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Abstract: The electrical and dielectric properties of Ba21 and Ca21 cross-linked alginate hydro-
gel beads were studied by means of single-particle electrorotation. The use of microstructured
electrodes allowed the measurements to be performed over a wide range of medium conductivity
from about 5 mS/m to 1 S/m. Within a conductivity range, the beads exhibited measurable
electrorotation response at frequencies above 0.2 MHz with two well-resolved co- and antifield
peaks. With increasing medium conductivity, both peaks shifted toward higher frequency and their
magnitudes decreased greatly. The results were analyzed using various dielectric models that
consider the beads as homogeneous spheres with conductive loss and allow the complex rotational
behavior of beads to be explained in terms of conductivity and permittivity of the hydrogel. The
rotation spectra could be fitted very accurately by assuming (a) a linear relationship between the
internal hydrogel conductivity and the medium conductivity, and (b) a broad internal dispersion of
the hydrogel centered between 20 and 40 MHz. We attribute this dispersion to the relaxation of
water bound to the polysaccharide matrix of the beads. The dielectric characterization of alginate
hydrogels is of enormous interest for biotechnology and medicine, where alginate beads are widely
used for immobilization of cells and enzymes, for drug delivery, and as microcarriers for cell
cultivation. © 1999 John Wiley & Sons, Inc. Biopoly 50: 227–237, 1999
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INTRODUCTION

Polysaccharides from marine algae, alginates, have
found a variety of medical and biotechnological appli-
cations based on their strong ability to form stable hy-

drogels in the presence of some multivalent cations. Due
to their excellent biocompatibility, purified alginates are
widely used for immobilization of cells and enzymes,1

immunoisolated transplantation of cells and tissues,2–5

wound dressing, and drug delivery.6–9 Recently, new

Correspondence to:Prof. Dr. U. Zimmermann; email:
zimmermann@biozentrum.uni-wuerzburg.de

Contract grant sponsor: Deutsche Forshungsgemeinschaft
(DFG) and BMBF

Contract grant number: SFB 176, project B5 (DFG) and BEO
22-0311347 (BMBF)
Biopolymers, Vol. 50, 227–237 (1999)
© 1999 John Wiley & Sons, Inc. CCC 0006-3525/99/030227-11

227



microcarriers suitable for large-scale cultivation of an-
chorage-dependent mammalian cells have been devel-
oped by coating barium-alginate beads with collagen.10

Very fragile mammalian cells, plant protoplasts, and
tissues (e.g., islets of Langerhans11,12 and parathyroid
tissue13) can be immobilized by entrapping them in
alginate gel microspheres, because this procedure is car-
ried out in a single step under very mild conditions. The
implementation of this immobilization technique is very
simple. Cells are suspended in a sodium alginate solu-
tion, and the mixture is dripped into a precipitation
solution containing Ca21 or Ba21 ions.14 Gelation of the
droplets occurs instantaneously via ionotropic mecha-
nism, entrapping the cells within the three-dimensional
matrix of the ionically cross-linked polymer.

The functional properties of alginate hydrogel as a
cell immobilization matrix strongly correlate with the
chemical composition and structure of the polysac-
charide, which, in turn, depend on the species of alga
from which it is isolated.7,8,15 Alginates are linear
polysaccharides composed of homopolymeric regions
of mannuronic and guluronic acids (M and G blocks)
interspaced with regions of alternating structure (MG
blocks). The gel-forming ability of alginates was
found to be closely related to the content of G residues
and to the length of G blocks.7 Stable alginate beads
with a homogeneous pore size distribution (i.e., with
an uniform radial distribution of the polymer concen-
tration) can be produced if beads are formed in the
presence of nongelling cations, such as Na1 or Mg21

(see Materials and Methods). Otherwise, alginate
beads with a capsular structure are produced with a
narrower network on the bead surface than in the gel
core.15,16It is evident that the porosity of alginate gels
is essential for the diffusion-driven molecular trans-
port of nutrients and cell metabolites, and therefore
for the viability and function of entrapped cells.6

However, the diffusion characteristics of alginate
hydrogel as well as other physicochemical properties
of this material cannot be completely explained with-
out regarding its electrical and dielectric parameters.
These properties are of relevance for electrostatic
interactions and therefore for the effective pore size
and for the diffusion rate of charged species within the
polyanionic alginate matrix. Furthermore, dielectric
measurements over a wide frequency range can also
provide valuable information on structural character-
istics and microenvironment of complex polymer sys-
tems, such as mobility of charged molecular groups
and dipoles,17 content and physical state of water,18,19

which in turn determine the rate of chemical reactions
and enzyme activity,20 etc. Whereas the dielectric
data of alginatesolutionsare available in the litera-
ture,21,22 the dielectric and electrical properties of

alginate hydrogels have not been studied yet. This
kind of data can be obtained from the traditional
impedance measurements on densely packed alginate
beads with the disadvantages that the method is re-
stricted to low-conductivity solutions because of the
electrode polarization processes and that the hydrogel
properties must be deduced from sophisticated mix-
ture equations.23–25

An alternative approach to the study of the dielec-
tric properties of biological and polymer particles is
the single-particle electrorotation technique.26 In the
last few years, electrorotation has become the princi-
pal means used not only for the dielectric character-
ization of biological cells and polymer particles27–30

but also for studying the ion transport phenomena in
living cells.31–33 In this study we found that alginate
hydrogel microspheres (with radius of 40–100mm)
were ideal objects for electrorotation measurements.
From electrorotation spectra recorded at various ex-
ternal conductivities, the values for conductivity and
permittivity of the hydrogel could be derived using
theoretical methods based on the dipole models that
have been well tested for other complex biological
and polymer particles.30,31 Within a conductivity
range, the rotation spectra of beads exhibited two
separate rotational peaks, one of which was due to the
Maxwell–Wagner polarization at the interface bead–
external solution, whereas the second peak was
caused by internal dielectric dispersion of the beads.
This dispersion was centered in the MHz frequency
range and arose mainly from the relaxation of bound
water.

THEORY

General

Electrorotation of microscopic particles as well as
other phenomena of AC electromechanics, such as
dielectrophoresis, electrodeformation, etc., is based
on the interaction between a time-varying electric
field E with the electrical dipolem induced by the
field within the particle.30,33,34 The induced dipole
arises from the free charges that accumulate at the
interface of the particle if its electrical properties
differ from those of the suspending medium. For
spherical particles subjected to alternating or rotating
electric fields, the induced dipole is a complex func-
tion of the field frequencyf 19,28,35,36:

m 5 4pa3«e z E z S «*i2«*e
«*i12«*e

D (1)
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wherea is the radius of the particle,ee is the permit-
tivity of the medium, («*i 2 «*e)/(«*i 1 2«*e) is the
complex Clausius–Mosotti functionUCM

* . The param-
eters«*i and «*e are the complex permittivities of the
particle and the external medium, respectively. For
nondispersive dielectric particles and media with con-
ductive loss, the complex permittivity is defined as:

«* 5 « 2 js/v (2)

where j [ (21)1/2, v 5 2pf is the radian field fre-
quency,« (real permittivity) ands (real conductivity)
are given in [F/m] and [S/m], respectively.

The torque acting on the particle results from the
vector cross product between field and dipole, so that
only the imaginary component of the dipole (i.e., of
the Clausius–Mosotti function) contributes to the
electrorotation response of the particle. In the steady
state, the frequency-dependent rotation speedV(f),
which results from the balance between the torque and

the viscous drag, is related toU*CM as fol-
lows19,27,28,30:

V~f ! 5 2
«eE

2

2h
ImS «*i2«*e

«*i12«*e
D (3)

whereh is the dynamic viscosity of the medium. In
practice, the rotation spectra should be corrected by a
scaling constant that accounts for the local field
strength, frictional force, and electrode geometry.31

In order to determine the dielectric properties of
the hydrogels, we tested whether the rotational behav-
ior of alginate microbeads followed one of the theo-
retical models given below (models 1–4). The elec-
trorotation spectra calculated using the theoretical
models were plotted for several values of medium
conductivity se (Figure 1). In addition, the conduc-
tivity dependence of the field frequency giving max-
imum torque was calculated (fC, Figure 2) for each

FIGURE 1 Theoretical rotation spectra for homogeneous spherical particles calculated on the
basis of models 1–4 (A–D) in aqueous suspension media («e 5 80) of varied conductivityse 5 5
(curve 1), 20 (2), 80 (3), 320 (4), and 1280 mS/m (5). The spectra are represented by the imaginary
part of the Clausius–Mosotti functionUCM

* 5 («i* 2 «e*)/(«i* 1 2«e*), see Eq. (3). A, model 1,
combination of Eqs. (2) and (3): nondispersive particle with invariable parameters«i 5 80 andsi

5 250 mS/m. B, model 2, Eqs. (2) and (3): nondispersive particle with«i 5 80 andsil 5 0.25 z se,
i.e., the internal conductivity is directly proportional to that of the suspension medium. C and D,
models 3 and 4, Eqs. (2), (3), and (5): dispersive particles with«il 5 80, «ih 5 5, sil 5 0.25 z se,
and a dispersion centered atfd 5 31.8 MHz (corresponding to a time constant oftd 5 5 ns). A single
relaxation time (a 5 1, C) and a broad distribution of relaxation times (a 5 0.3, D) were assumed
(see also Figure 3). Note that only the dispersive model (C and D) accounts for the appearance of
two peaks in the rotational spectra of homogeneous spheres. Refer to FIGURE 2 for the plots of the
field frequencies giving rise to fastest rotation (fC) vs the external conductivity for these models.
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model using the sames and« values used to plot the
spectra in Figure 1. In the frequency range from few
Hz to about 200 MHz available for electrorotation
measurements, the dielectric properties of the suspen-
sion (aqueous) media were assumed to be frequency
independent («e 5 80 z «0), because the dispersion of
water occurs at much higher frequency of about 20
GHz18,37,38(see also Figure 3).

The Dielectric Models

Nondispersive Particles (Models 1 and 2).Figures
1A and 1B show the theoretical electrorotation spectra
calculated for homogeneous spheres with frequency-
independent«i andsi in suspension media of varied
conductivityse. For both models, the field frequency
giving maximum torque (fC) shifts gradually to higher
frequency with increasing external conductivity (Fig-
ures 2A and 2B). The curves in Figure 2 were gener-
ated from the points where the derivative of the rota-
tion speedV/(f) [see Eq. (3)], with respect to field
frequency is zero. In model 1 (Figures 1A and 2A),
the value of«i is assumed to be equal to the permit-
tivity of water «i 5 «e 5 80 «0 (because the total

FIGURE 2 Theoretical double-logarithmic plots of the characteristic field frequencies (fC) that
induce fastest electrorotation vs the external conductivityse. The dielectric parameters of particles
were assumed to be identical to those used in Figure 1. The cofield and antifield rotational maxima
are represented by the positive (1) and negative (2) branches of the curves, respectively.

FIGURE 3 Frequency dependence of the permittivity«
originated from the principal relaxation of free water (FW,
dotted line) atfd 5 20 GHz («l 5 80,«h 5 5, a 5 1),37,38,40

and that of bound water (BW) centered at much lower
frequency. The curves for bound water were calculated by
using Eq. (5a) and the following parameters:fd 5 30 MHz,
«l 5 80, «h 5 5,a 5 1 (dashed line), anda 5 0.3 (solid
line). Note, that these parameters are identical to those
assumed for the dispersive particles, whose electrorotation
response is shown in Figures 1C and 2C (a 5 1), and in
Figures 1D and 2D (a 5 0.3).
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water content in alginate hydrogels amounts to 98%
of their mass),6 and the value ofsi is supposed to be
independent of the medium conductivity. In the low-
conductivity range (Figure 1A,se , si, curves 1–3),
the particle exhibits cofield electrorotation, whereas if
se is higher thansi (Figure 1A, curves 4 and 5),
antifield rotation is predicted by model 1. In model 2
(Figure 1B), we assumed that ion exchange occurs
between the particle and the outer medium, and thesi

value grows linearly with increasing salinity of the
suspending medium. The spectra plotted using model
2 reveal only antifield rotation, because the particles
are assumed to be less conductive than the medium
(si/se 5 0.25).

It is noteworthy that the rotational spectra of the
homogeneous nondispersive spheres (models 1 and 2)
exhibit only single peaks, which occur if the relax-
ation time of the Maxwell–Wagner interfacial polar-
ization, tMW 5 («i 1 2«e)/(si 1 2se), and field
frequency match.27,30This rotation peak has the half-
width of 1.14 decade of frequency and can be approx-
imated by a Lorentzian curve28:

V~f! 5 2R
f/fC

1 1 ~f/fC!2 (4)

where the constantR combinesE, h, and all real
conductivities and permittivities; the peak frequency
fC relates to the Maxwell–Wagner time constant as
follows: fC 5 (2p z tMW)21.

Dispersive Particles (Models 3 and 4).In this study,
two well-separated peaks were resolved in the rotation
spectra of alginate beads if measurements were per-
formed at relatively high external conductivities.
These spectra could not be any longer explained by
models 1 and 2, but they could be approximated very
accurately by assuming an intrinsic dispersion of al-
ginate hydrogel in the MHz-frequency range. The
dispersion can be described by the following rela-
tions39:

5 « i 5 «ih 1
D«i

1 1 (vtd)
2a

si 5 sil 1
Dsi(vtd)

2a

1 1 (vtd)
2a

(5ab)

wheretd 5 (2pfd)
21 is the relaxation time andfd is

the characteristic frequency of the dispersion;D«i

5 («il 2 «ih) andDsi 5 (sih 2 sil ) are the interrelated
dielectric increments,td 5 D«i/Dsi; «ih (sih) and «il

(sil ) are the values of the permittivity (conductivity)
at high (subscript “h”) and low (subscript “l”) fre-

quencies. The distribution range of the dispersion
frequencies depends ona. A single dispersion fre-
quency is given bya 5 1 (model 3, Figures 1C and
2C). Introduction of a distribution of relaxation fre-
quencies described bya , 1 (model 4, Figures 1D
and 2D) significantly improves the fit of the rotation
spectra of alginate beads (see below). The frequency
dependence of the permittivity«i can be calculated
using Eq. (5a) by assumingfd 5 30 MHz,a 5 1, and
a 5 0.3 (Figure 3, dashed and solid curves, respec-
tively). The dispersion of free water (fd 5 20 GHz,a
' 1)40 is also shown in Figure 3 (dotted line). In
models 3 and 4, a linear relationship between the
low-frequency (ionic) conductivity of the particlessil

and the external conductivityse, was assumed (i.e.,
sil 5 0.25 z se Figures 1C, 1D, 2C, and 2D).

MATERIALS AND METHODS

Production of Barium and Calcium
Cross-Linked Alginate Microspheres

Alginate (Manugel GMB) was obtained from Kelco (Lon-
don, UK). Alginate solution (2 or 2.5%, wt/vol) was pre-
pared in 0.9% NaCl. The pH was adjusted to 7.2–7.4 with
0.1 N NaOH. For purification, the sodium-alginate solution
was subsequently filtered using an air pressure filtration
device (SM 16249; Sartorius, Go¨ttingen, Germany) and
cellulose nitrate filters with a pore size of 3, 0.8, and 0.45
mm. The solution was stored for up to 6 weeks at14°C.

For the preparation of Ba21 and Ca21 cross-linked al-
ginate microspheres, the sodium-alginate solution was
transferred into a 1-mL syringe and injected by a motor-
driven piston at a constant rate of 200mL/min into the
central channel of a homemade nozzle with an inner diam-
eter of 100mm. Alginate beads were formed by dripping the
sodium-alginate solution into a precipitation solution con-
taining 20 mM BaCl2, or CaCl2, 10 mM morpholinopro-
panesulfonic acid (Sigma, M-5162), and 0.72% NaCl (pH
7.3–7.4, 280–300 mosmol/kg).10 As shown elsewhere (Ref.
6), the beads formed in the presence of the nongelling
sodium cations reveal homogeneous polymer distribution.
The use of an air jet of 10 L/min resulted in beads of
diameter in the range 40–100mm, which were suitable for
electrorotation measurements. The beads were stored in the
precipitation solution for 12–48 h.

Electrorotation Measurements

Before use, the beads were washed with and resuspended in
rotation media of various conductivities but of the same
osmolality of 280–300 mosmol/kg. The rotation media con-
tained the precipitation solutions and appropriate amounts
of inositol (Sigma, I-5125) to adjust the conductivity. The
osmolality and conductivity were determined by using a
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cryoscope (Osmomat 030, Gonotec, Berlin, Germany) and a
digital conductometer (Knick, Berlin, Germany).

Electrorotation spectra were measured in a microstruc-
tured four-electrode chamber developed by G. Fuhr (Hum-
boldt University, Berlin, Germany). The electrorotation
chamber, which was made by semiconductor technology,30

was arranged as a planar array of circular electrodes of 60
mm diameter, 1mm thickness, and 300mm electrode spac-
ing. The electrode material was gold. The electrical prop-
erties and frequency response of the rotation chamber has
been well characterized and described in details earlier.39

The optimized rotation chamber (where the distance be-
tween transmission line termination and electrode tip was
minimized) used in the present study and by other workers36

does not show any significant resonance or field attenuation
up to the maximum frequency of our generator. The use of
microelectrodes enabled a large-scale variation of the me-
dium conductivity from 5 mS/m to a high conductivity of 1
S/m. The electrodes were driven by four 90° phase-shifted,
symmetrically rectangular signals from a computer-con-
trolled pulse generator HP 8130A (Hewlett-Packard, Boe-
blingen, Germany) with 2.5–4.8 VPP amplitude over the
frequency range from 100 Hz to 150 MHz.

For each experiment, a sample of bead suspension
(50–70 mL) was added to the rotation chamber, and a
coverslip was placed gently over its center. The beads were
observed using a BX 50 Olympus microscope (Hamburg,
Germany), and their radii were determined with a calibrated
ocular micrometer. The microscope was equipped with a
high-resolution CCD video camera (SSC-M370CE, Sony,
Cologne, Germany) connected to a video monitor (TC-
1470, Panasonic, Matsushita, Japan). Electrorotation spectra
were monitored by decreasing the field frequency in steps (5
frequency points per decade starting at 150 MHz). At each
field frequency, the rotation speed of the beads (V) was
determined using a stopwatch. Since the field is inhomoge-
neous in the neighborhood of other beads or of the elec-
trodes, only lone beads located near the center of the cham-
ber were measured. The rotation spectra were normalized to
the driving field strength of 1 VPP/100 mm in accordance
with Eq. (3) and fitted using theMathematicasoftware.41

RESULTS

Electrorotation Spectra of Gel Beads
Formed from Ba21-(and Ca21-)
Cross-Linked Alginate

The experimental electrorotation spectra for 2%-
Ba21-alginate microbeads recorded at various exter-
nal conductivities are shown in Figure 4. Under low-
conductivity conditions (se , 50 mS/m, Figure 4A),
the beads exhibited a single cofield rotation peak with
almost no deviation from the Lorentzian shape [Eq.
(4)]. With increasing external conductivity, the cofield
rotation peak given by the parametersfC1 and R1

moved to higher frequencies, and an additional, well-
resolved antifield peak (fC2 and R2) appeared in the
low-frequency part of the rotation spectra (fC2 ! fC1).
These complex rotation spectra could be approxi-
mated accurately by a superposition of two Lorentzian
curves, whose peak parameters determined by a least-
square fitting procedure are listed in Table I. The
magnitude of the cofield peak decreased rapidly from
about 3 radian/s at 5 mS/m to 0.09 radian/s at 250
mS/m, whereas the antifield rotation speed grew grad-
ually from 0.04 radian/s (atse of 50 mS/m) to 0.3
radian/s (1 S/m). In accordance with the homoge-
neous particle models [Eq. (3)] the rotational peaks
were insensitive to the radiusa of the beads (data not
shown). The hydrogel beads formed from 2.5%-Ba21

and 2%-Ca21-cross-linked alginates also showed
complex conductivity-dependent electrorotation be-

FIGURE 4 Experimental electrorotation spectra of 2%-
Ba21-alginate beads measured at different external conduc-
tivities se. A: 5 (E), 15 (h), and 50 (‚) mS/m; B: 150 (E),
250 (h), and 500(‚) mS/m, but of the same osmolality (300
mOsm). Each spectrum represents the mean (6SE) obtained
from 3–9 particles. The curves are best fits of model 4 to the
data. For the dielectric parameters used for curve fitting, see
text and Table II. Note that at relatively high conductivities
(e.g., B, 150 and 250 mS/m), the spectra exhibit two (anti-
and cofield) rotation maxima. This rotational pattern fits the
dispersive models, but it is not compatible with the nondis-
persive dielectric models.
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havior, which was qualitatively similar to that of the
2%-Ba21-alginate (Table I).

Derivation of Dielectric Parameters
from Rotation Data

Expressions for the electrorotational torque and the
particle complex permittivity based on various disper-
sive and nondispersive models are given in the theory
section. It is evident from the experimental data, par-
ticularly from the rotation spectra measured at high
conductivities (Figure 4B), that models 1 and 2 are
not consistent with the rotational behavior of alginate
beads, because only one rotational peak is expected in
the rotation response ofnondispersiveparticles (see
Figures 1A and 1B). The particles used in this study
were homogeneous, and therefore the second peak in
their rotational spectra can arise only due to an inter-
nal dispersion of the beads’ material, i.e., due to the
frequency dependence of the permittivity and conduc-
tivity of the hydrogel [Eq. (5)].

The dispersive models can explain the complexity
of the rotation response of alginate beads in terms of
the permittivity, conductivity, and other dielectric
properties of the hydrogel, and allow these parameters
to be deduced by fitting the theoretical models to the
experimental rotation spectra. In practice, however,
the simultaneous fitting of several rotational spectra
taken at various conductivities by a model with at
least five unknown variables («il , «ih, sil , fd, anda) is
a difficult computation. Therefore we extracted the
dielectric properties of the hydrogels from the con-
ductivity dependence of the rotational peak frequen-
cies fC1 and fC2, as shown in Figure 5. The approach
used here was to adjust the dielectric parameters (by
varying them within realistic ranges) in order to
achieve a subjective best fit of the theoretical peak
frequency curves to the experimental data points.
Similar fitting procedures were used elsewhere (Refs.
39 and 42) to extract the cellular dielectric properties
from the characteristic frequencies of electroorienta-
tion and dielectrophoresis spectra of erythrocytes. We

Table I The Parameters Obtained from Fitting the Superposition of Two Lorentzian Curves [Eq. (5)] to the
Experimental Rotation Spectra of the Alginate Beadsa

Alginate
Beads

se,
S/m n

Radius,
mm

Cofield Peak Antifield Peak

Log(fC1, Hz) R1, rad/s Log(fC2, Hz) R2, rad/s

2% Ba21

0.005 9 376 7 6.76 0.1 3.036 0.27
0.015 4 386 2 6.96 0.1 1.516 0.19
0.05 8 386 8 7.46 0.1 0.646 0.19 5.86 0.1 20.046 0.02
0.10 3 466 8 7.76 0.0 0.466 0.04 6.46 0.1 20.086 0.02
0.15 5 376 11 8.06 0.2 0.176 0.04 6.86 0.2 20.086 0.01
0.20 3 486 7 8.16 0.1 0.526 0.53 6.96 0.0 20.336 0.33
0.25 5 336 5 8.26 0.1 0.096 0.02 7.16 0.1 20.086 0.01
0.50 4 336 9 7.66 0.1 20.126 0.01
1.0 4 376 13 8.06 0.1 20.306 0.14

2.5% Ba21

0.005 4 456 10 6.96 0.1 5.156 1.02
0.015 4 506 10 7.06 0.0 2.986 0.03
0.05 4 566 7 7.56 0.2 1.186 0.30
0.15 4 426 8 7.66 0.7 0.366 0.25 7.06 0.6 20.136 0.03
0.25 4 556 7 8.26 0.1 0.196 0.02 7.06 0.2 20.146 0.02
0.50 4 386 8 7.76 0.2 20.436 0.47
1.0 4 396 5 8.16 0.1 20.146 0.01

2% Ca21

0.015 5 406 5 7.06 0.1 2.246 0.23
0.05 7 396 9 7.36 0.1 0.966 0.20 5.86 0.1 20.026 0.01
0.10 5 436 6 7.86 0.1 0.356 0.05 6.46 0.1 20.056 0.01
0.15 5 376 5 7.96 0.1 0.276 0.02 6.66 0.1 20.056 0.01
0.25 6 516 6 8.26 0.1 0.126 0.02 7.06 0.2 20.056 0.00
0.45 4 366 1 7.76 0.2 20.126 0.05

a n is the number of experiments. The data are normalized to the driving voltage of 1VPP per 100mm and represent the mean6SD.
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found that the dispersive model with a single relax-
ation time (model 3,a 5 1) did not match the exper-
imental electrorotation data on alginate beads ob-
tained over the whole conductivity range. In contrast,
introduction of the relaxation time spread parameter,
a , 1 (model 4), gave good agreement between the
data and the theory (curves in Figure 5). This model
implies a distribution of relaxation times or a super-
position of overlapping relaxations that contribute to
the complex dielectric response of the hydrogel. Fig-
ure 5 demonstrates the usefulness of model 4 for the
analysis of the electrorotational data of alginate beads
over the wide range of external conductivity used
here.

Table II shows the dielectric parameters for algi-
nate beads with different chemical composition de-
duced by fitting theirfC data. To achieve satisfactory
fits, a linear relationship between the internal (sil ) and
the external conductivities (se) had to be introduced.
The dependence of the internal DC conductivity (i.e.,
ionic conductivity) onse was expected, because the
open lattice structure of the highly porous polymer
matrix enables ion exchange to occur freely between
the suspension medium and the hydrogel. Other di-
electric parameters of the gels were assumed to be
independent of the external conductivity.

The estimates of the dielectric parameters based on
the fC data (Figure 5) were then verified by fitting the
experimental rotation spectra shown in Figure 4. The
theoretical spectra (curves, Figure 4) were calculated
using model 4 as well as the values for«il , «ih, sil , fd,
anda listed in Table II. To fit the theoretical spectra
to the data, only a scaling factor (see theory section)
for correction of field strength and friction was intro-
duced. The good agreement of the experimental rota-
tion spectra with the theoretical spectral curves is
further justification of the validity of the dispersive
particle model used here.

Dielectric Properties of Hydrogel Beads
with Different Compositions

The electrorotation response (Figure 4, Table I) and
therefore the dielectric parameters deduced for the
hydrogel beads with various polysaccharide concen-
trations (2 and 2.5%) and cross-linking cations (Ba21

and Ca21) were similar (Table II). The values of the
low- and high-frequency internal permittivity («il and
«ih) were found in all cases to be close to those known
for free bulk water and for bound hydration water («l

5 80 and«h 5 5).40 This result can be expected for
particles, whose total water content is about 98%.15 In
addition, neither the nature of the cross-linking cation
nor the concentration of alginate within the ranges
used here had any noticeable influence on the mean
dispersion frequencyfd and the relaxation time spread
parametera deduced from the rotation data. That the
fd value does not change distinctively, even as the
internal conductivitysil varies greatly from about 1.2
mS/m to 250 mS/m (according to the relationsil

' 0.25z se found here) as the external conductivity is
increased from 5 mS/m to 1 S/m, indicates that this
process is not due to the Maxwell–Wagner effect.
This is because the parameters of the structural Max-
well–Wagner dispersions are strongly conductivity
dependent.19

Table II Dielectric Properties of the Alginate Beads
Extracted from the Experimental Data
(Figures 4 and 5) Using Model 4

Parameter 2% Ba21
2.5%
Ba21 2% Ca21

«il 70–100 70–80 80–90
«ih 5–10 6–8 11–13
sil /se 0.20–0.25 0.15–0.20 0.28–0.30
a 0.20–0.22 0.20–0.30 0.18–0.22
fd (MHz) 20–32 27–40 27–32

FIGURE 5 Cumulative double-logarithmic plot of the char-
acteristic cofield (E) and antifield (h) frequencies vs the ex-
ternal conductivity. The data were obtained by fitting one
Lorentzian curve [Eq. (4)], or a superposition of two Lorent-
zian curves to the rotational spectra of the Ba21-alginate beads
shown in Figure 4 (see Table I). The solid curves are best fits
of model 4 to the experimental data. The dielectric parameters
derived by curve fitting for various alginate microbeads studied
here are summarized in Table II.
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A slight decrease in the relative internal conduc-
tivity sil from (0.2–0.25)z se to (0.15–0.20)z se was
observed for Ba21-alginate beads as the concentration
of the polysaccharide was increased from 2 to 2.5%,
respectively. This may have been due to a decrease of
the porosity of the polymer matrix or to an increase of
the viscosity of the hydration water, both of which can
reduce the mobility of ions within the hydrogel with
higher polysaccharide concentration.

DISCUSSION

Rotation Spectra

Although the nondispersive models match well the
experimental spectra of alginate beads at low conduc-
tivities (Figure 4A), the occurrence of two rotational
peaks at higher conductivities (Figure 4B) is incon-
sistent with this model. This demonstrated that rota-
tion spectra must be taken at several conductivities
before selecting or rejecting a model. The changes in
the rotation spectra of beads with increasing conduc-
tivity could be modeled very well by assuming the
dielectric properties of the hydrogel beads to be de-
pendent on the field frequency. Since the alginate
beads used here had homogeneous structure (see Ma-
terials and Methods), we are confident in assigning
the second rotation peak to a dielectric dispersion of
the hydrogel properties. From the rotation data, the
dielectric parameters of the hydrogel (Table II) could
be extracted, which are useful for its physicochemical
characterization. The various alginate beads tested
here exhibited an intrinsic dielectric dispersion cen-
tered between 20 and 40 MHz. Introduction of the
relaxation time spread parameter significantly im-
proved the fit of the dispersive particle model to the
experimental rotation data.

The electrorotation response of alginate beads ob-
served in this study differs from those of other poly-
mer particles reported in the literature, such as latex,27

Sephadex,39 and polystyrene particles,29 whose rota-
tional spectra exhibit only single Lorentzian peaks in
the kHz–MHz range and therefore can be fitted using
nondispersive models. That the above polymer mate-
rials did not show intrinsic dispersions detectable by
electrorotation may have been due to a lower disper-
sion strength (De), as compared to those of alginate
hydrogels, as well as due to the limited conductivity
and frequency ranges used by the workers. It is also
noteworthy that in contrast to latex and polystyrene
particles that exhibit “anomalous” electrorotation in
the low-frequency region,27,29the alginate beads used

here did not show any measurable rotation at frequen-
cies below 10 kHz.

Mechanism of the Internal Dispersion

As already mentioned, the content of water in alginate
beads is about 98%.15 The dielectric activity of water
can therefore be expected to dominate the dielectric
response of the hydrogel. The data obtained by means
of electrorotation (Table II) indicate clearly that the
internal dispersion of alginate beads is mainly caused
by the relaxation of water associated with the polymer
matrix. It is well known that water molecules, when
translationally immobilized, can still undergo rota-
tional diffusion and therefore remain dielectrically
active.43,44 From the values of the dielectric incre-
ments (D« 5 «il 2 «ih) and relaxation frequencies (fd,
Table II), it can be concluded that almost all water
entrapped within the hydrogels is bound, i.e., the
water dipoles within alginate beads relax much slower
than the dipoles of free bulk water do (see below).
However, it must be noted that the derivation of gel
hydration parameters from dielectric data is not
straightforward and can lead to an overestimation of
the volume excluded by the polymer, unless using the
Wagner equation.45 In addition, the density of hydra-
tion shells in a series of proteins has been found to be
larger than that of free water, which is suggestive of a
tightly packed bound water structure.46 The conclu-
sion about the high bound water content in alginate
beads is also supported by the results obtained by
means of the differential scanning calorimetry of var-
ious sugar alginate gels, where up to 90% of water is
bound to the polysaccharides.47 Other dispersion
mechanisms, e.g. due to the relaxations of the coun-
terions or polysaccharide chains do not appear to
contribute significantly to the internal dispersion of
alginate beads revealed by electrorotation. However,
the possible existence of dispersions below the fre-
quency range of bead rotation (Figure 4) cannot be
excluded. Thus in alginatesolutions, various counte-
rions bound to the polysaccharide chains relax at the
kHz–MHz frequencies (,1–5 MHz), giving rise to
weak dispersions with the magnitudes of less than 10
dielectric units (D« # 10).21 It is also unlikely that the
internal dispersion of alginate hydrogel reported here
was due to a Maxwell–Wagner relaxation based on
structural inhomogeneities of the beads, because the
dispersion frequencyfd was assumed to be indepen-
dent of the conductivity.

Numerous studies using various time- and frequency-
domain dielectric relaxation techniques have demon-
strated that many water–polymer systems and biological
materials exhibit dielectric dispersions in the MHz fre-
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quency range and at lower frequencies.19,38,48–50These
dispersions are often considered due to bound or hydra-
tion water, whose molecular dipoles relax at frequencies
intermediate between bulk water (fd 5 20 GHz,td ' 8
ps) and that of ice (; 1 kHz, 0.2 ms).38,43Whereas the
relaxation times of hydration water in solutions of low
molecular weight organic compounds (amino acids,
polyelectrolytes, etc.) are greater than that of bulk water
only by a factor of 2–3,18 the dielectric behavior of the
high molecular weight biopolymers, such as DNA, pro-
teins, etc., reveals a more dramatic shift of the bound
water dispersion toward lower frequency, e.g., the bound
water in Escherichia coliDNA relaxes at about 100
MHz.51,52 In few cases, the dielectric spectra of water–
polymer systems (e.g., gelatin– and polyvinylpyrroli-
done–water systems),50 show two readily distinguish-
able populations of water, one strongly and another
weakly associated with the polymers. As a result of the
discreteness of the dispersion, the amount of bound
water can easily be evaluated from the increments of
permittivity related to the bound water relaxations.

The values of the relaxation time spread parameter
(a ' 0.2–0.3, Table II) reported here reveal that, in
common with the majority of bound water sys-
tems,17,19,38,53,54a broad spectrum of time constants is
involved in the dielectric relaxation response of water
bound to alginate hydrogels. Figure 3 shows that this
broad distribution of relaxation times results in a
flatter slope of the permittivity dispersion curve as
compared to that of normal bulk water, which is
known to exhibit a nearly single-time relaxation (a
' 1).38 Deviations from the single-time relaxation
behavior is a common feature of solid and solid-like
materials,37,55 and therefore the spread of relaxation
times in alginate hydrogels reported here can be ex-
pected, because gels are usually considered as porous
solids with flexible walls.56 As discussed elsewhere
(Refs. 18 and 37), there should exist a distribution of
relaxation times in any solid material, since the indi-
vidual dipoles present in it (e.g., water dipoles in
hydrogels) are not likely to reside in exactly the same
environment, with some dipoles being more free to
rotate than others.

In addition to the permittivity values, the internal
conductivity of alginate beads was also determined
from their electrorotation spectra. The low-frequency
ionic conductivity of the hydrogels was smaller than
that of the suspension solution by a factor of 3–7,
indicating that the mobility of free ions within the
hydrogel matrix is reduced with respect to that in bulk
water. In the case of Ba21-alginate beads, the use of a
more concentrated alginate solution resulted in a
slight decrease of the ionic conductivity of the beads,
which was presumably due to the reduced pore size

within the hydrogel matrix. This result agrees with the
structural data obtained on alginate gels using the
small angle x-ray scattering technique.16

CONCLUSION

In this study the electrorotation technique has been
proved to be able to yield important information about
the high-frequency dielectric behavior of complex,
cross-linked macromolecular systems containing
bound water. The dipole-based electrorotational the-
ory has been extended to include Ba21- and Ca21-
cross-linked alginate microbeads, modeled as homo-
geneous conductive spheres with an intrinsic dielec-
tric dispersion. The model provides an adequate
explanation of the frequency- and conductivity-de-
pendent electrorotational response of the hydrogel
microbeads, and allows their dielectric and electrical
properties to be determined. Evidence has been pre-
sented suggesting that alginate hydrogel displays a
broad dispersion centered at 20–40 MHz, which is
obviously dominated by the relaxation of water en-
trapped within the polysaccharide matrix. The data
show that the dielectric and other related physical
properties of water bound to alginate hydrogel, such
as mobility, microviscosity, etc., differ significantly
from those of normal bulk water. Knowledge of the
dielectric relaxation phenomena in hydrogels is par-
ticularly interesting because it provides insight into
the mechanisms of the dielectric dispersions in bio-
logical systems. Thus, it is reasonable to expect that
some compartments of biological cells, e.g., cell walls
and amyloplasts of plant cells (which are mostly
formed from hydrophilic polysaccharide materials)
and the protein rich cytoplasm of red blood cells,
might exhibit similar dielectric behavior due to the
polymer-bound water.
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