kgf/cm2. We
may conclude that membranes based on combined matrix
PVA and PVP are sufficiently strong, they can withstand
the pressure differential till 2 kgf/cm? and may be used
in baromembranous separation processes from aqueous
solutions.

The transport-selective characteristics of synthesized
hydrogel membranes have been investigated in ultrafiltra-
tion processes of model substances — electrolytes of differ-
ent nature: NaCl, CaCl, and Na,SO,. Transport properties
of synthesized hydrogel membranes have a complicated
character. Their high elasticity does not prevent ultrafil-
tration: at the pressure differential prior to 0.2 kgf/cm?,
the process is not accompanied by deformation of mem-
branes porous structure and their effectiveness by water
increases with the increase of applied pressure (FIG. 2).

Z 0 © 00000 0000000000000 00000000000000000060000

Ll



10 —

T T T T T T

AP, kgf-em™

2, Yo

=

£ &
¢ -

=

T T T T T T
08

AP, kgf-em?

FIG. 1. Dependence of hydrogel membranes effec-

tiveness by water (J) upon pressure differential

(AP) (& = 30 pm).

Composition of forming solution, wt. parts:

1 - PVA:PVP:HEMA:H,O = 10:25:30:200;

2 — PVA:PVP:HEMA:GMA:H,0:DMSO
=10:25:15:15:100:100;

3 - PVA:PVP:HEMA:DMSO = 10:25:30:200.

AP, kgf-em™?

FIG. 3. Dependence of effectiveness by filtrate
(J) and inhibitory action (R,) upon pressure dif-
ferential (AP) at ultrafiltration of salt solutions for
hydrogel membranes based on PVA-PVP-HEMA

(6 =30 uym).
C...= 0,1 mol/l; 1, 17— NaCl; 2, 2'— CaCl,;
3, 3'- Na,SO,.

At the same time there is a specific property of synthe-
sized hydrogel membranes - the inhibitory action takes
place at ultrafiltration of low-molecular substance solutions
(FIG. 2). This fact contradicts to some extent with structural-
steric concepts taking into account the ratio between ion
and molecule sizes and structural parameters of polymeric
matrix net (M,), as well as high values of water content of
synthesized hydrogels.

FIG. 2. Dependence of effectiveness by filtrate
(J) and inhibitory action (R,) upon pressure
differential (AP) at ultrafiltration of salt solutions
for hydrogel membranes based on PVA-HEMA
(® =30 pm).

C...= 0,1 mol/l; 1, 17— Na,SO,; 2, 2'— NaCl;

3,3 - CaCl,; 4—H,0.

R,, %

J, mm%h?

FIG. 4. Dependence of effectiveness by filtrate
(J) and inhibitory action (R,) upon pressure dif-
ferential (AP) at ultrafiltration of salt solutions for
hydrogel membranes based on PVA-PVP-HEMA-
GMA (5 = 30 um).

C..:=0,1molll; 1,1-NaCl; 2,2'- CaCl,; 3, 3'-Na,SO,.

Transport and inhibit mechanisms depend upon hydrogel
chemical nature. Thus, effectiveness of hydroxyl-containing
hydrogel membrane based on PVA-HEMA at ultrafiltration of
sodium sulphate decreases in 2-3 times compared with the
transport of calcium and sodium chlorides. Such membrane
has a higher inhibitory action for sodium sulphate and less
selectivity for chlorides. Moreover, the selectivity is approxi-
mately the same for all chlorides, regardless of cation size
(FIG. 2). We may assume that in such a case the values of
ion charge and ion polarization activity are of great impor-
tance. At the same time, at ultrafiltration the effectiveness
of both chlorides is practically the same.
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Ultrafiltration characteristics of hydrogel membranes with

® @ @ o @ ® ® g combined polymeric matrix, when PVP macromolecules
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containing —-NCO group were introduced into a hydroxyl-
containing matrix, differ from membranes characteristics
based on PVA-HEMA. The effectiveness of membranes
based on PVA-PVP-HEMA decreases compared with that
of PVA-HEMA membranes. Moreover, the effectiveness is
practically the same within the range of pressure differential
prior to 1.5 kgf/cm? (FIG. 3). On the contrary, the inhibitory
action of such membranes considerably increases. With
the following increase of pressure differential it decreases
from 40 to 20% (FIG. 3). Obviously, it is connected with a
gel compacting due to the chains conformational changes
under pressure.

The introduction of GMA hydrophobic fragments into
the copolymer with the combined polymeric matrix (PVA-
PVP-HEMA-GMA) (FIG. 4) determines the essential
decrease of effectiveness for both chlorides. Moreover, the
effectiveness related to sodium sulphate is the same as
that for membranes based on PVA-PVP-HEMA. Selectivity
related to sodium chloride at small pressure differential
(R,=50% at 0.2 kgf/cm?) slightly increases and inhibitory
action by sodium sulphate decreases, especially with the
increase of pressure (R,=2.5% at 1 kgf/cm?).

Conclusions

It has been established that nature of polymeric matrix
(PVP, PVA or their mixture), which is a structural element
of hydrogel and which ensures mechanical properties of
the obtained material, is the determinative factor affecting
the diffusive characteristics of hydrogel membranes.
Macromolecule segments in the internodal space of three-
dimensional net possess active functional groups (-OH,
—AlkOH, —NCO), which surely affect the diffusion of polar
compounds through them.

The obtained results show that diffusive-transport
characteristics of investigated hydrogel membranes are
defined not only by their water content but by the structure
of polymeric matrix (first of all by the chemical structure
of polymeric net fragments) as well. This fact offers the
challenge for controlled synthesis of biologically compatible
hydrogel membranes with high permeability depending upon
their practical application.
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Abstract

Collagen type | and glycosaminoglycans (GAGs)
were immobilized on the surfaces of two types of
porous biodegradable poly(L-lactide-co-glycolide)
(PLGA) scaffolds with pore size in the range of
250-320 um and 400-600 um. Two methods of
coating were evaluated differing in the way of how
the fibrillogenesis solution was introduced into the
pores. The distribution of the immunostained collagen
in the volume of the scaffolds was analysed with a
laser confocal microscope (LSM). The total amount
of collagen and GAGs was measured by Sirius
Red and Toluidine Blue assays, respectively. The
potential of the scaffolds for cell colonization and
differentiation was tested in a dynamic cell culture
system using human osteosarcoma cells (SAOS-2).
The proliferation of SAOS-2 cells was measured
by determining the DNA content on days 2 and 7,
while differentiation was analyzed by Calcium- and
Phosphate-Assays on days 7 and 14. Differentiation
of cells was improved by increasing the pore diameter
of the scaffolds, and artificial extracellular matrix
(aECM) coatings had an additional positive effect for
the scaffolds of both pore sizes.

Keywords: poly(L-lactide-co-glycolide), scaffolds,
collagen type |, glycosaminoglycans, hyaluronan,
chondroitin sulfate, osteoblasts

Abbreviations used in the text

aECM artificial extracellular matrix
BSA bovine serum albumin

CS chondroitin sulfate

ECM extracellular matrix

EtO ethylene oxide

GAGs glycosaminoglycans

LSM laser confocal microscope
PBS phosphate-buffered saline
PLGA poly(L-lactide-co-glycolide)
SAOS-2  osteosarcoma cells

SEM scanning electron microscope
SHya sulfated hyaluronan

[Engineering of Biomaterials, 86 (2009), 9-13]

Introduction

Resorbable polymers like aliphatic polyesters (polylac-
tides, polyglycolide and co-polymers) have been widely
investigated as potential scaffolds for tissue engineering.
According to their good biocompatibility, resorbability and
attractive mechanical properties these copolymers are
promising materials to manufacture products for tissue
engineering [1].

However, resorbable polymers without surface modifi-
cation are not able to elicit required biological response,
because they do not have ligands for cell receptors on their
surface. Furthermore, they are not able to trigger adsorption
of required proteins from serum (e.g. fibronectin, vitronectin,
and collagen) in a way similar to other specially designed
surfaces, e.g. oxygen-plasma modified polystyrene used
to produce tissue culture dishes. For this reason aliphatic
polyesters are not optimal for cell adhesion [2].

The biological integration of an implant depends in major
part on the interaction between the implant surface and the
cells of the host tissue. Hence, many strategies to modify the
implants creating optimally suited surface properties for cells
have been developed. Some of those methods alter surface
topography (e.g., sandblasting, acid etching) or provide a
calcium phosphate phase on the surface originally present
in bone tissue (hydroxyapatite) [3-5]. Another strategy is
the use of organic ECM components in the coating of the
implants in order to mimic the natural environment of the
cells. Recent studies have shown that ECM serves not only
as a scaffold facilitating cell adhesion but also influences
cellular function and responses depending on its composi-
tion [6]. Coatings utilizing these abilities for improving the
biological acceptance of implants should thus enhance not
only cell adhesion, but also specific cellular functions which
are necessary for the implant integration.

Collagen type | is the major structural protein and consti-
tutes 90% of the protein matrix in adult bone, and has been
used successfully as a scaffold for guided bone regenera-
tion [7]. It was found that addition of chondroitin-4-sulfate
and dermatan sulfate to collagen type | fibrils improved
osteoblast adhesion and differentiation [8]. Titanium alloy
pins covered with type | collagen or type | collagen and
chondroitin-4-sulfate significantly enhanced bone remod-
eling in the early stages of bone healing, eventually leading
to increased bone formation at the implant surface after 4
weeks in vivo [9].

The aim of this study was to improve osteoblasts
adhesion and functions on resorbable scaffolds by coating
them with artificial matrices consisting of collagen and/or
glycosaminoglycans. In this study we used two types of
poly(L-lactide-co-glycolide) (PLGA) scaffolds from the same
basic material and with the same porosity, but different pore
size. The scaffolds were fabricated by solvent/casting and
particulate leaching technique.

Materials and methods
Materials

Copolymerization of L-lactide and glycolide was per-
formed in bulk with zirconium acetylacetonate as a biocom-
patible initiator, according to a method described previously
[10]. Briefly, it was performed by ring opening polymerization
of L-lactide and glycolide (both from Purac, Netherlands) at
100°C. In order to remove non-reacted monomers, the ob-
tained copolymer was dissolved in chloroform, precipitated
with cold methanol and finally dried in vacuum at 50°C to
a constant weight.
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The copolymer composition was determined by '"H NMR

® o o o o ® ®» measurements and revealed that the molar ratio of L-lactide

BI® MATERIALS

to glycolide in the copolymer PLGA was 85:15. Molecular
masses were 80 kDa (Mn) and 152 kDa (Mw), as studied
by gel permeation chromatography.

The scaffolds were produced by the modification of a
classical solvent casting/particulate leaching technique.
Sieved sodium chloride particles (POCh, Gliwice, Poland)
of defined size of 250-320 uym or 400-600 ym, were mixed
with 10% (w/v) copolymer solution in methlylene chloride
(POCh, Gliwice, Poland) in such proportions that a salt
volume fraction of 85% was obtained (specifically, 4.707 g
NaCl was mixed with 5 ml of 10% w/v polymer solution
in methylene chloride). The mixture was transferred into
polypropylene vials (diameter 12 mm, 5 ml volume) and air
dried overnight, followed by vacuum treatment for 24 hours.
Next, the vials with the rigid salt/polymer mixture were cut
into slices of the thickness of 2 mm and placed into 100 ml
of ultra-high-purity water (UHQ-water, produced by Purelab
UHQ-PS apparatus, Elga, U.K.). The water was exchanged
several times until the conductivity of the water after washing
was < 2 uS/cm. The samples were then dried in a vacuum
oven at 35°C for at least 24 h. The preparation procedure
is described in detail in ref. [11].

In this study bovine collagen type | (BD Bioscience, Erem-
bodegem, Belgium) and two GAGs were used: 1) sulfated
hyaluronan (sHya) with a sulfur content of 6.6% and degree
of substitution of 1.0 (INNOVENT e.V., Jena, Germany),
2) chondroitin-4-sulfate (CS) with a sulfur content of 5.1%
(Sigma-Aldrich, Schnelldorf, Germany).

Methods for Scaffold Preparation and Characterization

Preparation of fibrillogenesis solution and coating of PLGA
scaffolds

First, sHya and CS were dissolved in ice-cold fibrillogen-
esis buffer (50 mM Na,HPO,, 10 mM KH,PO,, 270 mM NacCl,
pH 7.4) to a concentration of 1 mg/ml and bovine collagen-I
was dissolved in ice-cold 10 mM acetic acid to a concentra-
tion of 1 mg/ml. Second, the fibrillogenesis solution was pre-
pared by mixing both compounds at a ratio of 1:1 reaching
a final collagen concentration of 0.5 mg/ml. The scaffolds
were pre-wetted with 70% EtOH and washed in deionized
water. Pre-wetted scaffolds were incubated in fibrillogenesis
solution according to the following two methods:

Method 1:

10 scaffolds were transferred to a 20 ml syringe. 10 ml of
the fibrillogenesis solution was sucked and the syringe was
plugged with a latex glove. The piston was pulled until the
air bubbles escaped from the scaffolds under low-pressure
conditions. The plug was then released to balance the air
pressure. The procedure was repeated 10-15 times. The
syringes with scaffolds in fibrillogenesis solution were then
incubated at 37°C overnight [11].

Method 2:

Scaffolds were transferred to Petri dishes filled with fi-
brillogenesis solution and placed into a desciccator. Vacuum
was applied for 10 min by a rotary pump, and the desciccator
was then moved to a 37°C cabinet and collagen fibrillognesis
proceeds overnight.

Following, the scaffold were washed 3 times in deionized
water, pre-freezed at -80°C for 30 min and subsequently
freeze-dried for 3 days. Afterwards, the scaffolds were
sterilized with ethylene-oxide and allowed to degas for two
weeks.

Scanning electron microscopy (SEM) and determination
of porosity

The microstructure of the scaffolds was observed by
scanning electron microscopy (SEM, DSM 1982 Gemini,
Carl Zeiss, Oberkochen, Germany). Porosity of the scaffolds
was calculated from the mass, the dimensions and density of
the PGLA, according to the method described previously, and
expressed as mean and confidence interval (a = 0.95) [11].

Laser scanning microscopy (LSM) and immunohisto-
chemistry

Collagen type-l was immunostained and its distribution
within the scaffolds was analysed using laser scanning
microscopy (LSM 510 Meta, Carl Zeiss, Jena, Germany).
In brief, immunostaining was performed on a shaker and two
controls were prepared: for the first control no antibodies
were used, but 1% BSAin PBS, while for the second control
no primary, but secondary antibodies were used. Coating on
the scaffolds was fixed with 3.7% paraformaldehyde in PBS
for 10 min, followed by washing of each scaffold 5 times in
1 ml PBS for 1 min. Unspecific binding was blocked with
1 ml 1% BSA in PBS for 30 min. Scaffolds were incubated
with 1 ml of 1:1000 mouse anti-collagen-| (Sigma C2456:
primary antibody) in blocking buffer for 60 min. Scaffolds
were then washed 5 times for 3 min with blocking solution
in PBS. Afterwards, the scaffolds were incubated with 1:200
(10 pg/ml) anti-mouse Alexa Fluor 546 in blocking buffer for
60 min in the dark. After each addition of the antibodies the
scaffolds were washed 5 times for 3 min each with blocking
solution in PBS. Finally they were stored, protected from
light in PBS at 4°C until examined using LSM.

Determination of collagen amount on scaffolds

The collagen concentration immobilised on PLGA scaffolds
was quantified using the Sirius Red protein assay. Samples
were incubated for 1 h at room temperature in a saturated
reagent solution consisting of 500 pl of picric acid with 0.1%
Sirius Red, shaking. After washing extensively for eight times
with 1 ml washing solution (0.01 M HCI), scaffolds were dried
at 37°C overnight. 500 ul measuring solution (0.1 M NaOH)
was added and incubated shaking until the scaffolds were
decolorized. Absorbance was measured at 540 nm (Tecan
Spectrafluor Plus, Tecan GmbH, Crailsheim, Germany).

Determination of GAG amount on scaffolds

The GAGs concentration on PLGA scaffolds was quanti-
fied using the Toluidine Blue assay. Scaffolds were incubated
4 h at room temperature in 1 ml toluidine solution (0.4 mg/mi
toluidine blue in 0.1 M HCI containing 2 mg/ml NaCl),
shaking. Scaffolds were washed in deionized water, and
incubated for 1 h in 1 ml measuring solution (1 volume 0.1 M
NaOH + 4 volumes 100% ethanol), shaking. Absorbance
was measured at 530 nm (Tecan Spectrafluor Plus).

Cell culture on PLGA scaffolds

For this experiment the following scaffolds were used:
1) non-coated, 2) coated with collagen type |, 3) coated with
collagen type | and sHya, 4) coated with collagen type | and
CS. The scaffolds were incubated in McCoy s medium (15%
FBS, 1% Pen/Strep, 2 mM L-glutamine) and placed in the
Spinner bottles overnight at 37°C with 5% CO,. Next day
medium was exchanged and 5 million SAOS-2 cells were
introduced into each bottle (~500 ml). After 48 h, 7.8 mM
B-glycerophosphate and 0.3 mM ascorbic acid were added.
SAOS-2 cells were cultivated at 37°C and under a 5% CO,
atmosphere for 14 days. Scaffolds were harvested after 2,
7, and 14 days in culture, and frozen at -80°C until submit-
ted to further assays.



DNA determination

Scaffolds were defrosted on ice for 30 min. Lysis buffer
(1% Triton X-100 in PBS) was added. The scaffolds were
incubated in lysis buffer for 50 min on ice, afterwards
ultrasound was applied for 10 min and the liquid was
additionally mixed with the use of a pipette. Lysate was
moved to Eppendorf vials and kept on ice. For fluorescence
measurements 10 pl of the lysate was poured in a dark
96-well plate. DNA color solution was prepared by diluting
PicroGreen fluorescence dye (Molecular Probes, MoBiTec,
Gottingen, Germany) with TE buffer (10 mM TRIS base,
10 mM EDTA, pH 7.5) at a concentration ratio of 1:800. Then
190 pl of DNA color solution was poured into each well and
incubated for 10 min at room temperature. Excitation was
performed at 485 nm and emission was measured at 535
nm using a Tecan Spectrafluor Plus.

Ca-Assay

For determination of calcium ions the scaffolds were
incubated with 0.25 M HCI. A calcium liquicolor (Greiner, H
100 11) kit was used to determine the Ca?* concentration in
the scaffolds and was performed as described by the manu-
facturer. In brief, 10 pl lysate were placed in a 96 well plate
and 350 ul dye was added. The samples were measured
within 30 min at 590 nm (Tecan Spectrafluor Plus).

Phosphate determination

For determination of phosphate ions scaffolds were in-
cubated with 0.25 M HCI. A phosphate FS kit from DiaSys
(Greiner) was used to determine the phosphate concentra-
tion in the scaffolds and was performed as described by
the manufacturer. In brief, 10 pl of lysate or standard were
mixed with 350 pl of dye in a 96 well plate. The samples
were measured within 60 min at 340 nm (Tecan Spectrafluor
Plus).

Results

The microstructure of the scaffolds obtained by scan-
ning electron microscopy (SEM) is shown in FIG. 1. SEM
revealed that the scaffolds of both pore sizes (200-320
pm and 400-600 pym) consist of interconnected, tortuous
pores which are oval, circular or irregularly shaped. The
diameters of the pores were close to the size of the salt
particles used as porogens. Porosity of all samples was 85
+ 1%, e.g. similar to that which had been assumed in the
preliminary theoretical design of the scaffolds (salt volume
fraction of 85%).

FIG. 2 presents the distribution of collagen within the
scaffolds which were infiltrated with fibrillogenesis solution
according to two different methods. In method 1 collagen
was homogenously distributed on the surface and inside the
scaffolds being on the pore walls (FIG. 2 A, B). In method
2 collagen was adsorbed preferentially on the scaffold
surface (FIG. 2 C), while inside the scaffolds less collagen
was visible (FIG. 2 D). Thus, method 1 seems to be more
effective in coating the entire volume of the PGLA scaffolds
than method 2.

TABLE 1 presents concentrations of collagen type | and
GAGs within the scaffolds determined by Sirius Red and
Toluidine Blue assays, respectively. The incubation of the
scaffolds in collagen solution led to the immobilization of
approximately 170 pg of collagen type | per scaffold. The
incubation of the scaffolds in the fibrillogenesis solution
containing collagen and sHya or collagen and CS led to the
immobilization of approximately 113 ug or 193 ug collagen
type | and 150 pg of sHya or 291 ug of CS per scaffold,
respectively.

%

400 |Jn-1- —1

PGLA 400 um, 26.02.08, 2kV

B
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, 6mm, 59x, = 300 pm —|

FIG. 1. SEM microphotographs of PGLA scaffolds
with pore sizes of 250-320 um (A) and 400-600 um (B),
respectively.

FIG. 3 presents the number of cells on the scaffolds
evaluated by DNA content measurements after 2 days of
cultivation. It follows that on the non-coated scaffolds about
200 000 - 300 000 cells were detected. Scaffolds of the pore
size of 400-600 um coated with collagen-I/CS exhibited the
tendency of harboring higher number of living cells after 48 h,
however results were not statistically different. The analysis
of the scaffolds by fluorescence microscopy confirmed the
presence of cells on all scaffold surfaces (data not shown).
On day 7 the number of cells on all the materials consider-
ably decreased (data not shown).

The calcium and phosphate contents on days 7 and 14
showed that almost all scaffolds (except for non-coated
scaffolds with small pores size, e.g. 250-320 um) presented
similar behavior (FIG. 4,5): A significant increase in calcium
and phosphate concentrations at 14 days in comparison to
7 days in culture was detected for all surfaces except two
samples (e.g. collagen coating and collagen with CS coat-
ing on 250-320 um scaffolds). The blank samples (scaffolds
without cells) after 14 days of incubation in culture medium
exhibited very low levels of calcium and phosphate.

Discussion

The aim of this study was to: i) develop a method as-
suring homogenous coating of the aECMs consisting of
collagen type | and/or GAGs within the entire porous struc-
ture of PLGA scaffolds; ii) characterize the aECM coatings
regarding the concentration of the organic components,
e.g. collagen type | and/or GAGs; iii) study osteoblast-like
cell reaction to unmodified scaffolds and scaffolds coated
with aECMs.
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FIG. 2. LSM pictures of PLGA scaffolds of defined pore size 250-320 um coated with collagen by
method 1 (A, B) and method 2 (C, D); top view (A, C) and cross section (B, D). Inmunofluorescence

staining of collagen in red. Bar 150 pm.

The microstructure of PLGA scaffolds as characterized
by SEM showed an open porous structure with defined
pore size, similar to that observed in our previous study was
proven [12]. The high amount of open porosity as shown in
FIG. 1 is a prerequisite for both, homogenous immobilization
of aECM and cell seeding on the whole scaffold surface.

PLGA is a hydrophobic material and for this reason it
is difficult to force fibrillogenesis solution to enter all pores
of the scaffolds. Thus samples pre-wetted by a treatment
with 70% EtOH and washed in deionized water were used
for immobilization of collagen and GAGs. LSM observation
confirmed that applying additionally low-pressure condi-
tions with the syringe (e.g. method 1) is a more effective
way to coat the scaffolds homogenously with aECM than a
conventional method using a rotary pump (e.g. method 2).

According to Sirius Red and Toulidine Blue assays it was
found that incubation of the scaffolds in the fibrillogenesis
solutions containing collagen and sHya or CS resulted in
immobilization of different amounts of collagen. The quantity
of collagen immobilized on PLGA scaffolds was increased
when CS was present in the fibrillogenesis solution.

Around 300 000 osteoblast-like SAOS-2 cells could
be detected on coated and non-coated scaffold surfaces
after two days in culture. However, their number de-
creased considerably after 7 days in culture. It is probable,

TABLE 1. Concentration of collagen and GAGs in
PGLA scaffolds of a defined pore size of 250-320
um coated with collagen type |, collagen l/sHya,
and collagen I/CS.

Collagen

Scaffold Coating amount GA? amﬂcg ":gt
ug/ scaffold Hg/ scatlo
1 Non-coated n.d. n.d.
2 Collagen | 170+ 4 n.d.
3 Collagen I/sHya | 113 + 14 150 + 8
4 Collagen I/CS 193+ 5 291+9
n.d. — not detected

that it was caused by residues of sterilization gas (EtO),
which was not completely removed during aeration, as
previously reported by others [13]. It must be kept in mind
that the PLGA scaffolds have very high relative surface area
and tortuous pores in which toxic gas molecules could be
trapped, and when released may harm the cells. Moreover,
ethylene oxide apart from its cytotoxicity and mutagenicity
is a very reactive gas, thus chemical reactions between
EtO and PLGA and/or GAGs influencing their properties
are possible.
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FIG. 3. Number of SAOS-2 cells (by DNA determi-
nation) on PLGA scaffolds cultivated for two days.
No statistical difference according to t-test.

The results of calcium and phosphate contents show that
the cells cultivated on the scaffolds with the smaller pore
size do not provoke mineralization at day 7 and 14 in cell
culture. This suggests that the size of pores is important for
the condition of cells, and the osteoblasts prefer larger pores.
Similar observations were found in our previous study when
osteoblast-like MG63 cells were cultured on the scaffolds
with different microstructures: among scaffolds with pore
sizes of 180-200 um, 250-320 um, and 400-600 um the
largest pores were the most appropriate for cell adhesion,
proliferation and differentiation [14]. However, the coating
of scaffolds with aECM enhanced matrix mineralization
regardless of pore size. The coating with collagen alone
was sufficient for this effect, while the addition of GAGs was
not significantly improving mineralization. Interestingly, the
observed mineralization was not caused by the scaffolds
themselves, because the levels of calcium and phosphate
were very low on the blank scaffolds (e.g., incubated in
culture medium without cells). On the contrary, the observed
mineralization was due to osteoblast differentiation.

In conclusion, PLGA scaffolds could be successfully
coated with aECMs consisting of collagen and GAGs de-
rivatives. Those coatings make the scaffolds more suitable
for bone tissue engineering. Application of EtO sterilization
for PLGA scaffolds is rather questionable.
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FIG. 4. Concentration of calcium released by
SAOS-2 cells on PLGA scaffolds. Asterisks indi-
cate significant difference (p < 0.05) compared to
7 days and blank within one group.
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FIG. 5. Concentration of phosphate released by
SAOS-2 cells on PLGA scaffolds. Asterisks indi-
cate significant difference (p < 0.05) compared to
7 days and blank within one group.
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Abstract

The aim of this study was to optimize the diamond
microfluidic device with four microchannels. The tem-
perature distributions in electrophoretic microchips
of different geometries and different materials have
been analyzed by the Coventor software. Diamond
microfiuidic devices are very advantageous over glass
or polymer microfluidic devices; they dissipate Joule
heat much more efficiently because of the highest
thermal conductivity coefficient of diamond.

Keywords: diamond microfluidic devices, Coventor,
Joule heating

[Engineering of Biomaterials, 86 (2009), 14-16]

Introduction

Diamond reveals several extreme, very beneficial proper-
ties - the highest thermal conductivity, remarkable biocom-
patibility, high electrical breakdown voltage and chemical
resistance against the majority of chemical solutions applied
in the solid-state technology. This makes diamond thick
layers the good choice for the application in microfluidic
devices [1-8].

Microfluidic devices are miniaturized systems which
transfer tiny quantities of samples and reagents, through a
system of microchannels and microchambers made on the
surface of a small plate. They are made of different materials;
most often of polymers (PDMS, PMMA), glass or silicon.

These systems integrate and reduce a sample size of
biochemical reactions and processes. It is a tendency to
replace large, often long-lasting and expensive biological
and chemical analyses, by microfluidic devices (called
sometimes lab-on-a-chip or y-TAS — micro-total-analysis-
systems). A small sample size, low reagent consumption,
low waste production and short time of analysis are only a
few advantages of these microsystems.

Electrophoresis is a popular method of on-chip separa-
tion. It is based on the migration of biomolecules in the
electric field. Electrically charged biomolecules (each of
different molecular mass or different charge) have different
mobilities and the separation can be achieved. In this paper
we focus on microfluidic devices based on biomolecule
electrophoresis on-chip.

The important issue in designing new microfluidic devices
(or electrophoretic chips) is a total analysis of the processes
present during the microscale chip electrophoresis. This
leads to the optimal selection of the electrophoretic chip
material and its optimal geometry [1-3]. The significant and
undesirable phenomenon occurring during the process of
electrophoresis is Joule heating [1-3,8,9]. This leads to a

temperature and gradient growth across the microfluidic
channels, decreasing the quality of separation in a number
of ways (sample band dispersion or peak broadening,
deterioration of analysis resolution and even decomposition
of thermally sensitive samples or creation of vapor bubbles
in the microchannels). A proper selection of the material
with a high thermal conductivity coefficient for chips and
optimizing the chip geometry, as well as an efficient cooling
system reduce all the above mentioned thermal effects.
In our research we focused our interest on different aspects
of electrophoretic chips design, with respect to minimizing
an influence of Joule heating.

Numerical study

The computer modelling and simulations have been
performed with commercial code — CoventorWare™ [11].
The same microchannel geometries were simulated as in
the real diamond microfluidic device fabricated in the MNT-
ERANET project DIAMID “Diamond Microfluidic Devices for
Genomics and Proteomics” [8]. In this project the diamond
microfluidic device was designed for fast electrophoretic
separations of DNA and protein molecules.

The geometry was directly introduced into the Coventor-
Ware Process Editor together with the technological steps
and material parameters to generate a 3D solid model of the
microfluidic device under investigation. Once the 3D model
was created, the discretization of the computational domain
was performed. The linear “Manhattan Bricks” elements
were applied. At this stage, names were assigned to all the
faces for the next step - boundary conditions definition.

Calculations were performed for stationary flow condi-
tions. The microfluidic device consists of a plate with the
system of four microchannels (FIG. 1), fluid (buffer) inside
the microchannels, a support, a cap and air environment.
The aim is to optimize the four channel microfluidic device
and compare microfluidic devices made of diamond and
glass.

The investigations were carried out for a continuous
flow at the inlet, for the air flow rate 1000 mm®/s crosswise
the microchannels. The current enforced between the
electrodes located at the microchannel terminals was fixed
at the common current density value - for the different
channel cross-section areas, this common current density
assumption gives four different current values: 160, 240,
400 and 800 mA. The air temperature at the inlet, as well
as the temperature of the diamond chip bottom wall, were
equal to 300K.

KCI 0.1 mol/dm? buffer was applied in this model as the
liquid inside the channels.

FIG. 1. Model of the chip with the system of
microchannels.
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FIG. 3. Glass Microfluidic device & KCI_0,1 mol/dm?
buffer

Channel: depth 250 ym, width 25 pm, length 23200 pm
Current 400 mA, air flow rate 1000 mm?®/s along X
Air inlet, TOP & BOTTOM walls temperature fixed
300 K.

Results and discussion

For the first simulations, chips consisting of identical
geometry microchannels were applied: depth 250 pym,
width 25 pm and length 23200 um. Different materials were
compared: glass, polymer polydimethylosiloxane (PDMS)
and diamond. The current enforced between the electrodes
was 400mA, the air flow rate was 1000 mm?/s in the per-
pendicular direction to the microchannel length and the
temperature on selected walls was equal to 300K. Significant
differences between temperature profiles of the PDMS, glass
and diamond chips are well visible. At the channel common
inlet of the glass chip, we obtained temperatures exceed-
ing 600K for PDMS and 320K for glass and at the channel
outlet terminal even over 350K. The same chip, but made
of diamond, reveals a much lower temperature increase, as
was expected (FIG. 2).

FIGURES 3 and 4 show the example distributions on
diamond and glass microchips with the same microchannels
geometries and the same electric field applied. It is clearly
seen the difference between both microchips, maximal
temperature for diamond microfluidic device is 303K, for
glass microfluidic device 350K.

FIG. 4. Diamond microfluidic device & KCI_0,1 mol/
dm? buffer

Channel: depth 250 pm, width 25 ym, length 23200 ym
Current 400 mA, air flow rate 1000 mm?/s along X
Air inlet, TOP & BOTTOM walls temperature fixed
300 K.

Conclusions

On the basis of the numerical experiment and the
analysis performed, it can be stated that diamond is the best
material for the application of electrophoretic microchips.
In comparison to glass or plastic devices, diamond offers a
significant improvement to device performance parameters,
it dissipates Joule heat much more efficiently what enables
to apply much higher electric field during chip electrophoresis
and to obtain much shorter times of separations.
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Streszczenie

Naturalny hydroksyapatyt zostat wyekstrahowany z
korowej czesci diugich kosci wieprzowych poprzez po-
traktowanie ich gorgcym roztworem NaOH, przemycie
H,O i wyprazenie w temperaturze 450°C. Pod ci$nie-
niem 200 MPa wyprasowano probki, ktére spiekano
w atmosferze powietrza, CO, i argonu w temperaturze
1000°C. Stwierdzono, ze atmosfera spiekania wptywa
na zageszczenie, morfologie, stabilno$¢ chemiczng
i w konsekwencji na wiaSciwosci sprezyste spiekow.
W wyniku spiekania hydroksyapatytu w powietrzu
uzyskano geste spieki o duzych, wyksztatconych
ziarnach. Probki spiekane w argonie i w CO, charakte-
ryzujg sie mniejszym zageszczeniem i drobnoziarnistg
mikrostrukturg. Stwierdzono takze, ze atmosfera CO,
nie tylko przeciwdziata rozktadowi hydroksyapatytu
(nie pojawia sie wolne CaO), lecz powoduje wbudo-
wywanie sie grup CO4* w strukture.

Stowa kluczowe: hydroksyapatyt, spiekanie, mikro-
struktura, wtasciwosci sprezyste

[Inzynieria Biomateriatéw, 86, (2009), 17-21]

Wprowadzenie

Ceramika hydroksyapatytowa ze wzgledu na swoje
podobienstwo chemiczne i mineralogiczne do nieorganicz-
nych skfadnikéw kosci i zebéw moze by¢ stosowana do
wypetniania ubytkéw zaréwno w stomatologii, jak i chirurgii
kostnej. Po zaimplantowaniu nie wykazuje bowiem zadnych
efektéw cytotoksycznych ani kancerogennych. Odznacza
sie natomiast duzg biozgodnoscig i bioaktywnoscig zaréwno
w stosunku do tkanek twardych, jak i miekkich [1,2].

Istniejg dwa gtéwne rodzaje hydroksyapatytu: naturalny
otrzymywany z kosci zwierzecych i syntetyczny otrzymywany
na drodze reakcji chemicznych. Obydwa rodzaje
hydroksyapatytu majg zastosowanie jako biomateriaty.
Podstawowg réznicg obu rodzajéw hydroksyapatytu jest
to, ze materiat otrzymywany z ko$ci zwierzecych zawiera
w sposob naturalny w swej strukturze grupy weglanowe,
magnez, séd, potas oraz inne pierwiastki sladowe, co
sprawia, ze jego sktad chemiczny jest blizszy skladowi
kosci [3].

EFFECT OF SINTERING
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JADWIGA BRzEZINSKA-MIECZNIK*, BEATA MACHERZYNSKA,
KRrzyszToF HABERKO, WroDZIMIERZ M0ZGAWA,
MirostAw Buéko, ANNA PyDA

AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY,
FacuLTY oF MATERIALS SciENCE AND CERAMICS,
30 Mickiewicza Av., 30-059 Cracow, PoLAND
* E-MAIL: J.BRZEZ@WP.PL

Abstract

Natural hydroxyapatite was extracted from corti-
cal part of long pig bones by treatment in hot sodium
hydroxide solution. Material was washed with water,
dried and calcined at 450°C. Cylindrical samples
compacted under 200 MPa were sintered in air, CO,
and Ar atmospheres at 1000°C. Sintering atmosphere
influences densification, microstructure, chemical
stability and consequently elastic properties of the
samples. Treatment in air atmosphere leads to the
most dense material of the largest and faceted grains.
Lower densification and smaller grains occur in CO,
and Ar atmospheres. Carbon dioxide atmosphere
counteracts decomposition of the material, no free
CaO appears, but additional CO;? groups become
built into the HAp structure.

Keywords: hydroxyapatite, sintering, microstructure,
elastic properties

[Engineering of Biomaterials, 86 (2009), 17-21]

Introduction

Materials based on hydroxyapatite (HAp) are used in
dentistry and bone surgery as a filling medium. This is due to
the similarity of this material to the mineral part of bones and
teeth. No cytotoxic and cancerogenic effects after implanta-
tion of this material occur. Hydroxyapatite shows bioaffinity
and bioactivity towards both hard and soft tissues [1,2].

Two kinds of hydroxyapatite are applied as biomaterials:
synthetic one and extracted from animal bones. The basic
feature of the natural origin HAp is presence in its structure
of carbonate groups, magnesium, sodium, potassium and
other trace elements, usually occurring in living bones [3].

Materials and methods

The starting material was extracted from the cortical
part of pig bones from which joint heads were cut off. After
boiling in water and removing soft tissues the material was
subjected to the treatment in a Teflon vessel at 90°C in 4M
NaOH solution for 24 h. Then the material was washed
many times with water in order to remove sodium ions until
pH=7.5 in the filtrate was achieved. After drying at 120°C
and sieving the powder was heat treated in flowing oxygen
atmosphere at 450°C for 1 h. This operation allowed us to
burn out traces of organic matter remaining in the material.

17
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Materiatem wyjsciowym, z ktérego uzyskano hydroksy-
apatyt, byta czes¢ korowa wieprzowych kosci dtugich, po
uprzednim obcieciu gtdwek. Proces ekstrakcji hydroksy-
apatytu przebiegat nastepujgco: po czesciowym usunieciu
szpiku kosci gotowano w wodzie, a nastepnie usunieto
tkanki miekkie i cze$¢ ggbczastg. Dalsze usuniecie sub-
stancji organicznej odbywato sie poprzez dwukrotne potrak-
towanie kosci 4 M roztworem NaOH w temperaturze 90°C.
Czas dziatania zasady wynosit kazdorazowo 24 godziny,
a operacja ta odbywata sie w naczyniach teflonowych
(politetrafluoroetylen). Kolejng czynnoscig byto przemywa-
nie w znacznym stopniu odbiatczanej masy kostnej wodag
destylowang w celu odmycia jonéw sodowych. Operacje
przemywania powtarzano wielokrotnie, az do uzyskania
pH w filtracie réwnego 7,5. Nastepnie materiat wysuszono
w temperaturze 120°C, rozdrobniono i przesiano przez
sito perlonowe. Reszte substancji organicznej starano sie
usung¢ poprzez wstepne prazenie proszku w temperaturze
450°C przez 1 godzine w atmosferze tlenu.

Wyprazony proszek zmielono w mtynie mieszadtowym
w Srodowisku propanolu. Na 150 g proszku zastosowano
1500 g mielnikéw w ksztatcie kulek o srednicy 2 mm wyko-
nanych z dwutlenku cyrkonu.

Prasowanie proszku odbywato sie na sucho, wstepnie
jednoosiowo pod cisnieniem 11 MPa, po czym doprasowano
je izostatycznie pod ci$nieniem 200 MPa.

Spiekanie prébek (wyprasek) przeprowadzono w piecu
rurowym w temperaturze 1000°C w atmosferze powietrza, ar-
gonu i dwutlenku wegla. Postep temperatury wynosit 5°C/min,
czas przetrzymywania w temperaturze maksymalnej wynosit
60 minut, a predkos¢ przeptywu gazu 1 decm3/min.

Skfad fazowy proszkéw oznaczono metodg analizy
dyfrakcyjnej promieniowania rentgenowskiego bazujgc na
danych zawartych w kartotece ICDD. Wielko$¢ parametrow
sieciowych stuzgcych do wyznaczenia objetosci komérek
elementarnych okreslono metoda Rietvelda.

Wykonano réwniez widma w podczerwieni dla prébek z
poczatkowego i koncowego etapu spiekania (spektrometr
Bio-Rad FTS 60 MV). Pomiary przeprowadzono technikg
transmisyjng, wykonujac pastylki z bromku potasu (homo-
genizowano 2 mg hydroksyapatytu z 300 mg KBr, nastep-
nie prasowano w matrycy 13 mm z odpowietrzaniem pod
naciskiem 10 t). Widma rejestrowano w skali absorbanc;ji w
zakresie 4000-400 cm™ (MIR), rejestrujgc 256 skanéw ze
zdolnoscig rozdzielczg 4 cm™'. Przypisanie pasm absorpcyj-
nych przeprowadzono w oparciu o prace [4].

Gestosc¢ pozorng, porowatos¢é otwartg spiekéw oznaczo-
no metodg wazenia hydrostatycznego w wodzie. Powierzch-
nie wtasciwg przed i po spiekanych prébek oznaczono
metodg BET adsorpcji azotu w temperaturze ciektego azotu
stosujgc urzadzenie Quantachrome model Nova 1200e.

Rozktad wielkosci porow w wypraskach i po spiekaniu
oznaczono metodg porozymetrii rteciowej stosujgc urzg-
dzenie Quantachrome model PoreMaster.

Obserwacje przetamoéw spiekanych probek przeprowa-
dzono wykorzystujgc skaningowg mikroskopie elektronowg
(Nova Nano-SEM-200). Badania wykonano w Laboratorium
Mikroskopii Skaningowej i Mikroanalizy WIMIC, AGH.

Badania wtasciwosci sprezystych wykonano nieniszczacg
metoda ultradzwiekowg stosujgc defektoskop ultradzwiekowy
UZP-1 (INCO-VERITAS) z doktadnos$ci pomiaréw czasow
przejscia fali ultradzwiekowej + 0,01 pus.

W badaniach zastosowano metode przejscia postugujac
sie gtowicami ultradzwiekowg do fal podtuznych f = 2 MHz,
a do fal poprzecznych f = 4 MHz. Jako osrodek sprzegajacy
gtowice z badang powierzchnig ptyty stosowano olej
parafinowy.

The resulting powder was then attrition ground with 2 mm
zirconia balls (TOSOH) in propanol. For 150 g of the powder
1500 g of the grinding media were used.

Uniaxial pressing under 11 MPa and subsequent isostatic
pressing under 200 MPa allowed us to manufacture cylin-
drical samples. Sintering was performed in a tube furnace
at 1000°C with 5°C/min rate of temperature increase, in air,
argon or carbon dioxide atmospheres with 60 min soaking
time.

By the X-ray diffraction phase composition of the samples
and volume of the HAp unit cell basing on the ICDD data
and using the Rietveld method were determined.

The powder samples (2 mg) were mixed with 300 mg KBr
and pressed in order to obtain the IR transmission spectra
of the starting and sintered samples, using the Bio-Red FTS
60 MV apparatus. The spectra were recorded in the 4000-
400cm' range with the resolution of 4 cm. Identification of
the absorption bands was based on the data collected in [4].

Apparent density and open porosity were determined
by the hydrostatic weighing. Specific surface area of the
powder was determined by the nitrogen adsorption (BET)
using the Quantochrome Nova 1200e equipment. PoreMas-
ter (Quantachrome) allowed us to measure the pore size
distribution in green and sintered samples. Fracture surface
of the sintered samples was investigated under SEM (Nova
Nano-SEM-200). Elastic properties were determined by
ultrasonic method using longitudinal (f = 2 KMHz) and trans-
verse waves (f = 4 MHz). Equipment applied was UZP-1
(INCO-VERITAS).

Results and discussion

X-ray diffraction (FIG. 1) reveals hydroxyapatite as the
only phase in the material sintered in CO, atmosphere.
However, samples heat treated in air show additionally 1.2%
CaCO; and thatin argon - 1.4% CaO. It cannot be excluded
that calcium carbonate results from the reaction of CaO with
CO, present in the ambient atmosphere.

Infrared spectroscopy (FIG. 2) shows that sintering at-
mosphere influences intensity of the absorption bands which
belong to the carbonate groups (1400-1550 cm™' and about
880 cm") and from OH- groups (about 633 cm™' and about
3572 cm™). Air sintered sample shows decreased integral
intensity of the bands 1413 cm™ and 1458 cm-'. In the case
of the sample heat treated in Ar intensity of both bands
increases, however it concerns more the 1457 cm' band.
Changes of the bands intensities can be attributed to the
variation of the CO,? groups content in the HAp structure.
The remaining IR bands, about 1092 cm' and 1033 cm-'
originate from doubly degenerated asymmetric stretching
vibrations v, P-O and symmetric stretching vibrations of
v, P-O correspond to 960 cm™'. Absorption maxima at
600 cm™" and 570 cm™ can be attributed to the triply degener-
ated bending vibrations v, O-P-O. No essential changes of
the band at 880 cm" occur in both spectra. Different behav-
iour is observed in the sample sintered in CO, atmosphere;
essential increase of the 1415 cm™', 1550 cm"and 880 cm*
absorption bands occur. It was shown in publication [5]
that this effect can be attributed to the incorporation of the
additional CO,? groups to the HAp structure. Most probably
these groups occupy the OH- positions. This seems to be
corroborated by the decreased intensity of the absorption
bands of hydroxyl groups. Indeed, in the samples sintered in
CO, atmospheres absorption bands 3572 cm™'and 633 cm-"
nearly disappear. Another fact which confirms this conclu-
sion is given by the essentially higher unit cell volume of
the samples sintered in CO, atmosphere compared to those
heat treated in Ar and air atmospheres (TABLE 1).



Wyniki i dyskusja

Rentgenowska analiza fazowa (RYS. 1)
wykazata, iz w przypadku prébek spiekanych
w atmosferze CO, hydroksyapatyt jest jedy-
ng fazg. Natomiast w probach spiekanych
w atmosferze powietrza pojawito sie 1,2%
kalcytu, a w prébce spiekanej w atmosferze
argonu 1,4% CaO. Prawdopodobnie kalcyt
pojawit sie w wyniku przejscia w wilgotnym
powietrzu CaO do Ca(OH), i nastepnej reakcji
z CO, z powietrza.

Badania metoda spektroskopii w pod-
czerwieni (RYS. 2) pozwolity stwierdzi¢, iz w
zaleznosci od atmosfery spiekania zmienia
sie w stosunku do probki wyjsciowej (nie-
spiekanej) intensywnos$¢é pasm pochodza-
cych od grup CO,% tj. pasm w zakresie liczb
falowych 1400-1550 cm™ i ok. 880 cm oraz
od grup OH- pasma w przy ok. 633 cm™ i ok.
3572 cm™. Dla widma probki spiekanej w
atmosferze powietrza zmniejsza sie intensyw-
nos¢ integralna pasm 1413 cm™' i 1458 cm-.
Dla widma prébki spiekanej w atmosferze
argonu intensywnos¢ tgczna obu pasm
zwieksza sie, przy czym w wiekszym stopniu
dotyczy to pasma przy 1457 cm™'. Zmiana
intensywnos$ci pasm moze by¢ zwigzana
ze zmiang zawartosci grup CO,> w struktu-
rze, a takze ze zmiang symetrii tych grup.
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RYS. 1. Dyfraktogramy rentgenowskie prébek spiekanych w réznych
temperaturach.
FIG. 1. X-ray diffraction patterns of the samples sintered in indicated
atmospheres.
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RYS. 2. Widma absorpcyjne w podczerwieni probek spiekanych w powietrzu, CO, i Ar.

FIG. 2. IR spectra of the samples sintered in indicated atmospheres.
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TABELA 1. Charakterystyka probek hydroksyapatytu spiekanych w powietrzu, CO, i Ar.
TABLE 1. Characterization of samples sintered in air, CO, and Ar.

Porowatos¢ otwarta
Open porosity
[%]

0

Gestos¢ pozorna
Apparent density
[g/cm?]
3.08 + 0.02

Atmosfera

Atmosphere

Powietrze / Air

Nasigkliwos¢
Waterabsobability

Powierzchnia wtasciwa
Specific surface area
[m?/g]

Objetosé komorki
elementarnej
Unit cell volume [A3]
528.7

Ar 2.44 + 0.01 22.06 + 0.47

2.72 528.4

CO, 2.38 £ 0.03 23.58 + 0.46

2.14 533.4

Wypraska

1.61+£0.03 =
Green samples

- 79.62 £ 0.5 -

Pozostate pasma o maksimach absorpcyjnych ok. 1092 cm’
oraz 1033 cm™" pochodzg od potréjnie zdegenerowanych
antysymetrycznych drgan rozciggajgcych v; P-O. Pasmo
przy ok. 960 cm™ pochodzi od symetrycznych drgan rozcia-
gajacych v, P-0. Maksima absorpcyjne przy ok. 600 cm-'
i 570 cm™ pochodzg od potrojnie zdegenerowanych drgan
zginajgcych v, O-P-0. W przypadku pasma ok. 880 cm™’
w obydwoch widmach brak istotnych zmian. Odmiennie
wyglada sytuacja dla prébek spiekanych w atmosferze CO..
Na widmach tych prébek widoczny jest bardzo wyrazny
wzrost intensywnosci pasm zaréwno 1415 cm'-1550 cm-*
jak i pasma ok. 880 cm™'. Jak wykazano w pracy [5] zjawi-
sko to wynika z wbudowywania sie grup CO,> w strukture
hydroksyapatytu. Grupy weglanowe wbudowuja sie praw-
dopodobnie w pozycje grup OH-. Potwierdzeniem tego faktu
jest zanik pasm pochodzacych od grup OH- w probkach
wypalanych w atmosferze CO, (praktyczny zanik pasm
przy 3572 cm™i633 cm'). Wskazuje na to réwniez objetosé
komorki elementarnej, ktora jest zdecydowanie wigksza dla
probek spiekanych w atmosferze CO, (533,4 A3) niz dla
probek wypalanych w atmosferze powietrza (528,7 A%) czy
tez argonu (528,4 A%) (TABELA 1).

Zbadano réwniez wplyw atmosfery wypalania na zagesz-
czenie i morfologie spiekow. Wypalaniu poddano wypraski o
gestosci pozornej 1,61 g/cm® (TABELA 1). Rozktad wielkosci
poréw w probkach byt jednomodalny (RYS. 3). Charaktery-
styka spiekanych probek zostata przedstawiona w TABELI 1
i na RYS. 3.

W wyniku spiekania prébek w temperaturze 1000°C w
powietrzu uzyskano stosunkowo geste spieki pozbawione
porowatosci otwartej. Probki charakteryzowaty sie duzymi
(rozrosnietymi) ziarnami o dobrze wyksztatconych Scianach
(RYS. 4a). Réwniez geste spieki, ale o nieco drobniejszej
mikrostrukturze otrzymano przez wypalanie probek w po-
wietrzu w temperaturze 900°C (RYS. 4d). Natomiast probki
wypalane w atmosferze CO, lub argonu wykazujg znaczng
porowatos¢ otwartg, odpowiednio 23,6% i 22,1%, co znaj-
duje odzwierciedlanie w objetosci porow (RYS. 3).

W przeciwienstwie do probek wypalanych w atmosferze
powietrza prébki wypalane w atmosferze dwutlenku wegla i
argonu zachowujg drobnoziarnistg mikrostrukture. Swiadcza
o tym réwniez wyniki badan powierzchni wtasciwej spiekow.
Wielkos$¢ czastki dger dla prébek spiekanych w CO, wynosi
1,18 ym a dla prébek spiekanych w argonie 0,904 um.

Réwniez wyniki badan wtasciwosci sprezystych potwier-
dzajg powyzszg zaleznosé. Dla spiekow otrzymywanych w
atmosferze powietrza state materiatowe, takie jak modut
Younga i modut sztywnosci, sg dwukrotnie wyzsze od tych
wyznaczonych dla prébek spiekanych w CO, czy argonie.
Dane zawarte w TABELI 2 pokazujg, ze wraz ze zmniej-
szeniem sie porowatosci zwiekszajg sie wartosci modutu
Younga i modutu sztywnosci. Dla probek wypalanych
w atmosferze CO, i argonu wartosci E i G sg zblizone.
Z przeprowadzonych badan ultradzwigkowych wynika,
ze wartos¢ wspotczynnika Poissona jest taka sama dla
wszystkich prébek.

= Wypraska (Green sample)

2008

150

100 2

Pore volume

501

Sumaryczna objeto$é poréw [mm’/g]

Powietrze

Srednica poréw [nm]
Pore diameter

RYS. 3. Rozktad wielkosci porow w spiekanych
probkach w zaleznosci od atmosfery wypalania.
FIG. 3. Pore size distribution curves in green and
samples sintered in indicated atmospheres.

In TABLE 1 specific surface area, apparent porosity,
water absorption and open porosity are given. FIG. 3 shows
pore size distribution curves of green and sintered samples.
All of them show mono-modal pore size distribution.
No open porosity occurs in the samples heat treated in
air. SEM observations reveal dense microstructure with
relatively big and faceted grains (FIG. 4a). Also dense
microstructure in the air sintered at 900°C sample but with
smaller grains is shown in FIG. 4d. Densification of sam-
ples treated at 1000°C in Ar and CO, atmospheres is much
lower (TABLE 1). These samples even show open poros-
ity. In both cases, sizes of grains are essentially smaller.
As it should be expected Young modulus and modulus of
shear strongly depend on the system porosity and hence
on sintering atmosphere. Data gathered in TABLE 2 dem-
onstrate the highest Young modulus and shear modulus of
the samples treated in air. No effect of the heat treatment
atmosphere on the Poisson ratio was noticed.

TABELA 2. Wiasciwosci sprezyste probek wypa-
lanych w réznych atmosferach.

TABLE 2. Elastic properties of the samples sinte-
red in different atmospheres.

Atmosfenl'a Modut Younga MOdUI, . Wspoitczynnik
wypalania sztywnosci .
S Young modulus Poissona
Sintering (GPa] Shear modulus Poisson ratio
atmosphere [GPa]
Powietrze / Air [ 112.97 £ 1.31| 44.24 + 0.38
Ar 48.22 +1.52|18.80 £ 0.77
CO, 43.10 + 3.48| 16.84 + 1.35| 0.28 + 0.01
Wypraska | g 471 1.18| 3.33+0.39
Green samples

Z ommm® 0 00000 0000000000000 0000000000000000000000
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RYS. 4. Mikrofotografie przetamoéw prébek spiekanych w temperaturze 1000°C
w atmosferze: a) powietrza; b) CO, i c) argonu; oraz d) probki spiekanej w
temperaturze 900°C w atmosferze powietrza.
FIG. 4. Fracture surfaces of the samples sintered at 1000°C in different atmo-
spheres, a) air, b) CO,, c) Ar, d) sample sintered in air atmosphere at 900°C
for 1h.

Whioski

Atmosfera wypalania wplywa na stabilno$¢ chemiczng
hydroksyapatytu, morfologie, stopieh zageszczenia spiekéw
i wtasciwosci sprezyste.

W prébkach spiekanych w 1000°C w atmosferze CO,
jedyng fazg jest hydroksyapatyt, natomiast w prébkach
spiekanych w atmosferze powietrza i argonu pojawia sie
dodatkowo niewielka ilo$¢ wolnego CaO.

Atmosfera CO, przeciwdziata zjawisku rozktadu hydrok-
syapatytu i ponadto sprawia, ze nastepuje wbudowywanie
sie w strukture grup weglanowych, najprawdopodobniej w
pozycje grup OH-.

Probki spiekane w powietrzu charakteryzujg sie wysokim
stopniem zageszczenia i brakiem porowatosci otwarte;.
Natomiast probki spiekane w argonie i w CO,, wykazujg
mniejsze zageszczenie i zachowujg znaczng porowatosé
otwartg.

Probki spiekane w powietrzu charakteryzuja sie duzymi
ziarnami o dobrze wyksztatconych $cianach, natomiast w
prébkach spiekanych w argonie i w CO, ziarna pozostajg
drobne.

Wraz ze zmniejszaniem sie porowatosci probki wykazujg
wyzsze wartosci modutdw Younga i sztywnosci.
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Conclusions

1. Atmosphere of the heat treat-
ment affects chemical stability,
morphology, density and elastic
properties of natural origin hy-
droxyapatite.

2. Samples sintered in CO,
atmosphere retain hydroxyapatite
structure, but in those sintered in air
and argon small fraction of CaCO,
or CaO appear, respectively.

3. Concentration of CO;? groups
increases in the material sintered
in the CO, atmosphere. They most
probably are substituted for hy-
droxyl groups.

4. Sintering in air results in
dense samples lacking of open
porosity. They show relatively big
and faceted grains. High open
porosity and grains of small sizes
occur in samples treated in air or
Ar atmosphere.

5. Dense samples show essen-
tially higher Young modulus and
shear modulus compared to those
poorly densified.
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Streszczenie

Otrzymane metodg elektroprzedzenia witdkniny
zbudowane z wtbkien o wymiarach nanometrycznych
nasladowac¢ mogg budowe i funkcje naturalnej
substancji miedzykomérkowej (ECM). Ponadto
wytworzone tg metodg podtoza umozliwiajg ofrzymanie
przestrzennej porowatej struktury o duzej powierzchni
wtasciwej i pofgczonej sieci poréw, utatwiajgcej wzrost
i adhezje komorek.

W pracy zaproponowano metode ofrzymywania
bioaktywnych nanowtoknistych podtozy zbudowanych
z kompozytowych widkien PAN/n-HAp. Pierwszym eta-
pem ofrzymywania hanowtokien weglowych jest proces
stabilizacji w atmosferze utleniajgcej. W celu lepszego
zrozumienia zmian zachodzgcych we wtéknach polia-
krylonitrylowych poddanych dziataniu wysokiej tem-
peratury przeprowadzono badania SEM, DSC i FTIR.

Stowa kluczowe: nanowtékna weglowe, elektroprze-
dzenie, proces stabilizacji, hydroksyapatyt

[Inzynieria Biomateriatéw, 86, (2009), 22-27]

Wstep

W ostatnich czasach technika elektroprzedzenia stata
sie jedng z najbardziej popularnych i uniwersalnych metod
produkcji polimerowych podtozy dla inzynierii tkankowej
[1]. Zastosowanie metody elektroprzedzenia w dziedzinie
inzynierii tkankowej gtéwnie sprowadza sie do formowania
widknin z réznych biomateriatow, ktére sg w stanie naslado-
wac strukture (fizyczne rozmiary) substancji miedzykomor-
kowej (ECM) [2]. Kos¢ jest nanokompozytem sktadajgcym
sie z miekkiej matrycy hydrozelowej (kolagen, inne biatka,
woda) oraz twardego nieorganicznego sktadnika jakim jest
hydroksyapatyt (Ca,,(PO,)s(OH),). Nanokrystaliczny hydro-
ksyapatyt (dtugosé: 20-80 nm, grubosé: 2-5 nm) stanowi
70% tkanki kostnej, pozostate 30% stanowig biatka, réwniez
o wymiarach nanometrycznych [3]. Przy projektowaniu
materiatdw na podtoza tkankowe coraz czesciej zwraca
sie uwage na tzw. materiaty biomimetyczne zbudowane z
widkien o $rednicy odpowiadajgcej wioknom kolagenowych,
z ktorych zbudowana jest substancja miedzykomorkowa
(ECM). ECM w naturalnych tkankach sprzyja adhezji, proli-
feracji i réznicowaniu komorek [4]. Idealne podtoze powinno
wiec w jak najwiekszym stopniu nasladowa¢ naturalng ECM.
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Abstract

The electrospun fabrics with nanoscale fibers dia-
meters mimic morphological nano-features of native
extracellular matrix (ECM). Moreover scaffolds fabrica-
ted by electrospinning method provide a large surface
area, porosity and well interconnected pore network
structure to facilitate cell adhesion and growth.

In this paper we have proposed a method to
obtain bioactive nanofibrous scaffold consisting of
PAN/n-HAp nanofibers. Stabilization process in an
oxidative atmosphere, as a first step to obtain carbon
nanofibers, was studied in order to better understand
morphological rearrangements taking place in PAN
fibers subjected to high temperatures. Progress of
stabilization and the accompanying morphological
changes were monitored through SEM, DSC and
FTIR methods.

Keywords: carbon nanofibers, electrospinning,
stabilization process, hydroxyapatite

[Engineering of Biomaterials, 86 (2009), 22-27]

Introduction

Recently the electrospinning technique is getting one of
the most popular and versatile tool for fabrication of polymer
scaffolds for tissue engineering [1]. The use of electrospin-
ning in the field of tissue engineering is mainly concentrated
towards formation of non-woven mats of different biomateri-
als to biomimic physical dimensions of native extracellular
matrix (ECM) [2]. Bone is a nanocomposite that consists
of a protein based soft hydrogel template (i.e., collagen,
non-collagenous proteins and water) and hard inorganic
components (HAp-hydroxyapatite Ca,,(PO,)s(OH),). Specifi-
cally, 70% of the bone matrix is composed of nanocrystalline
HAp which is typically 20-80 nm long and 2-5 nm thick. Other
protein components (30%) in the bone ECM are also nanom-
eter in dimension [3]. It is often beneficial to mimic certain
features of a ECM in scaffold design. ECM in natural tissues
supports cell attachment, proliferation and differentiation [4].
Ideally the scaffold should mimic natural ECM as much as
possible. Therefore within the last years, electrospun nano-
fibrous scaffolds have been started to be used in tissue en-
gineering application due to their biomimetic character and
porous structure [5]. Nonwoven fibrous mats comprised of
nanofibers have a very high fraction of surface available to
interact with cells, which make them ideal for cell attachment.



Dlatego na przestrzeni ostatnich lat technika elektroprze-
dzenia zostata z powodzeniem wykorzystana do otrzymy-
wania nanowtoknistych podtozy dla inzynierii tkankowej ze
wzgledu na biomimetyczny charakter i porowatg strukture
otrzymanych w taki sposéb materiatéw [5]. Witokniny zbu-
dowane z nanowtokien posiadajg duzy udziat powierzchni
oddziatywujgcej na komorki, sprzyjajac tym samym ich
lepszej adhezji. Dodanie nanowypetniaczy takich jak n-HAp
do nanowtdknistej polimerowej matrycy moze polepszy¢ jej
mechaniczne czy tez inne biologiczne wtasnosci niezbedne
do zastosowan w inzynierii tkankowe;j.

W pracy zaproponowano metode otrzymywania synte-
tycznych kompozytéw zbudowanych z nanoczgstek oraz
nanowtokien, nasladujgcych w maksymalny sposéb natu-
ralny kompozyt jakim jest kos¢.

Nanowtdkna weglowe (n-CF) cieszg sie coraz wiekszym
powodzeniem w projektowaniu nowych biomateriatéw dla
réznych zastosowan medycznych [6-8]. Zastosowanie
hydroksyapatytu jako dodatku do nanowtdkien weglowych
pozwala na uzyskanie podtoza o charakterze bioaktywnym.
Tak otrzymany nanokompozyt mégtby w przysztosci zostac
wykorzystany jako implant sprzyjajgcy regeneracji tkanki
kostnej. Kluczowym procesem otrzymywania wiékien we-
glowych jest proces stabilizacji prowadzony w temperaturze
150-300°C. W pracy przeanalizowano proces stabilizacji
kompozytowych nanowitéknin modyfikowanych hydrok-
syapatytem, stanowigcy pierwszy etap w otrzymywaniu
bioaktywnych nanowtéknistych podtozy tkankowych.

Materiaty i metody

Nanowidkna przygotowano metodg elektroprzedzenia
z roztworu poliakrylonitrylu z dodatkiem hydroksyapatytu.
Do wytworzenia nanowtokien wykorzystano termopolimer
PAN (firmy Zoltek) o skfadzie: 93-94% wagowych merow
akrylonitrylu, 5-6% wagowych merow akrylanu metylu i 1%
wagowy merow alilosulfonianu sodowego oraz nano-hydrok-
syapatyt (Srednia wielko$¢ czgsteczek 23 nm, powierzchnia
wiasciwa 81,2 m?/g) wytworzony w Katedrze Technologii
Ceramiki i Materiatow Ogniotrwatych Akademii Gdrniczo-
Hutniczej w Krakowie. Jako rozpuszczalnik zastosowano
dimetyloformamid (DMF). Dodatek proszku hydroksyapatytu
do roztworu wynosit odpowiednio 3% i 5%. Kompozytowy
roztwor polimeru umieszczono w strzykawce (25 ml) o
srednicy dyszy 0,5 mm. Proces elektroprzedzenia prowa-
dzono na aparacie witasnej produkcji sktadajgcym sie ze
zrodta wysokiego napiecia, strzykawki i elektrod (RYS. 1).
Odlegtos$¢ pomigdzy elektrodami wynosita 13,5 cm, wartos¢
przytozonego napigcia statego 50 kV. Podczas elektroprze-
dzenia z roztworu polimeru odparowuje rozpuszczalnik a
nanowtdkna osadzajg sie na folii aluminiowej nawinigtej
na krecgcy sie metalowy beben. W rezultacie otrzymano
kompozytowg widknine zbudowang z nanowidkien PAN/
n-HAp. Nastepnie wtdkniny poddano procesowi stabilizacji
w atmosferze powietrza. Proces utleniania prowadzono
wieloetapowo (150°C/1h; 200°C/2h; 220°C/2h; 240°C/2h;
260°C/2h and 280°C/2h).

Mikrostrukture otrzymanych kompozytowych nano-
widknin PAN/n-HAp oraz sposob rozprowadzenia w nich
czgstek hydroksyapatytu scharakteryzowano przy uzyciu
skaningowej mikroskopii elektronowej (NOVA NANO
SEM 200, FEJ EUROPE COMPANY) jak réwniez mikro-
skopu Jeol, JSM-5400 wyposazonego w mikroanalizator
dyspersji energii promieniowania rentgenowskiego EDX
Link I1SIS 300 z mikroanalizg rentgenowskag (Oxford
Instrument). Probki nanowitdkien polimerowych (nie-
przewodzacych) przed obserwacjg napylano weglem.

The incorporation of nancfillers such as HAp into the nano
scale polymer matrix may gain enhanced mechanical, bio-
logical and other related properties for tissue engineering
applications.

In the current study we have proposed a method to obtain
a synthetic nanocomposites consisting of nanoparticles and
nanofibers that maximally mimic the natural composites
(i.e. bone).

Carbon nanofibers (n-CF) offer an unusual potential in
designing new biomaterials for various medical applications
[6-8]. Addition of bioactive fillers such as nanohydroxyapatite
into the carbon nanofibers, aims to assure the bioactive
behavior of the scaffold. Such nanocomposites have pos-
sible prospects for application as bone implant. For con-
verting PAN to carbon fiber, thermo-oxidative stabilization
in 150-300°C range is a key step. In this paper we report
the properties of thermally oxidized PAN/n-HAp composite
nanofibers as first step to obtain bioactive carbon nanofi-
brous scaffold.

Materials and methods

Nanofibers were prepared by electrospinning from
composite polyacrylonitrile/hydroxyapatite solution. Poly-
acrylonitrile (PAN) - terpolymer (93-94% of weight mers of
acrylonitrile, 5-6% of weight mers of methyl acrylate, and
about 1% of sodium alilosulphoniane) from Zoltek (Hungary)
was used for obtaining the nanofibers. Nano-hydroxyapa-
tite (n-HAp) produced at the Department of Technology of
Ceramics and Refractories, AGH-UST (Cracow, Poland)
was added to the spin dope. An average size of the n-HAp
particles was about 23 nm. The specific surface area of the
n-HAp was 81.2 m%/g.

PAN was dissolved in dimethyl formamide (DMF) and
mixed with 3% and 5% of n-HAp respectively to form
composite solution. Composite solution was fed through
a capillary tip (diameter 0.5 mm) using a syringe (25 ml).
Electrospinning was carried out using home-made appa-
ratus consisting of a power supply, syringe and electrodes
(FIG. 1). The blend solution was spun at a working distance
of 13.5 cm with a driving force of 50 kV. The fibers were
dried in flight and collected on the aluminium foil wrapped
on a rotating metal drum. Non-woven PAN/n-HAp fabric,
was obtained using this method. The electrospun PAN/HAp
nanofibers were then stabilized in oxidizing atmosphere
by multistage process (150°C/1h; 200°C/2h; 220°C/2h;
240°C/2h; 260°C/2h and 280°C/2h).

Roztwor polimeru
Polymer solution |/,
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RYS. 1. Schemat urzadzenia do otrzymywania
wiékien metodg elektroprzedzenia.
FIG. 1. Experimental electrospinning set-up.
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Badania SEM morfologii widknin otrzymanych metoda elek-
troprzedzenia przeprowadzono po kazdym z etapéw stabi-
lizacji. Stabilno$¢ termiczng modyfikowanych nanowtdknin
oznaczono na aparacie DSC 5100 firmy TA Instruments.
Badania przeprowadzono przy szybkosci ogrzewania 10°C/
min w atmosferze gazu obojetnego (azot, przy przeptywie
gazu 40 ml/min). Temperatury pomiaru wynosity 0-340°C.
Zmiany zachodzgce w strukturze poliakrylonitrylu podczas
procesu stabilizacji widkien okreslono przy uzyciu spektro-
skopii w podczerwieni. Badania wykonano na aparacie Nico-
let 6700 z przystawkg dyfuzyjng, w zakresie 400-4000 cm-'.

Wyniki i dyskusja

Na RYS. 2 przedstawiono zdjecia SEM poliakrylonitrylo-
wych nanowtokien otrzymanych metodg elektroprzedzenia.
Obie widkniny sktadaty sie z nanowidkien o srednicach w
zakresie 100-350 nm. Czasteczki hydroksyapatytu byty
rownomiernie rozprowadzone na powierzchni wiokien,
jednoczesnie mozna byto rowniez zaobserwowac ich aglo-
meraty (RYS. 2c).

Microstructure of composite PAN/n-HAp nanofibers as
well as the distribution of hydroxyapatite particles in the
polymer matrix were estimated using scanning electron
microscopy (NOVA NANO SEM 200, FEJ EUROPE COM-
PANY) as well as Jeol, JSM-5400 - equipped with EDX
Link ISIS 300 X-ray microanalyser (Oxford Instruments).
Polymer nanofibers were sputtered with carbon prior to
observation. The morphology of electrospinning nanofibers
and nanofibers after each step of stabilization process was
compared by SEM method. Thermal stability of modified
polyacrylonitrile nano-fibers was estimated by differential
scanning calorimetry (DSC) method using 5100 analytical
system (TA Instruments), at following conditions: heating
rate 10°C/min, nitrogen gas flow (40 ml/min), temperature
from O to 340°C. The infrared spectroscopy was applied
for phase analysis as well as to determine the structural
changes of polyacrylonitrile chain structure occurring dur-
ing thermal stabilization process. IR spectra were recorded
with Nicolet 6700 spectrophotometer (4000-400 cm-') using
diffuse reflectance.
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RYS. 2. Mikrostruktura nanowtéknin PAN/n-HAp: a) z dodatkiem 3% n-HAp; b) 5% n-HAp; c) analiza EDX
powierzchni nanowtékien kompozytowych modyfikowanych 5% n-HAp.

FIG. 2. Microstructure of PAN/n-HAp nanofabrics: a) with 3% of n-HAp; b) 5% of n-HAp; c) EDX analysis of
surfaces of composite PAN nanofibers modified with 5% of hydroxyapatite.

Nanowtdkna PAN poddano badaniom DSC w celu
okres$lenia wplywu wzrostu temperatury na proces ich
utleniania (RYS. 3). Z krzywych DSC wynika, ze od 0°C-
280°C, obie probki (PAN/3%n-HAp, PAN/5%n-HAp) sa
stabilne termicznie, natomiast pik egzotermiczny dla probek
PAN/3%n-HAp, PAN/5%n-HAp wystepuje odpowiednio w
temperaturze 304°C i 310°C. Mozna zaobserwowac niewiel-
ki wptyw dodatku hydroksyapatytu na efekt egzotermiczny.

Results and discussions

FIG. 2 shows the SEM images of PAN nanofibers
fabricated by electrospinning system. Each nanofabrics
consisted of fibers with diameters ranging from 100 nm to
350 nm. n-HAp particles were evenly dispersed on the fib-
ers surface; however some agglomerates were also visible
(FIG. 2c).
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RYS. 3. Zestawienie krzywych DSC dla probek
PAN odpowiednio z zawartoscia: 3% n-HAp oraz
5% n-HAp.

FIG. 3. DSC curves of PAN samples which contain
3% n-HAp and 5% n-HAp, respectively.
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In order to analyze the effect of temperature increase
on fibers oxidation, modified precursor nanofibers were
analyzed by DSC method (FIG. 3). Both of analyzed samples
(PAN/3% n-HAp and PAN/5% n-HAp) were thermally stable
up to 300°C and the exothermic peaks were observed at
304°C and 310°C for PAN/3% n-HAp and PAN/5% n-HAp,
respectively. It is seen that exothermic effect was little
influenced by the addition of n-HAp.

The diameter of fibers decreases during stabilization
process (FIG. 4). The fibers with diameter bigger than
300 nm were not observed. During stabilization the color
of composite nanofabrics changed from white for the
precursor to dark brown for stabilized nanofibers. Analyzing
the FTIR spectrum of hydroxyapatite powder (FIG. 5a) one
can observe clearly visible bands dedicated to PO,* in the
900-1200 cm™' region, the most intensive are attributed
to stretching vibrations. Band at 963 cm™ corresponds to
non-degenerated symmetric vibrations v, P-O. Absorption
maxima at 1033 cm™' and 1107 cm™ are attributed to triple-
degenerated asymmetric stretching vibrations v, P-O, while
bands at 566 cm™ and 605 cm™ are attributed to triple-
degenerated bending vibrations v, O—P-O. FTIR analysis
was done also for PAN/n-HAp nanofibers (FIG. 5c, 5d) as
well as for unmodified PAN (FIG. 5b). Characteristic FTIR
bands of polyacrylonitrile fibers are presented in TABLE 1.
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RYS. 4. Mikrostruktura nanowtoknin PAN/n-HAp po procesie stabilizacji: a) zdodatkiem 3% n-HAp; b) 5% n-HAp.
FIG. 4. Microstructure of PAN/n-HAp nanofabrics after stabilization process: a) with 3% of n-HAp; b) 5% of n-HAp.

Ze wzrostem temperatury stabilizacji nastepuje zmniej-
szenie $rednicy wiokien (RYS. 4). W prébkach obserwowa-
nych po procesie stabilizacji brak jest wtdkien o Srednicy
wiekszej niz 300 nm. Procesowi stabilizacji prekursora
poliakrylonitrylowego towarzyszg réwniez zmiany cech
fizycznych polimeru takich jak barwa (biata — prekursor,
ciemny bragz — po procesie stabilizacji). Na widmie FTIR
proszku hydroksyapatytu (RYS. 5a) wyraznie widoczne
sg pasma w zakresie 900-1200 cm™' pochodzace od
grup PO,*, najintensywniejsze z nich sg wynikiem drgan
rozciggajacych. Pasma przy okoto 963 cm™ pochodzag
od niezdegenerowanych symetrycznych drgan v, P-O.
Maksima absorpcyjne w podczerwieni przy 1033 cm-’
jak rowniez 1107 cm™ zwigzane sg z potrdjnie zdegene-
rowanymi, antysymetrycznymi drganiami rozciggajgcymi
v, P-O. Pasma przy 566 cm™ i 605 cm™ pochodzag od
potréjnie zdegenerowanych drgan zginajgcych v, O-P-0.

In the case of composite nanofibers regardless of bands
characteristic for polymer, there are also observed intensive
bands assigned to n-HAp. Important differences were
noticed in both cases of modified nanofibers for bands at
1675 cm™ and shoulder band inflection at 1380 cm* (FIG. 5),
and not observed in the case of pure PAN. This differences
indicate the presence of the interaction at the molecular
level between the nanometric hydroxyapatite fraction and
polymer matrix, leading to creation of chemical bonding
between n-HAp particles and the polymer chains.

IR analysis was done on each step of thermal stabiliza-
tion process for both kinds of composite nanofibers (FIG. 6),
and the several characteristic changes typical for stabiliza-
tion of PAN were observed such as decrease in intensity
of absorption bands assigned to C-H stretching vibrations
(2940 cm™) and assigned to C=N group (2240 cm™).
The later evidenced the breakdown of C=N groups.
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RYS. 6. Widma FTIR kompozytowych wiéknin n-HAp/PAN otrzymywanych metodg elektroprzedzenia stabi-
lizowanych w ré6znych temperaturach (w atmosferze powietrza): (a) PAN/3%n-HAp; (b) PAN/5%n-HAp.

FIG. 6. FT-IR spectra of electrospun n-HAp/PAN composite fabrics thermally treated at various temperatures
(air atmosphere): (a) PAN/3%n-HAp; (b) PAN/5%n-HAp.

Przedmiotem badan byly réwniez nanowtdkniny PAN/n-HAp
(RYS. 5c i 5d) jak réwniez niemodyfikowane widkna polia-
krylonitrylowe (RYS. 5b). Przyporzgdkowanie pasm dla na-
nowidkien poliakrylonitrylowych przedstawiono w TABELI 1.
W widmach nanowtdkien kompozytowych poza pasmami
typowymi dla polimeru widoczne sg réwniez intensywne pas-
ma pochodzace od hydroksyapatytu. Jedyne znaczace roz-
nice zwigzane sg z pasmem potozonym przy 1675 cm' oraz
przegieciem widocznym na zboczu pasma przy 1380 cm™’
(RYS. 5), wystepujg one w obu widmach prébek kompo-
zytowych natomiast sg niewidoczne w widmach czystego
polimeru. Subtelne zmiany obserwowane w widmach IR
nanokompozytéw w poréwnaniu do widm czystego poli-
meru wskazujg, ze nanometryczna frakcja hydroksyapatytu
oddziatywuje z polimerowg matrycg na poziomie molekula-
rnym tworzac wigzania chemiczne z taricuchem polimeru.

Po kazdym z etapdw stabilizacji wykonano badania w
podczerwieni obu nanowtoknin kompozytowych (RYS. 6).
W obrazach widm obserwuje sie zmiany charakterystyczne
dla procesu stabilizacji poliakrylonitrylu, a mianowicie:
zmniejszenie intensywno$ci pasm absorpcyjnych
wywotanych drganiami rozciggajgcymi C-H (2940 cm)
oraz spadek intensywnosci pasma absorpcyjnego
zwigzanego z drganiami grup nitrylowych C=N (2240 cm™).
Obnizenie intensywnosci tego pasma swiadczy o rozpadzie
grup C=N. Jednoczesnie tworzg sie nowe pasma: przy
1600 cm (drgania rozciggajgce grupy C=C i C=N),
szerokie pasmo w zakresie 1000 cm™' — 1500 cm™ i
stabe pasmo przy 800 cm™ (drgania deformacyjne C-H).

TABELA 1. Przypisanie pasm w widmie w podcze-
rwieni poliakrylonitrylu.
TABLE 1. FTIR bands of polyacrylonitrile fibers.

Wavenumber  Drgania e
[em7] Type of bond
3500 rosztg?;ggjg%e O-H

3200-3700 rosztg?;%gijg%e N-H, NH,
2940 roszt{:?éggjggce C-H
2240 roszt(r:(iaéggj;gce C=N
1730 rosztg?:;;gij;%e c=0
1650 roszt(r:ieetl(g:gij;%e c=C
o | g | ouw
1250 rosztg?égrgj;%e C-NorC-C
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Pasmo w potozeniu 1730 cm™ (C=0) w widmach utlenianych
widkien zwieksza szerokosé potdbwkowg w miare ogrzewania
probek, a nastepnie po przekroczeniu temperatury 220°C
staje sie niewidoczne. Konncowej stabilizacji witokien
towarzyszy catkowity zanik pasm przy 2940 cm™i 1730 cm-*
oraz pojawienie sie szerokiego pasma w zakresie 1000 cm'-
1500 cm”' w widmach IR analizowanych materiatow.
W temperaturze 280°C widma obu probek byly identyczne,
natomiast obecne jest nadal pasmo pochodzgce od drgan
grup nitrylowych (2240 cm™") charakterystycznych dla PAN,
ktérego obecnos¢ swiadczy o tym, ze proces stabilizaciji
nie jest jeszcze zakonczony. Poréwnanie wynikoéw badan
FTIR i DSC ukazuje, ze obnizenie intensywnosci pasma
pochodzacego od drgan grup (-C=N) jest bezposrednio
zwigzane z obecnoscig piku egzotermicznego w zakresie
temperatur 304-310°C. Dlatego aby proces stabilizacji byt
przeprowadzony w petni probki nalezy stabilizowa¢ do
temperatury 300°C.

WhiosKki

Stosujac metode elektroprzedzenia z powodzeniem
otrzymano kompozytowe nanowitokniny PAN/n-HAp.
Zaobserwowano, ze czgsteczki n-HAp byly zdyspergowane
w matrycy polimerowej. Modyfikacja nanowtdkien
poliakrylonitrylowych hydroksyapatytem i ich pozniejsza
stabilizacja stwarza mozliwos¢ uzycia tak wytworzonego
materiatu jako bioaktywnego podtoza do regeneracji
tkanki.
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Simultaneously new bands appeared at 1600 cm™ (C=C

and C=N stretching vibrations); at a region 1000 cm'- e e e ® @ ® ©

1500 cm™ and weak band at 800 cm™' (C-H deformations).
Along with the oxidation process the half width of band as-
signed to carbonyl group C=0 (1730 cm™') was increasing
and then above 220°C disappeared. The last stage of sta-
bilization process was accompanied with disappearance of
bands at 2940 cm*' and 1730 cm' and appearance of wide
band at 1000 cm'-1500 cm'range. At 280°C spectra of both
types of nanofibrics were identical but there was still some
evidence of bands assigned to nitrille groups (2240 cm™")
typical for PAN macromolecules, which indicated that the
stabilization process was not totally completed. The cor-
relation of the FTIR result with the DSC behaviour reveals
the decrease of the -C=N groups is directly related to the
exothermic peak at c.a. 304-310°C. Therefore further sta-
bilization at 300°C should be done.

Conclusions

Nanocomposites of PAN/n-HAp were successfully
produced by electrospinning. It was observed that n-HAp
nanoparticles were dispersed inside PAN matrix within the
scaffold. The successful modification of the polyacrylonitrile
nano-fibers with the hydroxyapatite and its subsequent
stabilization create an opportunity to use these nanofibers
as bioactive scaffold for tissue regeneration.
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Streszczenie

Przeprowadzono badania wta$ciwos$ci paramag-
netycznych biopolimeru melaninowego otrzymanego
z Sepia officinalis z zastosowaniem spektroskopii
elektronowego rezonansu paramagnetycznego na
pasmo X (9,3 GHz). Biopolimer ten jest wykorzysty-
wany w preparatach kosmetycznych. Analizowano
ksztatt i parametry widm EPR centrow paramagne-
tycznych melaniny zarejestrowanych jako pierwsza
pochodna absorpcji. Otrzymano warto$ci wspotczyn-
nika rozszczepienia spektroskopowego g, amplitudy,
intensywnoS$ci integralnej i szeroko$ci linii EPR.
Wyznaczono koncentracje centrow paramagnetycz-
nych w badanym biopolimerze melaninowym. Stwier-
dzono podobne widma EPR i wtasciwosci centrow
paramagnetycznych melaniny z Sepia officinalis oraz
eumaleniny.

Zalezne od mocy mikrofalowej asymetryczne
widma EPR wskazujg na ztozony charakter uktadu
centrow paramagnetycznych w testowanym biopoli-
merze. Wykazano, ze w melaninie z Sepia officinalis
wystepujg gtéwnie o-semichinonowe wolne rodniki.
Wolne procesy relaksacji spin-sie¢ zachodzg w ana-
lizowanej melaninie.

Stowa kluczowe: biopolymer melaninowy, Sepia
officinalis, centra paramagnetyczne, wolne rodniki,
EPR

[Inzynieria Biomateriatéw, 86, (2009), 28-32]

Wprowadzenie

Melaniny sg biopolimerami wykazujgcymi wtasciwosci
paramagnetyczne [1-12]. o-Semichinowe wolne rodniki z
niesparowanymi elektronami zlokalizowanymi na atomie
tlenu gtéwnie odpowiadajg za paramagnetyzm melanin
[1-12]. Technikg przydatng do badania tych naturalnych
polimerdw jest elektronowy rezonans paramagnetyczny.
Poréwnanie widm EPR komplekséw melanin z jonami
metali wykazato, ze dia- i paramagnetyczne jony metali
odpowiednio zwiekszajg lub zmniejszajg koncentracje
wolnych rodnikéw w melaninie [1,3-4,8,11-13,25]. Badania
EPR wskazujg na istotng role melaninowych centréw para-
magnetycznych w wigzaniu substanciji leczniczych [13-16]
oraz jonow metali [1,3-4,7-8,11-13,15] do tych polimerdw.
Wolne rodniki melanin mogag powodowac efekty toksyczne
w tkankach [18-19].

EPR STUDIES OF
PARAMAGNETIC CENTERS
IN MELANIN FROM SEPIA
OFFICINALIS
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Abstract

Paramagnetic properties of melanin biopolymer
from Sepia officinalis were studied by the use of
electron paramagnetic resonance spectroscopy
(EPR) at X-band (9.3 GHz). This biopolymer is
applied in cosmetics. Lineshape and parameters of
first-derivative EPR spectra of melanin paramagnetic
centers were analysed. g-Factor, amplitude, integral
intensity, and linewidth of EPR spectra were obtained.
Concentration of paramagnetic centers in melanin
biopolymer was determined. EPR spectra of melanin
from Sepia officinalis and properties of its paramagnetic
centers are similar to those of eumelanin.

Asymmetrical EPR spectra dependent on microwa-
ve power indicate that complex paramagnetic centers
system is characteristic for the tested biopolymer.
It was proved that mainly o-semiquinone free radicals
exist in melanin from Sepia officinalis. Slow spin-lattice
relaxation processes exist in the analysed melanin.

Keywords: melanin biopolymer, Sepia officinalis,
paramagnetic centers, free radicals, EPR

[Engineering of Biomaterials, 86 (2009), 28-32]

Introduction

Melanins are paramagnetic biopolymers [1-12]. o-Semi-
quinone free radicals with unpaired electron localized on
oxygen atom are mainly responsible for paramagnetism
of melanins [1-12]. Electron paramagnetic resonance
spectroscopy is a useful technique to examine of these
natural polymers. Comparison of EPR spectra of melanin
complexes with metal ions indicates that dia- and para-
magnetic metal ions increase and decrease free radical
concentration in melanin, respectively [1,3-4,8,11-13,25].
EPR studies indicate that melanin’s paramagnetic centers
play an important role in binding of drugs [13-16] and metal
ions to this polymer [1,3-4,7-8,11-13,15]. Free radicals may
be responsible for toxic effects in tissues [18-19].

EPR studies of melanin from Drosophila melanogaster
(the strains: black, grey, and yellow), Cladosporium
cladosporiodes and Cladosporium herbarum were per-
formed by us earlier [7,9,26]. In these works we concentrated
on the role of melanin’s free radicals in environmental protec-
tion, detoxification processes and type of melanin existing
in the mentioned above biological objects.



Badania EPR melanin z Drosophila melanogaster
(szczep: czarny, szary i zotty), Cladosporium cladosporio-
des i Cladosporium herbarum przeprowadzilismy wczes$niej
[7,9,26]. W powyzszych pracach koncentrowalismy sie
gtownie na roli wolnych rodnikéw melaniny w ochronie
srodowiska, procesach detoksyfikacji i rodzaju melaniny
wystepujgcej we wspomnianych powyzej obiektach biolo-
gicznych.

W pracy [17] opisano centra paramagnetyczne wyste-
pujace w catej gamma napromieniowanej Sepia offcinalis.
Widma EPR wykorzystano do identyfikacji napromieniowa-
nej matwy [17]. Melanina wystepuje takze w Sepia officinalis,
jednakze nie przeprowadzono badan spektroskopowych
jej centréw paramagnetycznych. Celem naszej pracy jest
wyznaczenie koncentracji i wlasciwosci centrow paramagne-
tycznych biopolimeru melaniny z Sepia officinalis. Melanina
z Sepia officinalis jest stosowana w kosmetykach, substan-
cjach leczniczych w kosmetologii i medycynie estetycznej
[20-21]. W niniejszej pracy spektroskopie elektronowego
rezonansu paramagnetycznego zaproponowano jako
metode uzyteczng w badaniach melanin w kosmetykach.
Metodg EPR mozna badac¢ powstawanie wolnych rodnikow
w probkach kosmetykdw zawierajgcych melanine. Badania
EPR melaniny z Sepia offcinalis sg wazne, ze wzgledu na
potencjalne negatywne efekty w tkankach spowodowane
przez oddziatywania tkanki z wolnymi rodnikami melaniny
wystepujgcej w kosmetykach.

Materiat i metody

Materiat

Biopolimer melaninowy izolowany z Sepia officinalis
badano z zastosowaniem spektroskopii EPR. Probki otrzy-
mano z Firmy Sigma. Prébki melaninowe umieszczono w
cienkosciennych rurkach szklanych i rejestrowano widma
EPR.

Metody

Metode elektronowego rezonansu paramagnetycznego
(EPR) o czestotliwosci promieniowania mikrofalowego z
pasma X wynoszgcej 9,3 GHz zastosowano jako techni-
ke eksperymentalng. Widma EPR mierzono za pomocg
spektrometru RADIOPAN (Poznan) w szerokim zakresie
mocy mikrofalowej wynoszgcym 0,7-70 mW. Widma EPR w
postaci pierwszej pochodnej rejestrowano w temperaturze
pokojowej. Analizowano nastepujgce parametry ksztattu linii
EPR: A/A, A-A,, B,/B, i B,-B,. Parametry te zdefiniowano
na RYS. 1. Dla widm eksperymentalnych wyznaczono
wspotczynnik rozszczepienia spektroskopowego g, ampli-
tude (A), intensywnos¢ integralng (l) oraz szerokos¢ linii
(AB,,). Zbadano wplyw mocy mikrofalowej na parametry
asymetrii linii oraz na amplitude i szeroko$¢ linii EPR.

Wspoitczynnik rozszczepienia spektroskopowego g ob-
liczono z warunku rezonansu jako hv/ugB,, gdzie: h — stata
Plancka, v — czestotliwos¢ mikrofalowa, pyg — magneton
Bohra, B, - rezonansowa indukcja magnetyczna [22-23].
Koncentracje centrow paramagnetycznych w testowanym
biopolimerze wyznaczono jako wielkos¢ proporcjonalng
do intensywnosci integralnej. Jako wzorce wykorzystano
ultramaryne i krysztat rubinu.

Wyniki i dyskusja

W przypadku badanego biopolimeru melaninowego z
Sepia officinalis rejestrowano silne widma EPR w catym
zakresie mocy mikrofalowej (0,7-70 mW). Widma EPR
testowanej melaniny stanowig pojedyncze asymetryczne
linie (RYS. 1). Ksztalt tych widm EPR jest podobny do
ksztattu linii EPR modelowej eumelaniny — DOPA-melaniny.

Paramagnetic centers in whole gamma irradiated Sepia
offcinalis are described in work [17]. EPR spectra are used
for identification of irradiated cuttlefish [17]. Melanin also
exists in Sepia officinalis, but its paramagnetic centers were
not analysed spectroscopically. The aim of our work is to
determine concentration and properties of paramagnetic
centers in melanin biopolymer isolated from Sepia officinalis.
Melanin from Sepia officinalis is used in cosmetics and drugs
in cosmetology and esthetical medicine [20-21]. In this work
electron paramagnetic resonance spectroscopy is proposed
as the useful method of study melanin in cosmetics. Free
radicals formation in cosmetic samples containing melanin
may be examined by EPR method. The EPR studies of
melanin from Sepia offcinalis are important, because of
potential negative effects caused by their free radicals in
tissues during interactions with cosmetics.

Material and methods

Material

Melanin biopolymer isolated from Sepia officinalis was
studied by EPR spectroscopy. The samples were obtained
from Sigma Firm. Melanin samples were put into thin walled
glass tubes and EPR spectra were measured.

Methods

Electron paramagnetic resonance spectroscopy (EPR)
with microwave frequency 9.3 GHz (X-band) was applied
as the experimental technique. EPR spectra were meas-
ured with microwave powers of 0.7-70 mW by RADIOPAN
(Poznan) spectrometer. First derivative EPR spectra were
recorded at room temperature. The following shapes
parameters were analysed: A,/A,, A;-A,, B,/B, and B,-B,.
The parameters are defined and shown in FIG. 1. For the
experimental spectra g-factor, amplitude (A), integral inten-
sity (I), and linewidth (AB,,) were evaluated. Influence of
microwave power on asymmetry parameters, and amplitude
and linewidth was examined.

g-Factor was calculated from resonance condition as
hv/pgB,, where: h — Planck constant, v — microwave fre-
quency, Ug- Bohr magneton, B,,- resonance magnetic field
[22-23]. Concentration of paramagnetic centers in the stud-
ied biopolymer was determined as the value proportional to
integral intensity (I) of its EPR spectra. Ultramarine and a
ruby crystal were used as the references.

B;

RYS. 1. Widmo EPR biopolimeru melaninowego z
Sepia officinalis z zaznaczonymi analizowanymi
parametrami ksztattu linii.

FIG. 1. EPR spectrum of melanin biopolymer from
Sepia officinalis with marked the analysed param-
eters of its lineshape.

29

BI® MATERIALS



30

BI® MATERIALS

Widma EPR DOPA-melaniny sg réwniez pojedynczymi
liniami [1-5,12-16]. Struktura nadsubtelna charakterystyczna
dla feoemlanin [2] nie byta obserwowana w widmach EPR
melaniny z Sepia officinalis. Mozna wiec stwierdzi¢, ze w
Sepia officinali wystepuje eumelanina.

Melanine z Sepia officinalis charakteryzuje stabilny para-
magnetyzm. Linie EPR tego biopolimeru nie zmieniajg sie
z czasem przechowywania probki. Koncentracja centréw
paramagnetycznych w badanej melaninie wynosi 3,2x10"
spin/g, a wspotczynnik rozszczepienia spektroskopowego g
jest rowny 2,0045. Wielkosci te sg podobne jak dla DOPA-
melaniny [1-5,12-16].

W tej pracy wykazano ztozony charakter uktadu centréw
paramagnetycznych melaniny z Sepia officinalis. Ztozo-
ne widma EPR wykazujg zmiany asymetrii ze wzrostem
mocy mikrofalowej [23]. Wpltyw mocy mikrofalowej na
parametry asymetrii linii: A,/A,, A-A,, B,/B, i B,-B, zdefi-
niowane na RYS. 1 pokazano odpowiednio na RYS. 2-5.

Results and discussions

Strong EPR spectra in the whole range of microwave
power (0.7-70 mW) were measured for the studied mela-
nin biopolymer from Sepia officinalis. The EPR spectra
are single asymmetric curves (FIG. 1). Lineshape of
these EPR spectra is similar to those of model eumelanin
— DOPA-melanin. EPR spectra of DOPA-melanin are single
lines [1-5,12-16]. Hyperfine structure characteristic for ph-
eomelanins [2] was not observed in the spectra of melanin
from Sepia officinalis. As one can see, eumelanin exists in
Sepia officinalis.

Stable paramagnetism characterizes melanin from Se-
pia officinalis. EPR lines do not change with storage time
of the sample. Paramagnetic centers concentration in this
melanin is 3.2x10"° spin/g and g-value is 2.0045. The men-
tioned above values correspond to those for DOPA-melanin
[1-5,12-16].

15

*+ 4

*4

AA,
»*

1,1
s} 0,1 0,2 0.3 04 0,5 0,6 0,7 0.8 09 1
MM,

0,06
* e
0,05 et
— + *
e -
2 .
2 .
= 0,04 +
o *
<
< .
0,03
0,02
o o1 02 03 04 05 06 07 08 0% 1
MM,

RYS. 2. Wptyw mocy mikrofalowej (M/M,) na para-
metr A,/A, widma EPR melaniny z Sepia officinalis.
M — moc mikrofalowa stosowana podczas pomia-
ru, M, — catkowita moc mikrofalowa wytwarzana
przez klistron (70 mW).

FIG. 2. Influence of microwave power (M/M,) on
the parameter A,/A, of the melanin’s EPR spectra.
M — microwave power used during the measure-
ment, M, — total microwave power produced by
klystron (70 mW).

RYS. 3. Wplyw mocy mikrofalowej (M/M,) na para-
metr A,-A, widma EPR melaniny z Sepia officinalis.
M — moc mikrofalowa stosowana podczas pomia-
ru, M, — catkowita moc mikrofalowa wytwarzana
przez klistron (70 mW).

FIG. 3. Influence of microwave power (M/M,) on
the parameter A,-A, of the melanin’s EPR spectra.
M - microwave power used during the measure-
ment, M, — total microwave power produced by
klystron (70 mW).
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RYS. 4. Wplyw mocy mikrofalowej (M/M,) na para-
metr B,/B, widma EPR melaniny z Sepia officinalis.
FIG. 4. Influence of microwave power (M/M,) on the
parameter B,/B, of the melanin’s EPR spectra.

RYS. 5. Wptyw mocy mikrofalowej (M/M,) na para-
metr B,-B, widma EPR melaniny z Sepia officinalis.
FIG. 5. Influence of microwave power (M/M,) on the
parameter B,-B, of the melanin’s EPR spectra.
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RYS. 6. Wplyw mocy mikrofalowej (M/M_;) na
amplitude A widma EPR melaniny z Sepia
officinalis.

FIG. 6. Influence of microwave power (M/M,) on
amplitude A of the melanin’s EPR spectra.

Parametry te znacznie zmieniajg sie z mocg mikrofalowa.
Charakter tych zmian pokazano na RYS. 2-5. Podobne
zmiany nie wystgpityby w prébkach posiadajgcych tylko
jeden rodzaj centréw paramagnetycznych [23]. Prawdo-
podobnie wolne rodniki ze spinem S = 1/2 i dodatkowo
birodniki ze spinem S = 1 wystepujg w melaninie z Sepia
officinalis. Wolne rodniki i birodniki znaleziono wczes$niej w
DOPA-melaninie [24-25] i w melaninie z czarnego szczepu
Drosophila melanogaster [10,26].

Zmiany amplitudy i szerokoéci linii analizowanych widm
EPR wraz ze wzrostem mocy mikrofalowej pokazano na
RYS. 6 i 7. Amplituda linii EPR ro$nie wraz ze wzrostem
mocy mikrofalowej, a po osiggnieciu wartosci maksymalnej
maleje z dalszym wzrostem mocy mikrofalowej (RYS. 6).
Linie EPR nasycajg sie dla niskich mocy mikrofalowych
(RYS. 6), a wiec wolne procesy relaksacji spin-sie¢ wyste-
pujg w badanej melaninie. Wolne procesy relaksacji spin-
sie¢ zachodzg rowniez w DOPA-melaninie [12-15,24-25],
melaninie z Drosophila melanogaster [26] i melaninie z
Cladosporium cladosporioides [8-9]. Obserwowano posze-
rzenie linii EPR ze wzrostem mocy mikrofalowej (RYS. 7).
Korelacje przedstawione na RYS. 6i 7 sg charakterystyczne
dlalinii EPR poszerzonych jednorodnie [22-23]. W prébkach
o liniach EPR poszerzonych jednorodnie nie wystepujg
izolowane pakiety spinowe [22-23]. Jednorodne poszerze-
nie linii EPR stwierdzono wczesniej dla DOPA-melaniny
[12-15,24-25], melaniny z Drosophila melanogaster [26] i z
Cladosporium cladosporioides [8-9].

Whioski

Badania biopolimeru melaninowego z Sepia officinalis
metodg EPR wykazaty, ze:
1) Silny i stabilny paramagnetyzm charakteryzuje ten poli-
mer podobnie jak eumelanine.
2) Ztozony ukfad centrow paramagnetycznych wystepuje
w badanym biopolimerze melaninowym wykazujgcym
asymetryczne widma EPR o ksztatcie zaleznym od mocy
mikrofalowej.
3) o0-Semichinonowe wolne rodniki o wspétczynniku roz-
szczepienia spektroskopowego g wynoszgcym 2,0045
sg gtdwnie odpowiedzialne za widma EPR badanego
polimeru.

FIG. 7. Wplyw mocy mikrofalowej (M/M,) na sze-
rokos¢ linii AB,, widma EPR melaniny z Sepia
officinalis.

FIG. 7. Influence of microwave power (M/M,) on
linewidth AB,, of the melanin’s EPR spectra.

In this study complex character of paramagnetic centers
in melanin from Sepia officinalis is shown. Complex EPR
spectra reveal changes of their asymmetry with increasing
of microwave power [23]. Influence of microwave power
on asymmetry parameters: A,/A,, A-A,, B,/B, and B;-B,
defined in FIG. 1 is presented in FIG. 2-5, respectively.
All these parameters strongly change with microwave
power. Character of these changes is presented in FIG. 2-5.
Such changes are not obtained for samples with only one
group of paramagnetic centers [23]. Probably free radicals
with spin S = 1/2 and additionally biradicals with spins S = 1
exist in melanin from Sepia officinalis. Free radicals and bi-
radicals were found in DOPA-melanin [24-25] and in melanin
from black strain of Drosophila melanogaster [10,26].

Changes of amplitude and linewidth of the analysed EPR
spectra with increasing of microwave power are shown in
FIG. 6 and 7, respectively. The amplitude increases with
increasing of microwave power, and after reaching the
maximum decreases for higher microwave powers (FIG. 6).
These EPR lines saturate at low microwave powers, so it
can be concluded that slow spin-lattice relaxation processes
characterize the studied melanin. Similar slow spin-lattice
relaxation processes exist in DOPA-melanin [12-15,24-25],
melanin from Drosophila melanogaster [26] and melanin
from Cladosporium cladosporioides [8-9]. Broadening of
EPR lines with increasing of microwave power we observed
(FIG. 7). Correlations presented in FIG. 6 and 7 are char-
acteristic for homogeneously broadened EPR lines [22-23].
Isolated spin packet do not exist in samples with homo-
geneously broadened EPR lines [22-23]. Homogeneous
broadening of EPR lines was obtained for DOPA-melanin
[12-15,24-25], melanin from Drosophila melanogaster [26]
and Cladosporium cladosporioides [8-9].

Conclusions

EPR studies of melanin biopolymer from Sepia officinalis
indicate that:
1) Strong and stable paramagnetism similar to those of
eumelanin characterizes this polymer.
2) Complex paramagnetic centers system with asymmetrical
EPR spectra, which change with microwave power, exists
in the studied melanin biopolymer.
3) o-Semiquinone free radicals with g-factor of 2.0045 are
mainly responsible for EPR spectra of the examined polymer.
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4) Widma EPR badanej melaniny sg poszerzone jedno-
rodnie.

5) Ciggte nasycenie mikrofalowe linii EPR wskazuje na wol-
ne procesy relaksacji spin-sie¢ zachodzgce w analizowanej
prébce melaninowe;.

6) Wolne rodniki melaniny izolowanej z Sepia officinalis sto-
sowanej w kosmetykach mogg prawdopodobnie powodowac
efekty toksyczne w ludzkich tkankach.

7) Przypuszczalnie oddziatywania wolnych rodnikéw me-
laniny z molekutami tlenu O, niszczg strukture kosmetykow
podczas ich przechowywania.
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