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Abstract

It is shown that only 10% of the 99 wt% water present in bacterial cellulose (BC) gels, produced by Acetobacter xylinum, behave like free
bulk water; the majority of the water molecules in the gels is more or less tightly bound to the cellulose. The magnitude of the diffusion
coefficients of ions transported in the water phase of the BC gels as well as the information contained in freeze fracture transmission electron
microscopic images of the gel structures indicates that the bulk-like water is confined in ““lakes’” rather than forming a continuous phase through-
out the gel. Water desorption isotherms suggest that these “lakes” decrease in size with increasing oxygen concentration used during the

biosynthesis process of the gels.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the extraordinary structure of bacterial cellulose (BC)
was described more than a century ago [1,2], the material has
been extensively analyzed and characterized [3—7]. The ultra-
fine structure of BC microfibrils, which bear certain resem-
blance to collagen networks, makes this material interesting
for various biomaterial applications. Some applications have
been suggested, including as artificial blood vessels [8], as
scaffolds for treatment of burn ulcers [9], and in tissue engi-
neering of cartilage [10].

The supramolecular structure of BC is markedly different
from other native cellulose types despite the identical chemi-
cal composition. The native cellulose derived from
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Acetobacter xylinum bacteria is rich in la-cellulose (algal/
bacterial type) whereas that from land plants is rich in 1B3-
cellulose (cotton-ramie type). The width of the cellulose
crystallite of land plant cellulose is about 4 nm while that
from algal/bacterial sources is about 30 nm. The difference be-
tween the cellulose types can be traced back to the differences
in the cellulose synthase complexes which determine the size
and thickness of the cellulose microfibrils. The cellulose syn-
thase complexes in land plants are arranged as solitary rosettes
consisting of six hexagonal subunits producing thin micro-
fibrils, whereas the cellulose synthase complexes in more
primitive organisms, e.g. algae, are arranged into large rectan-
gular units rather than rosettes.

Unlike native cellulose obtained from other sources, i.e.,
land plants or algae, BC does not contain collateral biogenic
compounds like lignin, pectin and hemicellulose requiring pu-
rification and can therefore be separated in its purest form dur-
ing the extracellular synthesis process. The cellulose derived
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this way has a remarkable ability to retain large amounts
of water rendering this material unique attributes: in addition
to the similarity between the BC microfibril networks and
collagen it is most likely the high water content that renders
its biocompatible properties [11,12] important for in vivo
applications. A detailed study of the supramolecular structure
of native BC, normally containing approximately 99 wt% of
water, showed that no water is incorporated in the crystalline
microfibrils of this material, instead the microfibrillar units
are surrounded by a hydration shell and a small number of
non-crystalline tie molecules most likely connect the crystal-
line microfibrils laterally [13]. Also for moist cellulose struc-
tures of land plant or algal origin, water is situated outside the
crystalline microfibrils [14,15] although usually in a much
lower amount.

The rheological properties of reticulated bacterial cellulose
in terms of gel strength have previously been described [16,17]
and they are in many aspects similar to those of algal cellulose
based gels [18]. However, there are hitherto no reports wherein
water—cellulose interactions in BC have been analyzed in
detail.

The purpose of the present study is to perform a detailed
analysis of the water interaction properties in as-biosynthes-
ised BC gels using dielectric spectroscopy, a method that pre-
viously has been proven useful for extracting information
about water transport processes and interactions within a num-
ber of biopolymers [19] including celluloses of various origins
[20—22]. The dielectric spectroscopic results are discussed
and compared to gels originating from the green algae Clado-
phora and moist powder of microcrystalline land plant derived
cellulose.

Freeze fracture Transmission Electron Microscopic (TEM)
images and cryogenic TEM pictures of BC microfibrils are
also for the first time presented, as well as Environmental
Scanning Electron Microscopic (ESEM) images and water
desorption isotherms of never-dried and non-frozen BC gels.

2. Experimental
2.1. Materials

2.1.1. Bacterial cellulose gels

The production of different BC gels at different oxygen
concentrations (20, 35, 50 and 100%) was carried out as pre-
viously described [23]. A complex medium (CSL) was used as
fermentation medium [24]. The strain used for the biosynthe-
sis was A. xylinum subsp. sucrofermentas BPR2001, trade
number 1700178™. The strain was purchased from the Amer-
ican Type Culture Collection. Six cellulose-forming colonies
were cultivated for 2 days in Rough flasks yielding a cell con-
centration of 3.7 x 10° cfu/ml. Bacteria were liberated from
the resulting BC hydrogel by vigorous shaking and 2.5 ml
was added to each fermentation vessel and cultivated onto
a gas permeable mould, ie., a poly(dimethylsiloxane),
PDMS, tube. The morphology of the biopolymer network be-
comes a replica of the PDMS template and can be extracted
from the mould as a cellulose tube. The BC tubes and the

hydrogel from the preculture were purified by boiling in
0.1 M NaOH at 60 °C for 4 h and thereafter repeated boiling
in Millipore™ water. The BC tubes were steam sterilized by
autoclaving for 20 min (120 °C, 1 bar) and stored in a refriger-
ator until characterization. The tubular gels were cut longitu-
dinal to enable dielectric spectroscopic measurements
through the tube wall. BC gel from the preculture, produced
at 20% of oxygen, was disintegrated with a blender before
characterization with freeze fracture TEM and cryo TEM.

2.1.2. Cladophora cellulose gels

Cladophora cellulose (CC) powder was produced as previ-
ously described [14]. Briefly, the algal cellulose was extracted
from Cladophora sp. algae harvested from the Baltic Sea. o-
Cellulose was extracted by treating the algae with NaClO,
in an acetic buffer, followed by washing in NaOH. The ex-
tracted material was depolymerised by acidic hydrolysis and
grinding and then, as a suspension, spray-dried to form cellu-
lose powder. The cellulose powder samples were sieved prior
to preparation of the gels, and the fraction between 45 and
106 um was separated. The CC gels, containing 2 wt% CC
and 98 wt% water were prepared as described in Ref. [18],
by employing a sonication technique that first dispersed the
individual cellulose particles in small volumes of liquid. This
procedure produces powerful shearing action and causes the
cellulose agglomerates in the liquid to become intensely agi-
tated and eventually disrupted into fine individual particles,
i.e., crystallites or small crystallite aggregates.

2.2. Methods

2.2.1. Dielectric spectroscopy

In dielectric spectroscopy, a sinusoidal voltage is applied
across a sample localized between two electrodes in a probe
station and the frequency of the voltage is scanned from a max-
imum to a minimum value. The measured current response
due to charged species present in the sample can be interpreted
in terms of several interrelated complex frequency-dependent
parameters such as impedance, conductance, capacitance and
dielectric permittivity. For example, the complex permittivity
¢ of a sample is obtained from the measured complex capaci-
tance C as

e:e’—is”:g, (1)

Co
where C is the capacitance of the empty measuring cell, and
¢ and ¢” are the real and imaginary parts of the permittivity,
respectively. For the measuring cell used in the present work
Co = e0Ald, where A and d are the electrode area and electrode
separation distance, respectively, and &g is the permittivity of
free space (8.854 x 10~ Flem).

In this work an analysis method described earlier [25] is
employed and specifically focuses on the real part, ¢’, of the
complex conductivity, o, which is related to the real part,
G’, of the measured conductance and to the imaginary part,
", of the dielectric permittivity as
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o :%G’ = wege”. (2)
Here w is the angular frequency.

At high frequencies, the movable ions in a sample will only
have time to travel a very short distance before the sign of the
applied sinusoidal field is changed and the ions are forced
to change their direction of motion. Thus, at high enough
frequencies, the ions will be able to move unhindered by the
electrodes as if they were free. The conductivity associated
with this dc-like, unrestricted, motion can be expressed as

ng*D
O4c = ZT )

3)

where n is the concentration of carrier ions, ¢ is the ionic
charge, D is the ion diffusion coefficient, and kT is the thermal
energy.

At lower frequencies the movement of ions is hindered by
the electrodes — a phenomenon referred to as electrode polar-
ization — and under certain circumstances, such that the elec-
tric fields created by charge separation near the electrode
surfaces do not induce non-linear effects [27,28], the charge
carrier concentration can be extracted from the permittivity
spectrum using the following relation [29]:

4 /
ne Ogc eoeskT. @)
VX = Degelwy | ¢*d?

Here ¢ is the real part of the dielectric permittivity in
the high-frequency region where ¢’ is dominated by dc-like
ion conduction and wy is the angular frequency for which
¢ (wy) = Xel.

The dielectric spectroscopic measurements were carried
out with a Novocontrol Alpha-AN dielectric measurement
system (Novocontrol Technologies GmbH & Co. KG). The
samples were placed between two gold-plated brass elec-
trodes having a diameter of 10 mm and the electrode separa-
tion was set by a micrometer screw, Fig. 1. A guard ring was
incorporated around the signal electrode to reduce stray
capacitance and edge effects and the entire electrode arrange-
ment was enclosed in a sealed stainless steel container to
provide an electrically shielded environment. A 100%
relative humidity (RH) environment inside the container
was ensured when water was placed in the bottom of the
stainless steel container. The temperature was controlled
with an incubator (Incucell IC 55, BMT a.s., Brno, Czechnia)
for temperatures above room temperature (RT) and a ther-
mometer with an accuracy of £0.2 °C was located inside
the container. Dielectric spectra in a frequency range of
1072—10° Hz were recorded for five temperatures in the
interval between RT and 55 °C. Each temperature scan was
finalized by recording a RT spectrum to investigate if irre-
versible changes in the structure were introduced by raising
the temperature. The measurements were carried out for at
least four samples of each BC type investigated.

o Micrometer screw

Upper signal
electrode
Moveable stage

to adjust
electrode spacing

Teflon
insulation

Lower
electrode

Fig. 1. Dielectric measurement cell described in detail in Ref. [26].

2.2.2. Water desorption isotherms

The equilibrium moisture content was obtained from gravi-
metrical measurements using a AX504DR balance (Mettler
Toledo) after the samples had been stored in desiccators for
6 days at RT over saturated salt solutions of NaCl,
Mg(NO;),, K,CO5, Nal, Lil, and CaCl, corresponding to 75,
54, 43, 39, 19, and 0% RH, respectively. Prior to the measure-
ments, the samples were stored at RT at 100% RH, over a water
bath for 24 h. The mass of water present in the samples per
mass of dry cellulose was calculated, based on the assumption
that the powders stored over the CaCl, salt solution was com-
pletely dry, as

Mafter X% RH — Meellulose X% RH
g water/g dry cellulose = ———— e (5)

Mcellulose X% RH

where muper x9 ry denotes the actual sample mass measured
after the sample has been stored at X% RH and mi¢ciiuiose x% rH
denotes the dry cellulose part of this mass. Whereas mi,ger xo rH
is measured directly, M¢eqiuiose x% ru €an be calculated accord-
ing to the following equation:

_ Mafier 0% RH X Mpefore X% RH 6
Meellulose X% RH = . ( )
Mpefore 0% RH

Here myefore x9% ru 1 the measured mass of the sample before
it is placed in the X% RH desiccator, muger 09 ru 1S the mea-
sured mass of the sample that has been stored at 0% RH in the
CaCl, desiccator and Mipgiore 09 ru 1S the measured mass of
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that particular same sample before it was placed in the CaCl,
desiccator.

2.2.3. Environmental scanning electron microscopy

An environmental scanning microscope of type Philips XL
30 ESEM-FEG with standard Peltier heating and cooling stage
was employed for microscopic observations of BC and CC gel
samples. The RH in the measuring chamber was kept at 77%
by setting the chamber pressure to 4 Torr through a computer-
stabilized needle valve and the sample temperature was main-
tained at 45 °C by means of a Peltier stage.

2.24. Cryogenic transmission electron microscopy

Cryogenic TEM (cryo TEM) images of disintegrated BC20
samples were obtained by using a Zeiss EM 920 A transmis-
sion electron microscope (Carl Zeiss Inc., Oberkochen, Ger-
many). The technique is described elsewhere [30,31]. The
samples were prepared at 25 °C. Images were taken in zero-
loss bright field mode with an acceleration voltage of 80 kV.

2.2.5. Freeze fracture transmission electron microscopy

The freeze fracture replica technique was conducted on dis-
integrated BC20 samples diluted 30 times in water. A copper
grid (300 mesh) was dipped in the BC solution and placed
between two copper specimen carriers and thereafter quick-
frozen in liquid propane at —180 °C in a BAL-TEC JFD 030
Jet Freeze Device (BAL-TEC AG, Liechtenstein). The frozen
samples were transferred to a BAL-TEC BAF 060 freeze frac-
ture system (BAL-TEC AG, Liechtenstein) where the samples
were fractured at —150 °C. The fractured surfaces thereafter
were immediately replicated by evaporation of a 3 nm plati-
num—carbon coating followed by a 20 nm carbon coating.
The films were deposited from two electron guns positioned
at 45° and 90° (relative to the fractured sample surfaces), re-
spectively. The replicas were floated off in distilled water
and the replica pieces were then cleaned in 70% sulfuric
acid for 30 min followed by distilled water for 5 min, 14%
sulfuric acid for 30 min and finally two times for 5 min in
distilled water.

The clean replicas were collected on a copper grid and
studied with a Zeiss LIBRA® 120 transmission electron mi-
croscope (Carl Zeiss NTS GmbH, Oberkochen, Germany).
Images were taken in zero-loss bright field mode with an
acceleration voltage of 120 kV.

3. Results and discussions
3.1. Dielectric spectroscopy

Fig. 2 shows the real part of the permittivity recorded at RT
for the four types of BC gels and the one type of CC gel under
study. For comparison ¢ for one of the most commonly used
microcrystalline cellulose (MCC) powder types used in phar-
maceutical applications, Avicel pH 101, equilibrated at 22%
RH [32] as well as &’ for deionized water [25] is also included
in the figure. By comparing the BC gel spectra to that of the
moist MCC powder, one finds that the high-frequency values

O BC20 gel

O BC35 gel 4
< BC50 gel

4 BC100 gel

< deionized water
X moist MCC powder |
R CC gel

Real part of permittivity, &

107 1 10° 10* 108
Frequency [Hz]

Fig. 2. Real part of the permittivity for bacterial cellulose (BC) gels produced
at different oxygen concentrations, for a Cladophora cellulose (CC) gel, for
MCC powder equilibrated at 22% RH from Ref. [32], and for deionized water
from Ref. [25]. All spectra were recorded at room temperature.

of ¢ for the BC gels are in the range 7.3—8.7 and substantially
higher than that for the moist MCC powder. In an earlier study
of the effect of water on dielectric spectra of MCC powders it
was found that increasing the amount of water from 0 to
6 wt% in the MCC powder bed did not increase the magnitude
of the high-frequency ¢/, indicating that water was bounded in
the cellulose structure in such a way that it did not contribute
to the dipolar dielectric response [22]. As the high-frequency
¢ for dry cellulose is ~4.5 and the corresponding value for
free water is ~ 80, water clearly has a significant effect on
the high-frequency dielectric response of the BC gels under
study. Considering that there is ~99 wt% water present in
the gels [13], however, a simple calculation shows that only
10% of the water present behaves like free bulk water; the ma-
jority of the water molecules in the BC gel structures is rather
tightly bound to the cellulose structure. For the CC gel under
study the high-frequency ¢’ is ~ 11, indicating that the ability
to bind water strongly in this structure is slightly lower than
that in the BC gels. Significant differences in ¢’ amongst the
BC gels produced at different oxygen concentrations could
not be revealed. The variation in frequency for which &', due
to electrode polarization, rises from its high-frequency plateau
value to its low frequency constant value for the specific mea-
surements displayed in Fig. 2, is a function of gel thickness
only; the thinner the gel (in Fig. 2 BC50 is the thinnest), the
higher the electrode polarization onset frequency [28].

Fig. 3 shows ¢’ for the BC and CC gels under study to-
gether with the same parameter for deionized water. The cor-
responding parameter for MCC powder equilibrated at 22%
RH — and thus containing ~ 3 wt% water [33] — is several or-
ders of magnitude lower [32]. From the figure it is apparent
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Fig. 3. Real part of conductivity for bacterial cellulose (BC) gels produced at
different oxygen concentrations, for a Cladophora cellulose (CC) gel and for
deionized water from Ref. [25]. The inset shows the parameter g4 extracted
from single measurements on the four types of BC gels under study performed
at five different temperatures.

that the unhindered ionic conductivity in the BC and CC gels,
d4c described by Eq. (3), is of the same order of magnitude as
for deionized water. From the shape of the ¢’ vs. frequency
curves it is also clear that the number of charge carriers as
well as the diffusion coefficient of the ionic species governing
the conduction can be extracted using Egs. (3) and (4) [25].
Again, the reason for the different onset frequencies of elec-
trode polarization (decreasing ¢’ towards lower frequencies)
lies in the different electrode separations used in the individual
measurements. While for the BC gels the electrode separations
were between 20 and 80 um, the separations in the deionized
water experiment [25] and the CC gel experiment displayed in
the figure were 25 and 240 pum, respectively.

Included in Fig. 3 is an inset showing g4, extracted from
single measurements on the four types of BC gels under study
performed at five different temperatures. From the temperature
scans it was found that the temperature could be raised only to
~45 °C without introducing irreversible changes in the gel
structure. After recordings performed at higher temperatures,
the initially recorded RT spectra could not be retained. This
is in accordance with earlier findings [34] showing that at
a temperature of ~320 K (or 47 °C) chemical and/or struc-
tural changes related to water sorption—desorption in the BC
set in. Thus, to extract the activation energies of the charge
transport processes in the BC gels only the Arrhenius behaving
data points below ~45 °C are used. These data are presented
and discussed below.

Fig. 4 shows D and n as obtained from Eqs. (3) and (4), re-
spectively, for a recording on a BC20 gel and a CC gel sample
together with the same quantities for deionized water from
Ref. [25]. Included in the figure are the diffusion coefficient
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Fig. 4. Diffusion coefficients, D, and charge carrier concentrations, n, as ob-
tained from Eqgs. (3) and (4), respectively, for a recording on a BC20 gel
and a CC gel sample together with the same quantities for deionized water
from Ref. [25]. Included in the figure are the D and n values obtained for
MCC powders equilibrated at the indicated RHs from Ref. [33] and thus con-
taining various amounts of water. The approximately constant n» and D regions
around 107 Hz for both the gels and the deionized water signify the region of
validity for Eq. (4).

and the concentration of ionic charge carriers in MCC powder
from Ref. [33] equilibrated at the indicated RHs and thus con-
taining various amounts of water. The approximately constant
n region around 10% Hz for both the gels and the deionized
water signifies the region of validity for Eq. (4). At lower
frequencies, the linearity assumption for the internally
generated electric fields no longer holds and an incorrect
rise in n towards lower frequencies results. From the approx-
imately constant n region, the charge carrier concentration dis-
played in the figure could be extracted. Similarly, the D values
extracted from the plateau region between 107 and 10 Hz are
also displayed. By comparing all displayed values it is clear
that the concentration of charge carriers contributing to the
conductivity in the liquid phase of the BC and CC gels is sig-
nificantly larger than those in an MCC powder structure and
also than in deionized water. The fact that » is larger than
that in deionized water clearly shows that there are other ionic
species present in the gels than the water constituent ions
(H;0" and OH"). These ions are most likely Na™ ions or
other smaller ions remaining from the purification of CC
and BC. Whereas the average diffusion coefficient for water
constituent ions in deionized water is ~2 x 107> cm?/s, D
in the BC20 and the CC gels are of the same order of magni-
tude as in a moist MCC sample (almost always containing
Na™ ions in addition to H;O" and OH "), viz. ~10~’ cm?%s.
This indicates that the long range ionic charge transport mech-
anism in both the BC and the CC gels with water contents of
around 99 and 98 wt%, respectively, is similar to that in MCC
containing only a few wt% of water. The presence of a contin-
uous bulk liquid phase in the gels would constitute an easy
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conduction path for water constituent ions as well as other
small ions and would lead to diffusion coefficients of the
same order of magnitude as those for ions in free water.
From the low diffusion coefficients found here, the conclusion
can be drawn that ~ 10% of free water present in the gels — as
extracted from the high-frequency dielectric response — does
not form a continuous phase throughout the gels, but rather
is confined in isolated ‘“lakes’ in the microfibril network.
This is also in agreement with percolation theory, since perco-
lation of a component in a three-dimensional network seldom
occurs at volume ratios below 20% [35].

Water vapour adsorption on MCC powder of land plant or-
igin has been shown to occur in different steps, and three var-
ious binding strengths (tightly bound, less tightly bound and
bulk water) of the water molecules to the cellulose structure
have been identified [36]. In the first step, each water molecule
attaches to two carbon-6 hydroxyl (6-OH) groups on neigh-
bouring cellulose chains. A moisture content of ~ 1.5 wt%
in MCC represents a ratio of one water molecule to two mono-
mer units in the cellulose. The water adsorbed in this step
is tightly bound [37]. At moisture contents exceeding
~ 1.5 wt%, it is still energetically favourable for the water
molecules to bind to the 6-OH groups. Hence, during the
adsorption process above ~ 1.5 wt% moisture content, the
tightly bound water molecules present in the structure have
to let go of one of the hydrogen bonds to leave room for the
incoming water molecules to attach to a 6-OH group. At
~ 3 wt% moisture, each water molecule is attached to the cel-
lulose chain by only one hydrogen bond and is thus less tightly
bound than that in the initial step. On adding further moisture
to the MCC structure, polymer—polymer hydrogen bonds in
the cellulose may be broken to make more primary binding
sites available. Water may also attach to the water molecules
already bound to the cellulose by dipole attraction or by
weak hydrogen bonds [37]. At humidities higher than
~60% RH (~6 wt% moisture) water can also bind to other
water molecules, including those not bound to primary sites
[36] and, thus, form a more weakly bound bulk liquid phase.
Considering that only ~10% of the 99 wt% water present in
the BC gels is likely to be present in a free bulk liquid phase,
the three-binding-strength model proposed for water adsorp-
tion to MCC powder cannot be used to describe the energetic
of the water binding mechanism during the BC gel biosynthe-
sis process. Both CC powders [14] and never-dried [38] and
freeze-dried [39] BC gels have surface areas exceeding that
of MCC powder [14] by approximately two orders of magni-
tude, and thus have considerably more primary water binding
sites available: the fact that much less CC powder was needed
to form solid—gel mixtures as compared to MCC powder has
previously been explained by the large surface area available
for water to bind to CC [18].

Fig. 5 shows the activation energies of the conduction pro-
cess extracted from curves of the type shown in the inset of
Fig. 3 at temperatures between RT and ~45°C as well as
the RT diffusion coefficients related to this process for the
BC gels under study. A variation in the diffusion coefficient
with varying oxygen concentration at which the BC gels

400 . . , . — 100
350 F
H80 2
= 300 i ¢ =
] A,
E E, ]
= L I}
N 250 100 §
& g
S 200 s
) s
£ S
s - 40
€ 150+ o
o= S,
=3 —
< jo0f q] 5 =
D 420 =
50 i
0 1 1 1 1 l 0
0 20 40 60 80 100

BC sample (% 02 in fermentation)

Fig. 5. Activation energies of the conduction process extracted from curves of
the type shown in the inset of Fig. 3 at temperatures between RT and ~45 °C
as well as the RT diffusion coefficients related to this process for the BC gels
under study. The error bars indicate absolute variations over three
measurements.

were biosynthesised may be noticed. The diffusion coefficient
decreases slightly with increasing oxygen concentration for
oxygen concentrations below 50%, while the value of D for
BC100 gels is similar to that for BC20 gels. The activation en-
ergy follows an, not statistically confirmed, opposite trend
with the lowest value for the BC100 gels. To our knowledge
there are no literature data available on the activation energy
for the diffusion process in moist land plant derived MCC in
the temperature interval slightly above RT. Earlier studies per-
formed at higher temperatures on dried BC containing only
small amounts of moisture have shown on diffusion activation
energies above 1.2 eV (118 kJ/mol). The values presented in
Fig. 5 are considerably lower and only slightly higher than
0.1 eV, which is the activation energy of diffusion of protons
in free bulk water [40].

3.2. Desorption isotherms

Fig. 6 shows the water desorption isotherms of the BC gels
under study. Incorporated as an inset in Fig. 6 are earlier pre-
sented [14] desorption isotherms recorded on powders of MCC
(Avicel pH 102) and on CC. In the high-humidity region the
onset of desorption in the BC gels is clearly shifted towards
lower RHs with increasing oxygen concentrations during the
fermentation process. According to the Kelvin equation [41]
this shift could be indicative of a decrease in size of the capil-
laries — the above-mentioned ‘‘lakes” hosting bulk water —
with increasing oxygen concentration. This conclusion is in
accordance with previously reported data [15] showing that
the diameter of the largest capillaries in Cladophora cellulose
powder is significantly smaller than the corresponding one for
MCC powder, and as can be seen in the inset the major
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Fig. 6. Water desorption isotherms of the BC gels under study. The inset shows
the corresponding isotherms recorded on powders of MCC and Cladophora
cellulose from Ref. [14].

desorption in the CC powder takes place at a lower RH than in
MCC. By further comparison between the cellulose powder
isotherms and the BC gel isotherms it is found that the BC
gels need to be dried at RHs as low as 20—30% to reach the
same low level of moisture content as the powders.

3.3. Electron microscopy

Cryo TEM images of disintegrated BC can be viewed from
Fig. 7. Individual fibres of about 30 nm in width can be clearly
distinguished. These fibres are most likely the individual crys-
talline microfibrils as several previous SEM examinations
have shown that the microfibrils in A. xylinum produced cellu-
lose have this size. The figure panel to the left shows approx-
imately 5—10 microfibrils assembled in a twisted ribbon. The
width of the ribbon is approximately 200 and 400 nm at the
narrowest and widest parts, respectively.

Fig. 8 shows ESEM images recorded at 77% RH of the
inner side of the BC gel tubes. At this RH the gels contain

;

between 10 and 40 wt% water, Fig. 6. An earlier study has re-
vealed that more cellulose is produced at higher oxygen con-
centrations [23]. Upon water desorption, the BC gel tubes
become pleated, which results in structures of 10—20 um in
size. The creases seem to be getting denser at higher oxygen
concentration probably due to higher amount of cellulose in
these BC gel tubes. At short length scales the network of mi-
crofibril bundles also seen in the cryo TEM images are clearly
visible.

Two freeze fracture micrographs of the BC are shown in
Fig. 9. The BC is known to be composed of flat-shaped micro-
fibrils, each consisting of several thousands of glucan chains
[5], and in both panels presented this flat-shaped structure
can be distinguished. More interesting, however, is that these
pictures allow for a detailed visual examination of the arrange-
ment of microfibrils in ribbons and also give some support to
the above set-forth “lake” assumption. The microfibrils are
clearly woven together in a network that leaves some open
space in which it is likely that water may exist in bulk phase.
A detailed analysis of the size of these lakes should, however,
not be carried out with the presented freeze fracture images as
base since the BC was diluted prior to examination.

4. Summary and concluding remarks

Dielectric spectroscopy was employed to characterize the
structural properties of water and the associated charge trans-
port mechanisms in cellulose gels produced by A. xylinum
bacteria at various oxygen concentrations. The frequency-
dependent dielectric behaviour of the gels was compared to
that for gels of cellulose extracted from the green algae Clado-
phora as well as to moist powders of microcrystalline land
plant derived cellulose. Water desorption isotherms, ESEM,
freeze fracture TEM and cryo TEM were also employed to
obtain information about the BC nanostructure.

Small variations in the diffusion coefficient of water con-
stituent ions and ions remaining from the gel purification
process transported in the water phase of the BC gels were
found between gels biosynthesised at different oxygen concen-
trations; the lowest diffusion coefficient was found for gels
produced at an oxygen concentration of 50%.

0

Fig. 7. Cryo TEM images of disintegrated BC20.
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Fig. 8. ESEM images recorded at 77% RH on the inner side of the BC gel tubes. At this RH the gels contain between 10 and 40 wt% water.

Upon water desorption, the BC gel tubes became pleated,
resulting in structures of 10—20 um in size as observed in
the ESEM. A densification of pleats with increasing biosyn-
thetic oxygen concentration was noted and explained by an
increasing amount of cellulose.

It was found that only about 10% of the 99 wt% water pres-
ent in the BC gels behaved like free bulk water; the majority of
the water molecules in the gels was more or less tightly bound
to the cellulose. This number was similar, but slightly lower
than the corresponding one for CC gels indicating that the
ability to bind water strongly in never-dried BC gels is slightly
higher than that in the CC gel structure. This indicates that
never-dried or as-biosynthesised BC gels have better ability
than CC to strongly bind water.

The magnitude of diffusion coefficients extracted from
dielectric spectroscopic measurements as well as the informa-
tion contained in freeze fracture TEM images indicates that
the free or bulk-like water present in the BC gels is confined
in “lakes” rather than forming a continuous phase through-
out the gel structure. Water desorption isotherms suggest that
these “lakes’, hosting bulk water, decrease in size with in-
creasing oxygen concentration used under the biosynthesis
process. In the future it would be interesting to study the
correspondence between the biocompatibility of BC gels
and the size of the lakes discovered in the present work
since the amount and state of water are assumed to be of
importance for interactions with proteins and other
biomolecules.
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Fig. 9. Freeze fracture TEM images of disintegrated BC20.
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