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Dielectric relaxation spectra of four polysaccharides (hyaluronic acid extracted from rooster combs 
in the form of sodium salt, chondroitin sulfate С extracted from shark cartilage, hydroxyethylcellu-
lose Natrosol H, and carboxymethylcellulose Blanose D) were studied by the time-domain dielectric 
relaxation spectroscopy in the frequency range 10~5 to 1 0 _ 1 Hz. Observed spectra were interpreted 
as a sum of one conductivity process and one or two relaxation processes using the Havriliak— 
Negami formula. Numerical values of the parameters of conductivity and relaxation processes were 
calculated and the physical interpretation of the observed data was discussed. 

Polysaccharide-based materials are widely used for 
many applications in medicine and biology. Physico-
chemical and physiological properties of polysaccha
rides are strongly determined by their primary struc
ture and stereochemistry of the glycosidic bond as well 
as by the side groups, which are attached to the main 
chain. These groups are mostly of polar character and 
therefore their molecular dynamics can be followed by 
means of dielectric relaxation spectroscopy (DRS), ei
ther in the time domain (measurements of discharge 
currents), or in the frequency domain (measurements 
of complex permittivity). 

Modified polysaccharides are carbohydrates, in 
which several different functional side chain groups 
and stereogenic centres are present in the main macro-
molecular chain (e.g. carboxyl, carbonyl, etheric, sul
fate, acetylamidic, and hydroxyl groups) [1]. Impor
tant role of carbohydrates was confirmed in the field 
of recognition and selecting processes in organisms on 
biological membranes [2]. For example, selective inter
action of carbohydrates with receptors is regulating 
the uptake of the blood serum proteins into the cell 
[3] and intercellular transport of enzymes [4]. They 
affect spreading processes of the infection and the va
riety of other immunological processes [5, 6]. From the 
above-mentioned aspects, particularly hyaluronic acid 
seems to be very interesting, because of its presence 
in different cell structures and environments. 

Dielectric properties of the side chain groups, re
sponsible for a specific selective recognition potential 
were studied with the aim to gain information about 
the stereochemical and chiral properties of polysac
charides and to influence them in the controllable 
manner. It is known, that the programmable changes 
of hydrophilic and hydrophobic microdomains in the 

microstructure of some monosaccharides involved in 
recognition processes are responsible for their selec
tive recognition potential [7]. Formation of these mi
crodomains is closely linked with the processes in
fluencing the stereoselectivity of these carbohydrates 
based on the ability of coordination with transition 
metals. Such coordination triggers the specific changes 
in spatial configuration of the polymer. The latter 
changes of the configuration are consequently reflected 
in changes of the material characteristics (e.g. UV 
VIS spectral characteristics, viscosity, elasticity, den
sity, optical density, electrical conductivity, dielec
tric losses, electrical capacity) which can be followed 
by mechanical, optical, and electrical measurements. 
This allows to transform these selective material re
sponses to the changes of the environment of the 
polysaccharide-based sensing system into the digital 
form. The study of interaction of hyaluronic acid with 
collagen and its effect on consecutive sensitivity to the 
other proteinic structures is of particular importance. 

This paper presents the results of dielectric stud
ies of unmodified polysaccharides in the low-frequency 
region at the ambient temperature. 

E X P E R I M E N T A L 

Four different types of polysaccharides were stud
ied, namely hyaluronic acid extracted from rooster 
combs in the form of sodium salt (M r = 1.3 x 10 6— 
2.0 x 106) (Sigma), chondroitin sulfate С extracted 
from shark cartilage, approx. 90 % (M r = 58.8 x 103) 
(Sigma), hydroxyethylcellulose Natrosol 250 H (Her
cules), and carboxymethylcellulose Blanose D in the 
form of sodium salt (MT = 0.55 x 106) (Hercules). 

Dielectric spectra were obtained from the time-
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Fig . 1. Block scheme of the measuring apparatus. 

domain measurements, i.e. from the measurements 
of the discharge current following an application of 
the D.C. electric field across the sample. The prin
cipal scheme of the measuring setup is shown in 
Fig. 1. The apparatus consists of a digital electrom
eter Keithley 617, stabilized D.C.-power supply, re
lay control circuitry, and personal computer intercon
nected via IEEE-488 bus. The measurements were 
fully computer-controlled and the only manual opera
tion necessary was the setting of the charging voltage. 
The measurement consisted of two basic parts: charg
ing and discharging periods. In order that the observed 
response may be corresponding to the properties of 
the material under study, the discharge period must 
be at least three times shorter than the corresponding 
charging period [8]. For the majority of the measure
ments, the charging period was set to be of 24 h, so 
that the corresponding discharge period might be of 8 
h. Since at present the measurement of the discharge 
current starts at the time of 1 s after the beginning 
of discharging, the period starting from 1 s to about 
104 s is covered by these measurements. 

Prior to charging, samples were kept short-circuit
ed for at least 12 h in order to remove any stray 
charges. Every data point was taken twice: first the 
discharge current was measured in the automatic 
range regime and the value of the discharge current 
was taken in the most suitable fixed range. Afterwards 
the measuring range was switched over appropriately. 
The values of time and discharge current were stored 
in the form of a data file for further analysis. 

Measured samples were of the circular or rectan
gular shape with graphite electrodes of the size about 
12 mm x 20 mm pasted onto their surface. Samples 
were fixed in the sample holder and placed into the 
thermostatic chamber. Due to the hygroscopic nature 
of the samples the measurements were sensitive to the 
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humidity of the surrounding atmosphere; therefore the 
measuring chamber was provided with a simple instal
lation based on the oversaturated solution of K2CO3. 
This allowed to keep the humidity within the thermo
static chamber at constant value of 43 % in the course 
of the measurement. 

D a t a Processing 

The results of the time-domain measurements were 
obtained in the form of the time dependence of the 
discharge current. The time-domain and frequency-
domain results are related between each other by 
the Fourier Transformation (FT). The time-domain 
data were transformed into the frequency domain and 
yielded the frequency dependence of the complex per
mittivity according to the formula [9] 

i(u) = Soo + (ea - £oo) / <p(t) exp(-ju>t)dt (1) 
Jo 

or after the separation into the real (er) and imaginary 
part (e") 

e'(u>) =6^ + (e8 - £00) / Ф) cos(tjt)dt (2) 
Jo 

е"(ш) = (es - Soo) í ip(t) sin(wi)dt (3) 
Jo 

where <p(t) is the decay function of the dielectric re
lated to the discharge current i (t) by the formula 

U A 
i{t) = -e0(es-eoo)—y>{t) (4) 

In the above formulas the symbols have their 
usual meaning; i(u) is the frequency-dependent com
plex permittivity, e^ optical permittivity of the sam
ple (corresponding to the electronic polarizations), es 

static permittivity of the sample (corresponding to the 
total polarization including dipóle and interfacial con
tributions), (p(t) decay function, U applied voltage, A 
sample surface area, and d sample thickness. 

As for the analysis of dielectric processes the imagi
nary part of the complex permittivity is sufficient, it is 
necessary only to obtain S"{UJ) from the time-domain 
measurements. In view of the slowly decreasing dis
charge current with only small variations of the slope 
of the i(t) curve in the logarithmic coordinates, it is 
possible to use a simplified form of the Fourier Trans
formation, the so-called Hamon approximation [10] 

•"<"=Ш (s) 

where / = о;/27г, Co is the geometrical capacitance of 
the sample and г discharge current. 
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Dielectric spectra were analyzed in terms of con
ductivity and relaxation processes. The contribution 
of the conductivity component was modelled using the 
formula 

e » = A'{w)-n (6) 

where the value of n equal to one corresponds to 
the purely D.C. conductivity mechanism. The con
tribution of the relaxation process to the complex 
permittivity was modelled with the commonly used 
Havriliak—Negami formula [11, 12] 

£r(u) = £oo + 
es -ec (7) 

[l + ( j ' w r 0 ) f 

where TQ indicates the position of the relaxation on the 
time axis, (es — E^) denotes the relaxation strength, 
a describes the slope of the low-frequency side of the 
relaxation, and the product a x ß describes the slope 
of the high-frequency side of the relaxation. 

Dielectric spectra obtained by means of eqn (5) 
were fitted with a sum of up to two conductivities and 
two relaxation processes described by formulas (6) and 
(7). The approach chosen for fitting was based on the 
nonlinear least-squares method using the Levenberg— 
Marquardt algorithm (implemented in the PASCAL 
fitting program). 

RESULTS A N D DISCUSSION 

Time dependences of the discharge current of all 
samples are shown in Fig. 2. These plots exhibit a 
steady decrease of the discharge current with time. 
The slope of the decrease is changing, which suggests a 
presence of a relaxation process. The charging voltage 
used for the measurement was 3 V, as the application 
of higher voltages brought about an appearance of the 
local maximum in the i(t) curve (Fig. 3). As this local 
maximum vanishes when charging voltage is reduced, 
its origin was ascribed to the heating of the sample 
during the charging and subsequent cooling with ac
companying moisture intake during the discharge pe
riod. Consequently, all measurements were carried out 
at voltages below 10 V, where this effect was absent. 

Essential issue of the experiments was the re
producibility of the measurements. Fig. 4 shows the 
i(t) curves taken repeatedly for the same sample of 
hyaluronic acid. Apparently, the measurements are 
not quite identical, but the differences are rather 
small (calculated standard errors of these measure
ments were of ± 3.5 %). However, these differences 
increase considerably once the humidity in the mea
suring chamber starts to fluctuate. Observed minor 
differences in the measured data shown in Fig. 4 were 
ascribed to the fluctuations of the humidity conditions 
in the measuring chamber. As it is known, these condi
tions are strongly affecting the swelling behaviour of 
hyaluronic acid, thus affecting the mobility of coun-
terions and skeletal macromolecular segments of the 
polymer matrix. 

loii (/.'A 

Fig . 2. Time dependence of the discharge current tor hydroxy-
ethylcellulose (open squares), chondroitin sulfate (full 
diamonds), carboxymethylcellulose (full triangles up), 
and hyaluronic acid (full squares), charging voltage 3 V. 
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F i g . 3. Time dependence of the discharge current for hydroxy-
ethylcellulose (open circles), charging voltage 66 V. 

The relaxation spectra, i.e. the plots of the fre
quency dependence of the imaginary part of the com
plex permittivity of the samples together with individ
ual conductivity and relaxation components obtained 
from the fits are shown in Figs. 5—8; the results of 
the fits are summarized in Table 1. In view of eqn 
(5) frequency interval of the dielectric spectrum after 
the Fourier Transformation was 10~ 5—10 _ 1 Hz. The 
values of A and of the relaxation strength (es - £«>) 
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F i g . 5 . Dielect r ic s p e c t r u m of t h e hya luron ic acid: m e a s u r e d 

d a t a (full squa re s ) , t o t a l fi t ted s p e c t r u m a n d i ts com

p o n e n t s (solid l ine) . 

are only relative values, since they do not take into 
account different thickness of the measured samples, 
which appears in eqn (5) in the geometrical capacity 
term Co. As can be seen from the plots, in most cases 
one relaxation process and one conductivity compo
nent are sufficient for a reasonable agreement between 
the fit and the measured results. Only in the case 
of the carboxymethylcellulose the fit with one relax
ation process was apparently not satisfactory enough 
to reach the optimum minimization conditions, there
fore the fit with two relaxation mechanisms was nec
essary to proceed (Fig. 8, Table 1). 

Value of the exponent n in eqn (6) was for all sam-
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pies studied lower than 1, which indicates the pres
ence of mechanism of A.C. conductivity rather than 
D.C. conductivity [11]. The origin of the A.C. conduc
tivity is usually interpreted as being due to the mo
tion of loosely bound electric charges which form tem
porary neutral pairs during the conduction process. 
These neutral pairs have no electric charge and there
fore during the period of their temporary existence 
they do not contribute to the conductivity, which is 
reflected in the decrease of the exponent n in eqn (6). 

Scaling parameters are related to the molecular 
mobility and reflect the existence of some forms of or
dering in the molecular system. Parameter a is known 
to decrease with the increase of the intermolecular in
teractions and long-range correlation of segmental mo
tions [13]. Hence, the intermolecular interaction and 
long-range correlation are the strongest in chondroitin 
sulfate (a = 0.291) and the weakest in hyaluronic acid 
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F ig . 8. Dielectric spectrum of the carboxymethylcellulose: 
measured data (full squares), total fitted spectrum and 
its components (solid line). 

the cellulose chain. The presence of such side chains 
is proposed in the idealized structure of the Natrosol 
250 hydroxyethylcellulose by the manufacturer [14]. 

Observed relaxation times то for all samples are 
quite close to each other and are all of the order of 
1000 s, although the side groups of individual polysac-
charides are different. Therefore the origin of the mea
sured relaxation is ascribed to the large scale rear
rangements of the main macromolecular chain. It can 
be proposed that the relaxation times of such a large 
scale rearrangements would not be much different be
cause of the high similarity of the macromolecular 
main chain structural components of the studied poly
mers. The relaxation processes induced by the mo
tion of the different side groups should be different, 
but they will occur at much higher frequencies (above 
1 Hz). The behaviour at higher frequencies is under 
study. 

C O N C L U S I O N 

(a = 0.726). This observation is not surprising, be
cause only the molecule of chondroitin sulfate (from 
all samples studied) is bearing two groups of a strong 
polarity in its monomeric unit, i.e. the carboxyl group 
and sulfate. These groups are responsible for the cre
ation of an effective intra- and inter-molecular hydro
gen bonding system in the molecule. Similarly, the 
product a x ß decreases with the increase of hindrances 
for conformational transitions in the polymer chain. 
Therefore, the effect of steric hindrances seems to be 
most pronounced in the case of hydroxyethylcellulose 
(ax/3 = 0.676). This is most probably due to the pres
ence of the long side chain groups in the monomeric 
unit of studied hydroxyethylcellulose Natrosol 250 H. 
These side groups are build up of two ethylene oxide 
chains attached each other on one hydroxyl group in 

To achieve acceptable reproducibility (standard 
error of about ± 3 %) of the measured results of 
the time-domain dielectric relaxation spectroscopy re
quires to keep constant humidity conditions in the 
measuring chamber. Differences between the dielec
tric relaxation spectra of the polysaccharides studied 
are relatively small in the frequency range of 10~5— 
1 Hz. Dielectric relaxation spectra may be described 
as a sum of one A.C. conductivity mechanism and at 
least one relaxation process with the corresponding 
relaxation time r0 of the order of 103 s. 
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Tab le 1. Calculated Parameters of Measured Dielectric Spectra of Studied Polysaccharides 

Parameter 

103 (Ss-Soo) 

a 

ß 

Ю - 3 ro/s 

A' 
n 

Hyaluronic 
acid 

2.05 

0.726 

1.155 

1.020 

3.16 x 1 0 " 1 8 

0.473 

Chondroitin 
sulfate С 

4.77 

0.291 

4.010 

3.440 

5.58 x 1 0 " 2 2 

0.919 

Compound 

Hydroxyethyl
cellulose 

2.28 

0.676 

1.000 

5.120 

1.08 x 1 0 - 1 8 

0.535 

Carboxymethyl
cellulose 

37.60 
2.18 
0.598 
0.970 
1.000 
1.000 

68.100 
3.810 

2.48 x Ю - 1 9 

0.700 

£oo optical permittivity of the sample, e8 static permittivity of the sample, (е 8 — £<») relaxation strength, TQ position of the relaxation 
on the time axis, a slope of the low-frequency side of the relaxation curve, product Q X ß describes the slope of the high-frequency 
side of the relaxation curve, A' and n are the parameters from eqn (6). 
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