Biophysical
Chemistry

o

ELSEVIER

Biophysical Chemistry 118 (2005) 51 — 56

http://www.elsevier.com/locate/biophyschem

Dielectric properties of the collagen—glycosaminoglycans scaffolds in the
temperature range of thermal decomposition

K. Pietrucha ?, E. Marzec ®*

* Institute of Polimer and Dye Technology, Technical University of L£odZ, Stefanowskiego 12/16, 90-924 EédZ, Poland
® Department of Biophysics, Poznan University of Medical Sciences, Fredry 10, 61-701 Poznar, Poland

Received 14 April 2005; received in revised form 14 July 2005; accepted 19 July 2005
Available online 15 August 2005

Abstract

Dielectric spectroscopy has been applied to study the decomposition process of unmodified collagen and chondroitin sulfate (CS)- and
hyaluronic acid (HA)-modified collagen. Measurements were performed over the frequency range from 10 Hz to 100 kHz and at
temperatures from 22 to 260 °C. According to the Kramers—Kronig relationship a dispersion is apparent in both ¢ and &” for the three
materials below 140 °C and at higher temperatures as a broad peak around 220-230 °C, respectively. The values of ¢’ and &” at the same
temperature for constant frequency are higher in HA-modified collagen than in the unmodified collagen. However, small differences are
shown in these parameters between CS-modified collagen and unmodified collagen. The observed dispersion around 220-230 °C
corresponds to the decomposition of unmodified and CS- and HA-modified collagen. Power-low responses are observed for the frequency
dependence of ac conductivity for unmodified and modified collagen. The behaviour observed for temperature dependencies of the exponent

n for the three materials is considered to be related to the proton polarization and conduction processes.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

An important role in creation of functional scaffolds for
tissue engineering play both collagen and glycosaminogly-
cans (GAG) such as hyaluronic acid (HA) and chondroitin
sulfate (CS) [1,2]. Tissue engineering offers the potential to
create functional and viable tissue constructs for patients
requiring organ or tissue replacement [3]. The main
approaches towards tissue engineering involves the in vitro
culturing of cells on biodegradable polymeric scaffolds/
matrices to form neo-organs that are then implanted into the
body at a relevant anatomical site [4]. For a biologically
active scaffold to promote cell adhesion and growth, it must
satisfy a number of requirements. Among others the scaffold
must be non-immunogenic, non-toxic, biocompatible, bio-
degradable and structurally stable.
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Collagen is the most abundant protein in mammalian
tissues and is the major component of the natural extracellular
matrix (ECM) [5]. Collagen has found use in the biomedical
field due to its hemostatic properties, low antigenicity,
appropriate mechanical characteristics and cell-binding
properties for use in tissue engineering applications [6].
Meanwhile, CS and HA belong to the connective-tissue
mucopolysaccharide group of substances that are present
mainly in articular cartilage, vitreous humour and synovial
fluid but they are widely distributed in other tissues and most
body liquids [7]. They have unique physicochemical proper-
ties and distinctive biological functions. They are preliminary
located on the surface of cells or in the ECM.

Attachment of HA or CS to reconstituted collagen may
offer an opportunity to exploit the biocharacteristics of these
polysaccharides and valorize collagen as a biomaterial.
Composites collagen—GAG have been used for a wide variety
of'in vitro studies of cellular migration, contraction, and tissue
growth [1,2,8]. The cellular events in these scaffolds must be
controlled. Without such regulations, the regenerated tissue
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Fig. 1. Temperature dependencies of (a) €' and (b) &” up to 260 °C, and
(c) € up to 120 °C for unmodified collagen.

will not acquire a normal function. Electric phenomena are
intrinsic in biological systems and their role in regulating
cellular events no doubt contribute to tissue and organ
regeneration. The electrically conductive and biodegradable
polymers are of interest because certain characteristics of the
collagen—GAG analogues of ECM can influence the density
and distribution of cells within the matrix, and thus affect the
regeneration process. Although numerous papers have been
devoted to collagen—GAG [9-15], there are no literature
reports on the electric behaviour of such valuable composite
materials. Since collagen is constituted by polar repeating units
—CO—-CR-NH- and GAG contains polar groups (COO,
0OSOs3, OH"), the dielectric techniques are particularly
sensitive to analyze relaxation phenomena. These techniques
[16—19] used to study the effects of water and electric field
frequencies on the dielectric properties of constituent phases of
unmodified collagen. In view of the above, in this study we are
interested in the dielectric properties of collagen—HA and

collagen—CS scaffolds. To prepare collagen modified by CS or
HA two complementary cross-linking methods, dehydrother-
mal (DHT) pre-treated and 1-ethyl-3-(3-dimethyl amino-
propyl) carbodiimide (EDC) have been introduced. The
cross-linking is an effective method to modify the stability
towards biodegradation and to optimize the mechanical and
thermal properties of collagen or collagen—GAG scaffolds
[9,20]. Besides, DHT cross-linking owing formation of peptide
bonds between adjacent chains of collagen macromolecule
stabilizes it and prevents matrix collapse [21].

2. Experimental procedures

2.1. Materials

Collagen type I was derived from purified porcine
Achilles tendons by pepsin digestion and acetic acid
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Fig. 2. Temperature dependencies of (a) ¢ and (b) &” up to 260 °C, and
(c) €” up to 120 °C for CS-collagen.
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Fig. 3. Temperature dependencies of (a) ¢’ and (b) €” up to 260 °C, and
(c) €” up to 120 °C for HA-collagen.

dissolution to prepare 0.5% w/w dispersion. Further details
of this procedure and methods of collagen investigation are
given elsewhere [22]. The collagen solution was charac-
terized by molecular weight, M,=3.9 x 10°, denaturation
temperature, 74=38 °C and pH=3.5. Analysis of amino
acid composition (analyzer Jeol ILC-3 BC2) showed a high
content of glycine, proline and hydroxyproline (almost 60%
of all amino acid residues) but a very low amount of
tyrosine (0.1/1000 amino acid residues). Its antigenicity is
very low owing to the removal of telopeptides by pepsin
treatment.

Hyaluronic acid (HA), chondroitin-4-sulfate (CS), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS) and 2-morpholino-
ethane (MES) were purchased from BioChemika Fluka. All

other chemicals of analytical grade used in this work were
purchased from POCh-Giwice, Poland.

2.2. Preparation of scaffolds

All experiments were carried out using collagen films
as a model substrate. For film preparation, the collagen
dispersion after deaeration was cast on the dish and then
dehydrated by slow drying under a laminar airflow to
obtain film of about 0.1 mm thickness. Some collagen
films without any further treatment were taken as controls.
Other films were dehydrothermally cross-linked by heating
them at 80°C for 48 h under a vacuum of 50 mTorr.
Thereafter, collagen films were cross-linked using EDC
with NHS in the presence of 2.75% (w/v) chondroitin-4-
sulfate or 0.5% (w/v) hyaluronic acid. The preparation of
the collagen—CS/HA scaffolds was similar to the method
given by Pieper et al. [9]. For the cross-linking reaction,
1.73 g EDC and 0.42 g NHS in 200 ml 50 mM MES
buffer (pH 5.5) was used per gram of collagen. The
addition NHS increases the rate and degree of cross-
linking [23]. In order to minimize hydrolysis of EDC,
cross-linking was carried out in buffer of 2-morpholino-
ethane sulfonic acid (MES) [24]. After the cross-linking
reaction, the samples were washed in 0.1 M Na,HPO, (pH
9.1) and with 1 M NaCl, respectively. Finally, the matrices
were rinsed with distilled water and dehydrated again by
slow drying under a laminar flow hood.

2.3. Dielectric measurement

Measurements of the complex permittivity &* (e¥=
¢ —j&") and conductivity ¢ (o0 =2nf¢,e") were carried out
using an impedance analyzer HIOKI 3522-50 LCR over the
frequency range of 10 Hz—100 kHz and temperatures from
22 to 260 °C. The temperature of the collagen sample was
measured by a constantan-copper thermocouple (Th). The
electromotive force of the thermocouple was indicated by a
digital voltmeter. The temperature controller (type 650,
UNIPAN, Poland) was connected to an electric heater in the
sample cell. The results were recorded by a computer.
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Prior to the dielectric measurement the collagen sample was
covered with silver paste electrodes and subjected to elimi-
nation of loosely bound water by keeping it in the measuring
cell at a constant temperature of 120 °C for 2 h. After this time
the sample was cooled to room temperature and was subjected
to dielectric measurements in the cycle of heating from room
temperature to 260 °C at a rate of about 1 °C/min.

In our experiments we assumed, that electrode polar-
ization effects are negligible. These effects has been taken
into account in such materials as food products [25],
apples [26] and hydrogels [27] with very high water
contents, whose conductivity at low frequencies is greater
than 10~® (Q cm)~ ! [28]. In this study, the conductivities
in the low frequencies and in the whole temperature range
are lower than 10~ % (Q cm) ™' for unmodified collagen, and
CS- and HA-modified collagen, so the electrode polarization
effects from the water in these materials should not be
significant.

3. Results and discussion

Figs. 1-3 present the temperature dependencies of the
relative permittivity ¢ and dielectric loss €” for unmodified
collagen and CS- and HA-modified collagen for various
frequencies, respectively. The values of ¢ and &” at the
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Fig. 6. The variation of ¢, vs. frequency for CS-collagen at selected
temperatures of 50 (¢), 100 (O), 120 (@), 140 (—), 160 (x), 180 (A), 200
(m), 210 (©), 220 (*), 230 (O), 240 (+) and 250 °C (A).
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Fig. 7. The variation of ¢, vs. frequency for HA-collagen at selected
temperatures of 50 (¢), 100 (O), 120 (@), 140 (—), 160 (x), 180 (A), 200
(m), 210 (0), 220 (*), 230 (O), 240 (+) and 250 °C (A).

same temperature are higher in HA-modified collagen than
in the unmodified collagen. However, small differences are
shown in these parameters between CS-modified collagen
and unmodified collagen. As seen in each figure, according
to the Kramers—Kronig relationship a dispersion is apparent
in both ¢ and &” below 140 °C and at higher temperatures
as a broad peak around 220-230 °C, respectively. For a
better representation of the low 7' dispersion, the plots of &”
in Figs. 1-3(b) are shown only to 140 °C in Figs. 1-3(c).
For this dispersion the variation in & occurs near the peaks
in €¢” which shift to lower temperatures as the frequency
decreases. Fig. 4 presents the Arrhenius plots of the
frequency maximum, whose slopes yield the activation
energy AH for the relaxation of all the samples. The
dispersion curves for CS- and HA-modified collagen appear
at lower temperatures than for unmodified collagen. The AH
takes the values 56 kJ/mol for unmodified and HA-modified
collagen, and 62 kJ/mol for CS-modified collagen. These
values of AH are similar for three materials, which would
indicate on the same polarization and conduction mecha-
nisms for the low T dispersion.

The second relaxation process shows no frequency
dependence and is manifested as peaks for €' and €”. These
peaks are much clearer in the & dependence for all three
materials. However, determination of a well-defined peak
width or peak temperature is difficult without a complete

1.20
1.10
1.00{ ¢

0.90 B
0.804 A unmodified collagen (1)
0.704 B HA-collagen (2)
c
0.601{ & CS-collagen (3)
0501 unmodified collagen (4)
0.40
n -
0.304 HA-collagen (5)
0.204 © CS-collagen (6)
0.10

20 40 60 80 100 120 140 160 180 200 220 240 260
T(0)

Fig. 8. The variation of the exponent n as a function of temperature for
unmodified collagen, CS-collagen and HA-collagen.
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modelling of all dispersions. As seen in Figs. 1-3(a—b),
there appears to be another dispersion which occurs at
higher 7 than those used in the experiments. The observed
dispersion around 220-230 °C corresponds to the decom-
position of unmodified and CS- and HA-modified collagen.
The occurrence of decomposition process of these materials
at the same temperature range has been confirmed by
differential scanning calorimetry (DSC) and thermogravi-
metric (TG) analysis [19].

Figs. 5—7 show the frequency dependence of ac con-
ductivity o,. for unmodified collagen, and CS- and HA-
modified collagen at different temperatures, respectively. The
curves present the typical conductivity power-law variation
with frequency o,.=04.+Af", where a4 is dc conductivity,
A is a constant and n is the power law exponent. Fig. 8
compares the temperature dependencies of the exponent n for
the three materials, obtained from the linear fit of the curves
presented in Figs. 5—7. These fits were obtained for each
material in the three ranges of frequency and appropriate
temperature range. Curves (1), (2) and (3) were obtained in
the range 10 Hz—100 kHz and 500 Hz—100 kHz up to 100
°C, 120 °C and 160 °C, and above these temperatures up to
250 °C, respectively. The coefficient of determination, 72,
was greater than 0.996 for each fit. The curves (4)

(#*>0.981), (5) (+*>0.975) and (6) (+*~ 1) correspond to
the low-frequency range 10—500 Hz and temperatures above
180 °C. Up to 180 °C the n values lay between 0.8 and 1,
which indicates that in this temperature range, the hopping
conduction of protons is the dominant charge transport
process. The observed low T relaxation in Figs. 1-3 (c) can
be attributed to the proton polarization and conduction
processes. In an earlier paper [18] we discussed the mecha-
nism of proton transport for collagen and other proteins in the
same temperature range. Above 180 °C for curves (1-3) the
n values decrease up to about 0.5—0.6. For low frequencies
in the case of curves (4—06) the n values lay below 0.4. The
changes in the parameter n are accompanied by an increase
in ¢ and &” for each frequency and the appearance of the
high T relaxation as shown in Figs. 1-3(a, b). Moreover,
above 200 °C the conductivity o, (Figs. 5—7) flattens out
sufficiently at low frequencies to get dc conductivity.

In order to compare the dynamics of the high 7 relaxation
for unmodified and modified collagen we presented in Fig.
9 the Arrhenius plots of the ac conductivity against 7" for
100 Hz and 30 kHz, so for the frequencies from the low-
and high-frequency range. In the temperature range 3.3 K '
(30 °C)-1.87 K~' (260 °C), the values of o, are
significantly higher for HA-modified collagen than unmodi-
fied collagen at the same temperature. However, small
differences in the conductivity appear for low frequencies
between CS-modified collagen and unmodified collagen.
Only for higher frequencies, the values of o, are a little bit
higher in CS-modified collagen than in unmodified colla-
gen. Most probably, the conductivity in collagen—CS and
collagen—HA is due to a large density of charge carriers and
the formation of additional hydrogen bonds for charge
transport as a result of the cross-linking reactions. The most
important reactions occurring in collagen—CS/HA are two
forms of cross-linking: collagen—collagen and collagen—
CS/HA (Fig. 10). As it was shown [10,11] in both reactions,
EDC and NHS activates carboxylic groups of glutamic and
aspartic acid residues in collagen or carboxylic group of
glucuronic acid residues in CS or HA. The reaction between
NHS-activated carboxylic group of collagen, CS and HA

R
l‘?l O o ?1
N NH NH
- |
COOH  + C coo—ﬁ + HO—N — COO —N + o=c
I
N |\‘j l\‘lH
collagen or o)
chondroitin-sulfate R R, 0 R,
EDC NHS

collagen

collagen

%GO*NH

chondroitin-sulfate

collagen

Fig. 10. Reaction of collagen or CS with EDC and NHS. R, =—CH,—CHjs; Ry=—(CH,);—NH"—(CH3),Cl .
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with e-amino groups from lysine and hydroxylysine of
collagen induces the formation of amide bonds —CO—-NH-.

4. Conclusions

The temperature and frequency dependencies of the
dielectric parameters for unmodified and modified collagen
show low and high T relaxation. The influence of CS and
HA on dielectric behaviour of collagen is manifested by a
shift of the dielectric loss maximum associated with low 7
dispersion towards lower temperatures. The activation
energy for this dispersion is similar for the three materials
of about 60 kJ/mol. The high T relaxation is accompanied
by an increase in ¢ and &” for each frequency and small
changes in o, in the low-frequency region.

The result of this study indicate that the dielectric
spectroscopy is useful in observing the differences in the
low and high temperature behaviour between unmodified
and modified collagen.
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