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GRAPHICAL ABSTRACT

Effect of dehydration method on the micro- and nanomorphological
properties of bacterial cellulose produced by Medusomyces gisevii on
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Introduction

Bacterial cellulose (BC) is a linear extracellular poly-
saccharide composed of glucose and glucose-6-phos-
phoethanolamine units, synthesized in fairly large
quantities by representatives of the genera Gluconace-
tobacter, Acetobacter, Azotobacter, Pseudomonas, Alcali-
genes, Agrobacterium, Sarcina and Rhizobium [15]. Fur-
thermore, BC is a minor but common component of
biofilms produced by many Enterobacteriaceae [26].

In BC-synthetizing bacteria, it presumably contrib-
utes to many vital functions, including the integrity
of the bacterial cell envelope, mechanical, chemical
and physiological protection, cell adhesion, and bio-
film stability [22]. Due to its porous three-dimensional
fibrillar crystalline structure, resulting in high water-
holding capacity, high elasticity and stiffness, as well
as excellent biocompatibility and high chemical homo-
geneity, BC has been increasingly used in many fields,
including numerous applications in biomedical engi-
neering [4, 19].

Unfortunately, more intensive (and extensive) use
of BC is still hindered by sample-to-sample variability
of its properties and potential quality deterioration,
which becomes especially pronounced with produc-
tion scaling up or upon varying technological process
parameters [21]. Indeed, a number of studies con-
ducted by us and other authors in recent years have
already shown the relationship between the structure
of the polymer and the type of cultivation (static or

dynamic mode), used strain of bacteria, composition
of the nutrient medium, and many other factors [2, 3,
7,19]

In its natural form, bacterial cellulose represents a
hydrogel, containing just 1.5-2.0% dry matter. How-
ever, for many practical applications, most BC water
needs to be removed to achieve better mechanical
performance and to increase chemical stability. Dry-
ing also makes BC materials more portable and con-
venient to use. For this reason, the majority of existing
BC production methods include drying/dehydration
steps. Dehydration of BC can be achieved by different
approaches, including freeze-drying (lyophilization),
a combination of thermo-mechanical factors (e.g. hot
pressing), or simply by “passive” drying at room tem-
perature. In 1999 Madihally et al. proposed the pro-
cess of freeze-drying membranes as a possible way to
maintain a reasonable primary BC structure, and here
we will follow this approach to obtain cellulose mem-
branes in addition to the conventional process drying
by simple evaporation of the solvent [16].

The drying method can be crucial to the structure,
performance, and application of BC films. In 2006,
Clasen et al. [5] showed that freeze-drying resulted in
a significant increase in gas permeability and swell-
ing degree of BC films produced by Gluconacetobacter
xylinus, compared to the evaporation-dried BC sam-
ples. Five years later, Zhang et al. [29] demonstrated
that the choice of a drying method and its parameters
may significantly affect the properties of the final BC
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product. They found that the mechanical properties
of BC films dried by hot air were significantly better
than those of samples dried in a vacuum freeze-drying
machine. However, some later studies suggested that
lower drying temperatures can improve the defor-
mation characteristics of dehydrated BC films [8]. In
the last decade, scientific and practical interest in the
dehydration of cellulose gel films was focused mainly
on studying physical/mechanical characteristics, while
the dependence of micro- and nanomorphological
structure and crystallinity on the chosen drying pro-
tocol has yet to be scrutinized.

The several existing studies devoted to nanomor-
phological effects related to the drying process vary
significantly in their interpretation and evaluation
of the influence of dehydration process parameters
(temperature, duration and other) on the crystallinity
index of cellulose. Vasconcellos and Farinas reported
that oven-dried BC exhibited a dense structure with
collapsed fibers in contrast to the loose and porous
surface of the freeze-dried material [27]. In their study,
the thermal stability of the BC films also depended on
the drying method, being 6 °C higher in the freeze-
dried samples, although differently dried BC films
displayed similar crystallinity degrees.

Later, Illa et al. pointed out that oven-dried BC
possessed slightly higher crystallinity and lower fiber
diameter as compared to freeze-dried BC [12]. They
also reported larger crystallite size and pore size of the
lyophilized BC. In contrast, when comparing BC sam-
ples dehydrated at 25 °C, 50 °C, and 100 °C, Rosyida
et al. found no differences in their surface morphol-
ogy. At the same time, they argued that higher drying
temperatures tend to cause higher BC fragility due to
higher crystallinity [23]. Interestingly, these findings
do not quite coincide with the results published by
Mohammad et al., who pointed out that high-temper-
ature dehydration of BC lowered its thermal stability
and reduced the crystallinity index by +5.0% com-
pared to freeze-drying [17].

We think that dehydration is not only an essential
downstream processing step in BC production but also
a potentially useful tool for adjusting and tuning the
BC properties for a given application. Nevertheless,
despite the aforementioned studies, systematic data on
the effect of the drying method on the BC surface prop-
erties and crystalline structure are still deficient. Here,
we are presenting an experimental case study examin-
ing the relationship between the drying method and
the composition of the culture medium on one side
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and the nanostructure of BC on the other side. Our
hypothesis was that BC films dehydrated at different
temperatures and with different speed will not only
have different appearance and mechanical properties
but also will differ on the nanoscale —in particular, in
their nano- and microfiber alignment patterns and in
their crystallinity degree. For better assessment and
analysis of the fibrillar structure of bacterial cellulose
films dehydrated under different conditions, in this
work we have collected and compared data obtained
from atomic force microscopy (AFM), scanning elec-
tron microscopy (SEM), and X-ray diffraction (XRD).

Materials and methods

Culture medium composition and biosynthetic
process

Symbiotic microbial consortium Medusomyces gisevii,
also known as the “Kombucha fungus” was acquired
from the Scientific Center Kurchatov Institute—
Research Institute for Genetics and Selection of Indus-
trial Microorganisms (Russia). This steady microbial
community is composed of 15-30 genera represented
by yeasts (predominantly Zygosaccharomyces sp.) and
the acetic acid bacteria (mainly Gluconacetobacter xyli-
nus, conventionally known as Acetobacter xylinum).
More exact species composition of the Kombucha
culture is detailed elsewhere [13, 14].

Two variants of culture medium differing in their
principal carbon source were used for cellulose bio-
synthesis by Medusomyces. The culture medium
consisted either of 7.5% glucose, or of 7.5% sucrose
(Sigma-Aldrich Co.) dissolved in 0.4% extract of plain
green tea (Woodbury Sugar Shed Co. USA). The tea
solution was prepared by infusing 4 g of dry green tea
in 1L of hot (80 °C) tap water for 15 min, resulting in
approx. 1.21 g-L! green tea extractives in the medium.
This medium is considered “selective” for Medusomy-
ces, so that cultivation can be carried out under non-
sterile conditions.

The BC biosynthesis by Medusomyces was car-
ried out under batch cultivation conditions within
cuboid polypropylene tanks (15 cm height x 17 cm
width x 10 cm length) at 25+ 2 °C. The medium was
inoculated with a suspension of Medusomyces biomass
previously adapted for 7 days for the correspond-
ing carbon source. The initial volume of the culture
medium in the tank was 1.5 L, and the initial ratio of
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the inoculum to the culture medium was adjusted to
1:3 (v/v). The active (titratable) acidity was followed
daily but never adjusted during cultivation. The BC
was formed as a swollen gel pellicle (film) at the
air-water interface, and its thickness correlated with
cultivation time.

Cellulose purification and drying

BC pellicles were collected and examined on 8th day
of cultivation. After the cultivation period, the con-
tent in the tank was vigorously stirred for 10-15 min
to reduce the number of attached microbial cells. BC
pellicles at the air/liquid interface were manually sep-
arated from the culture liquid, gently squeezed out,
and washed with deionized water until neutral pH
values were reached. Each resulting gel sample was
collected and analyzed in triplicate (i.e., from three
different culture tanks).

The rinsed BC material was incubated in the equal
volume of 0.1 M NaOH at 80 °C for 90 min to remove
the remaining microbial cells. This step was repeated
four times until a (perceptibly) colorless transparent
BC pellicle was obtained. The resulting BC pellicle was
rinsed with deionized water until neutral pH values
were reached (7.0 +0.6). The wet weight of the cel-
lulose gel pellicles was measured using a laboratory
balance.

After washing, dehydration of the cellulose samples
was carried out in two ways: (a) BC was pre-frozen at
—70 °C for 6 h and then freeze-dried (lyophilized) at
—75 °C for 48 h using a pilot-scale shelf freeze-dryer
Jaba-Lyoph-Pride (ilshinBioBase, Dongduchon, South
Korea), and (b) BC was allowed to dry under room
conditions (temperature 24 + 2 °C, humidity 65 + 1%,
until constant weight. Further in the text, the first and
the second methods are referred to as RT-method
(room temperature) and FD-method (freeze-dried),
respectively. After dehydration, the BC samples were
stored at room temperature in plastic containers until
further tests.

Characterization of bacterial cellulose

The RT- or FD- samples synthesized on glucose or
sucrose media for 8 days were examined and com-
pared in terms of their macro-, micro- and nanomor-
phological features.
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Scanning electron microscopy (SEM)

The primary examination of the spatial orientation
of BC macrofibrils was carried out by SEM. For each
experimental variant, at least three specimens previ-
ously cut into 2 x 2 mm pieces using a sharp blade
were examined using a scanning electron microscope
JCM 5700 (JEOL Ltd. Japan). Since the studied samples
of BC are dielectrics, low accelerating voltages were
used, not exceeding 5 kV.

SEM images were taken in the plane perpendicu-
lar to the BC film surface from at least three differ-
ent randomly selected positions of three different BC
samples, using magnifications ranging from x 500
to x 20000. Quantitative data related to the size of
inclusions, average pore size and fiber alignments
were obtained using the JCM 5700 image analysis soft-
ware tools by taking the mean value of 20 individual
measurements and the standard deviation for each
measured parameter.

Atomic force microscopy (AFM)

Information about sample surface topology and fibril-
lar structure was obtained using the atomic force
microscope NTEGRA Prima (NT-MDT Spectrum
Instruments, Russia) operated in a semi-contact mode.
The scanning was performed in the air by HA-NC
Etalon Series cantilever with a characteristic stiffness
of 3.5 N/m. Amplitude and a phase of cantilever fluc-
tuations were detected using an optical sensor.
Together with the “height” signal, allowing the
investigation of the sample topography in three
space coordinates, the “mag” signal was registered
for better visualization of fine surface irregularities.
Furthermore, the “mag” mode allows the detection
of minor surface inhomogeneities, as it simulates the
constant height mode, revealing the deviation of the
probe when moving between adjacent surface points.
The obtained signal was measured as a change in the
photocurrent (pA) between the upper and lower sec-
tions of the optical sensor. AFM image processing
and analysis were performed using the Gwyddion
software developed by Necas and Klapetek [18] and
distributed under the GNU GPL license. Quantitative
measurements of the pore size, fiber length, and diam-
eter were done on the obtained images using NTEGRA
image software tools. Average values and standard
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deviations were calculated from 20 individual meas-
urements for each parameter.

X-ray diffraction (XRD)

XRD measurements to assess the supramolecular
structure of bacterial cellulose were performed on
a diffractometer XRD-7000 (Shimadzu, Japan) with
monochromated Cuy, radiation in the 6-26 mode.
The diffractograms were recorded between 20 angles
of 10° and 30°. The applied tube voltage was 40 kV,
current 40 mA. Deflection, scattering and receiving
slits were set to 1°, 1°, and 0.15 mm, respectively. Data
analysis was carried out in reflection geometry.

A common problem in analyzing diffractograms is
the choice of the peak shape function. In this work, to
approximate the line contours on the X-ray pattern,
the pseudo-Voigt function pV(x) was used, which has
the form:

pV(x) = nL(x) + (1 - nG(x) (1)

where the weighting parameter n determines the ratio
of the Lorentzian (L) and Gaussian (G) fitting compo-
nents [1, 6]. Data processing and pseudo-Voigt fitting
of the XRD peaks was performed in Fityk software
(https://fityk.nieto.pl/) under the assumption that the
reflection of the (100), (010), and (110) crystal planes
of the cellulose corresponds to 14.4°, 16.8°, and 22.6°
of 20 respectively [28]. Therefore, the amorphous area
was considered to be centered at approximately 18.5°.
The obtained integral intensities were used to calcu-
late the crystallinity index (CI) by the Ruland-Vonk
method [2].

This method also allows to derive BC crystallite
sizes (SC) from the ratio of the area of the crystalline
phase to the total area under the diffraction curve,
which includes scattering by the amorphous and
crystalline phases. The initial stage of the calculation
consisted in determining the position of the maximum
and fitting the peaks of the crystalline component.
Next, the numerical data on the areas of the crystal-
line and amorphous phases, the width of the reflec-
tions at half maximum, and the diffraction angles were
refined and analyzed using the Fityk program. The
background correction was performed by subtract-
ing the baseline values connecting the horizontal sec-
tions in the lower part of the spectrum. The size of the
coherent scattering region also was calculated from the
X-ray data. This parameter characterizes the area in
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the material in which the three-dimensional periodic-
ity of the arrangement of atoms is preserved.

The lattice (inter-atomic) spacing d was determined
using the classical Bragg equation for each diffraction
angle:

D = 1/2sind )

An increase in the half-width of the peak in the
X-ray diffraction pattern (parameter Dy, is the width
of the X-ray peak at half its height) indicates a decrease
in the size of crystallites. This information was impor-
tant for understanding the sizes of ordered regions in
the material, which, along with the proportion of these
regions (the CI parameter), helps to understand the
BC nanostructure more comprehensively [9, 10, 25].

Results and discussion
BC macrostructure and appearance

BC samples produced on glucose and sucrose were
subjected to two different drying methods: room tem-
perature drying (RT) or freeze drying (FD). Figure 1
shows the appearance of representative samples at
the end of these drying processes. The pictures where
taken by using a mobile phone camera with optical
(x 2) zoom.

It can be seen that similar to the previously pub-
lished studies [17, 27], samples derived by different
drying protocols looked macroscopically different—
while the RT-films were semi-translucent, colorless,
and smooth, the FD samples appeared opaque, whit-
ish and exhibited sponge-like structure.

Visual examination revealed also a more condensed
structure of the RT material. This might be caused by a
rearrangement of BC macrofibrils in the RT-films due
to the degradation of the porous network structure
and the formation of a more densely arranged bun-
dled muscular structures in the RT films. The possible
underlining effects (as pointed by Clasen et al.) are the
decrease of the fibrils volume and their aggregation
during thermal dehydration (RT) which presumably
lead to a decrease in the surface area of BC samples
(observed as “shrinkage” of BC samples by 10-20%)
[5].

The FD BC films were typically 700-900 um
thick; they showed high porosity and high fragil-
ity. The thickness of the RT-dehydrated films was
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Figure 1 The appearance

of the dehydrated BC gel
film samples synthesized on
glucose (a and ¢) and sucrose
(b and d). The two upper pic-
tures (a and b) show the RT
samples after drying at 24 °C,
and the lower pictures (¢ and
d) represent the FD samples
dehydrated by freeze-drying.
All photos were taken using
X 2 optical zoom.

significantly less: between 80 pum and 110 um. In
comparison with FD samples, they were significantly
more flexible. BC samples synthesized on glucose
and sucrose did not differ from each other in terms
of their thickness and appearance. We assume that
slow (vs. fast) removal of water promotes irreversible
aggregation of polymer chains, which results in per-
manent reduction in the elasticity of the RT samples,
persisting even after later rehydration of the films.
This is also reflected in the lower swelling capacity of
the RT membrane compared to hydrated FD samples
(data not shown).

It has already been reported that the mechanical
strength and permeability of bacterial cellulose mem-
branes are sensitive to processing after actual synthe-
sis. Seifert et al. found that the swelling ability of a bac-
terial cellulose membrane depends on the subsequent
drying process and that different swelling ratios are
observed for re-swelling membranes [24]. They also
proposed to modify the drying membrane by adding
linear polymers.

BC microstructure and surface topology

In order to investigate the microstructure of the
samples, they were examined using a scanning elec-
tron microscope. SEM-micrographs of the surface of
samples grown in glucose media, and then subjected
to different drying protocols are shown in Fig. 2a.
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Similarly to the previously published studies, all
BC films showed a hierarchical structure with pores
of different sizes from macro to micro scale [17, 27,
29]. A change of the network structure of the bac-
terial cellulose by the different drying processes is
already visible with SEM images. As shown in Fig. 2,
the FD membrane possesses thinner fibers than the
RT membrane.

The surfaces of both the RT- and FD samples often
displayed globular inclusions 0.5-1.5 um in diame-
ter, presumably representing fragments of destroyed
bacterial cells (Fig. 2, yellow arrow).

Comparison between glucose-derived BC sam-
ples dried by different methods revealed noticeably
denser microfiber interweaving in the RT-group.
A distinct feature of the freeze-dried samples was
the presence of straight fibers reaching lengths of
50 +12 um. The overall fiber packaging was not
tight, with a rather chaotic plexus. These results are
in good agreement with those by Zhang et al. [29],
who reported that freeze-drying leads to less entan-
glement between fibrils and preserves the volume of
cavities inside the BC films.

Likewise, in the sucrose-grown variants, a notice-
able feature of the freeze-dried BC was its obvi-
ously higher porosity, while the fibers of the RT cel-
lulose revealed a denser packing and the presence
of numerous folds on the surface (Fig. 2b, left and
right). Without regard to the differences caused by
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Figure 2 SEM images of the
surface of BC samples grown
on glucose (a, upper row) and
sucrose (b, lower row), FD
(left) and RT (right). Yellow
arrow: a globular inclusion
(presumably fragments of
destroyed microbial cells).

Sci (2024) 59:6614-6626

e

7 X3000 ! 5 um

the applied drying procedure, the surface of samples The AFM-view of surface nanostructure of the BC
synthesized on sucrose was more branched, dense, samples synthesized on glucose medium and dried by
and heterogeneous. The structure of glucose-derived  different methods is shown in Fig. 3.

BC was found to be less entangled and less randomly The morphology of the BC samples synthesized on
intertwined. glucose and then lyophilized (FD), showed a highly

Figure 3 AFM images

of BC synthesized from
glucose after FD (left) and
after RT drying (right). The
upper photos demonstrate
the roughness of the sample
according to the given
pseudo-color scales. The pA
values represent the photo-
current measured. The lower
row shows 3D-reconstruc-
tions of the obtained photos
after converting pA units into
height/roughness data.
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branched, porous structure with an average rough-
ness of 195 nm (Fig. 3, left). Fibrils in the FD were ran-
domly intertwined, however often displayed shapes
resembling straight lines packed in parallel pairs. To
obtain more accurate data on the fibril width, a series
of additional scans was performed. The average width
of fibers in the obtained surface profiles was close to
100 + 15 nm.

Under conditions of room-temperature dehydra-
tion, BC material attained a denser packing of fibers
(Fig. 3, right), which was accompanied by a signifi-
cantly more uniform surface, with typical rough-
ness not exceeding 81 nm. The length of fibers usu-
ally remained around 30 +7 um. However, the fibers
are intertwined more randomly, exhibiting multi-
ple bends. A more detailed surface profile analysis
showed that the average width was close to 55 nm,
which was about 45% less compared to the FD group.
Similar effects of lyophilization on material roughness
and porosity were previously pointed out by Clasen
et al. [5], who attributed the increase in the number of
networks meshes and resulting higher roughness to
the partial aggregation of free polymer strands during
freeze-drying.

In our previous study, we investigated the influence
of the carbon source and its concentration in the cul-
ture medium on the properties of the synthesized BC

Figure 4 AFM images

of BC synthesized from
sucrose after FD (left) and
after RT drying (right). The
upper photos demonstrate

the roughness of the sample
according to the given
pseudo-color scales. The pA
values represent the pho-
tocurrent measured by the
optical sensor. The lower row
shows 3D-reconstructions of
the obtained photos after con-
verting pA units into height/
roughness data.
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[7]. In BC-producing microorganisms, cellulose syn-
thesis is accomplished by a multi-component mem-
brane cellulose synthase complex which catalyzes the
assembly of activated UDP-glucose units into a linear
[-1,4-glucan chain (Acheson et al. 2019, Romling and
Galperin 2015). The performance of this synthesiz-
ing machinery may be affected by the structure of the
available substrate (carbohydrate). We found that the
surface of samples synthesized on sucrose, tended to
be more branched and heterogeneous. Compared to
the glucose-derived variants, it also displayed slightly
smaller pores (up to 0.2 um in diameter), and had
overall higher roughness [7]. Thus, it was interest-
ing to examine to what if the BC films synthesized on
sucrose would react to the drying conditions differ-
ently than those produced on the glucose substrate.
The results are presented in Fig. 4.

Distinguishing features of the FD cellulose (Fig. 4,
left) synthesized on sucrose were its wavy and
branched surface with numerous bending fibers, as
well as the presence of significant surface inhomoge-
neities. Figure 4 (right) shows an AFM image of bacte-
rial cellulose grown in a sucrose-containg medium and
dried at room temperature. Like in the FD-samples,
the pattern of fiber intertwining was rather random,
with multiple bends. Nevertheless, direct comparison
with the FD-group showed a more uniform surface
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of the RT-samples, with their roughness 68.5 nm. The
packing of macrofibers was also denser in comparison
with the similar sample obtained by freeze drying and
resembled to the glucose-derived BC sample obtained
by RT drying.

In both drying methods, the “sucrose group”
showed randomly intertwined microfibers with
lengths of 13+ 3 um. In other words, the microstruc-
ture of dried sucrose-derived BC seemingly depended
less on the choice of the drying protocol than those of
the glucose-derived BC.

As we speculated in our previous article [7], struc-
tural differences between films synthesized on glucose
and sucrose media may be associated with different
responses of microorganisms of the cellulose synthe-
sizing consortium to different carbon sources. Thus,
glucose is equally well and quickly metabolized by
both yeast organisms and acetic acid bacteria, while
sucrose is primarily consumed by yeast, which leads
to a delay in the metabolic and biosynthetic response
on the part of acetic acid symbionts. Perhaps this
asynchrony of the processes of sugar utilization and
growth is reflected in the microstructure of the result-
ing cellulose matrix.

Typical measured diameters of BC fibrils in the FD-
and RT-samples were 70 nm and 40 nm, respectively.
This is larger than the data published by Zhang et al.
but corresponds well to their observation that lyophi-
lization leads to larger average diameters of BC fibers
[29]. The same authors reasonably speculated that the
larger fiber diameter of the freeze-dried samples may
result from the decreased hydrogen bonding between
the chains and reduced chain motion due to direct
water sublimation.

Further analysis of the images acquired by the AFM
method allowed us to conclude that the BC films sub-
jected to freeze-drying were generally characterized
by a more branched structure, with a corresponding
higher surface roughness (68 + 10 nm and 81 +9 nm
for the FD and RT groups, respectively). At the same
time, the samples originating from different drying

J Mater Sci (2024) 59:6614-6626

protocols did not differ with respect to the average
fibril length (13 +3 um for both the FD and RT groups),
and average angle between the fibrils on the material
surface (45 = 15°). A table summarizing the changes in
BC microstructure at various levels after RT versus FD
drying is presented below (Table 1).

There was a general trend that the samples grown
in the sucrose nutrient medium featured multiple
bends of macrofibers, while for the samples grown on
glucose, straight fibrils were much more typical. Inde-
pendent from the carbon source used, freeze-dried BC
steadily displayed two times higher pore sizes.

Thus, the analysis of the data obtained by AFM con-
firmed the conclusions made based on SEM images,
namely, a big impact of the drying method on the BC
structure. This includes less dense packing of fibrils
for samples dried by freeze drying and higher porosity
of such samples.

Influence of the dehydration method on the BC
nanostructure and crystallinity

The effect of different drying protocols can be attrib-
uted to the degree of disordering of cellulosic struc-
ture, caused by the different arrangements in the
angles around (-glycoside linkages and hydrogen
bond rearrangement [20]. X-ray diffraction experi-
ments were performed to reveal further parameters of
the supramolecular structure of the samples: degree of
crystallinity, d-spacing and crystallite sizes. X-ray pat-
terns of BC obtained on glucose-and sucrose-contain-
ing media, dried by freeze-drying or at room tempera-
ture, are shown in Fig. 5. The obtained experimental
data (small pale dots) are shown approximated in the
X-ray diffraction pattern built by the Fityk program.
Thinner lines of violet, black, and green correspond
to different components of the pseudo-Voigt model;
the thick orange line represents the superposition all
components.

All samples displayed a significant proportion
of amorphous cellulose, manifesting itself as high

Table 1 Main AFM- and

. . Sample Average pore Average roughness over Average length  Average diameter
SEM-derived microstructural . .
diameter, um the field 30X 30 pm, nm of fibers, um of macro fibrils, nm
parameters of BC films
obtained on different Glucose FD 0.35+0.07 195+12 50+12 100+ 15
substrates and with different Glucose RT  0.12+0.04 81+5 30+7 55+6
drying methods Sucrose FD  0.20+0.06 68+ 10 13+3 70+15
Sucrose RT 0.13+0.05 81+9 13+£3 40+6
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Figure 5 XRD-ray profiles of bacterial cellulose grown on glucose (upper row) and sucrose (lower row), dehydrated by FD (left) and
RT drying (right). CI values represent calculated values of corresponding crystallinity indices.

intensity of the reflection (100) compared to the (110).
We presume that this occurred due to the disorder-
ing in the structure of BC fibrils caused by the drying
process. Long-range order in the BC films is partially
maintained due to the bonds between water mol-
ecules, and the quick process of freeze-drying seem-
ingly preserves this order better. The presence of a
pronounced (010) reflection apparently indicates the
presence of a noticeable order in the fibrils oriented
parallel to the film boundary. As follows from the dif-
fraction patterns measured for the RT-sucrose-samples
(Fig. 5, lower row, right), they exhibited especially
high content of the amorphous phase.

The obtained integral intensities were further used
to calculate the crystallinity index (CI) by the Ruland-
Wonk method. This method allows to derive CI from
the ratio of the area of the crystalline phase to the total
area under the diffraction curve, which includes scat-
tering by the amorphous and crystalline phases. It
must be taken into account that the integral intensity
of each reflection in the X-ray pattern is proportional to
the content of the crystalline phase, while the content
of the amorphous component of the cellulose mate-
rial is proportional to the intensity of diffuse scatter-
ing. The values derived of the degree of crystallinity,
d-spacing and crystallite sizes are shown in Table 2.

Table 2 Key parameters

CI,%  Glucose FD Glucose RT Sucrose FD Sucrose RT
of supramolecular structure
of dehydrated BC samples: 94 58 98 51
degree of crystallinity (CI), (100) (010) (110) (100) (010) (110) (100) (010) (110) (100) (010) (110)
d-spacing (d) and crystallite
sizes (Cs). d,nm 0.607 0.516 0.391 0.617 0.527 0.395 0.608 0.527 0.390 0.619 0.531 0.395
Cs,nm 4.56 462 479 442 394 555 529 535 556 456 309 576
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As follows from the calculated CI values, the choice
of the BC dehydration method appears to be critical
for the crystallinity degree of the dried material. For
both glucose- and sucrose-grown BC films, the freeze-
drying caused significantly higher crystallinity indices
(94 and 98, respectively, as compared to the RT sam-
ples (58 and 51, respectively). This agrees with the data
reported previously by Zhang et al. but is significantly
more pronounced compared to their results [29]. The
reasons for this (minor) deviation might be differences
in bacterial strains and laboratory protocols used for
BC-production as well as in the settings of the applied
drying protocols.

The calculated values of the distance between
atomic planes (d) suggested an increase in this param-
eter in all directions in the RT samples. A possible
reason for this is that the initial ordering of glucan
chains, present in the native (raw) cellulose is better
preserved during freeze-drying. This creates internal
tension supported by the packing of crystallites, which
fraction is the largest in these samples (an additional
indicator here is a high degree of crystallinity). RT-
drying seemingly lead to disordering of glucan chains
occurs, accompanied by a decrease in the degree of
crystallinity and in the interplanar distance, as well as
by a decrease in the size of crystallites.

The calculated crystallinity parameters presented in
Table 2 are consistent with our AFM data. The largest
crystallite sizes (reaching 5.56 nm) were characteris-
tic for the FD samples. This indicates better preserva-
tion of originally ordered regions in the BC molecular
structure after freeze drying.

In accordance with the modern understanding of
the amorphous-crystalline structure of cellulose, frag-
ments of ordered (crystalline) and amorphous phases
spatially alternate in the cellulose material [11]. Since
the three-dimensional long-range order is maintained
by intermolecular orientational interactions (e.g., van
der Waals forces), it becomes weaker with increasing
thickness of the gel film. However, the high proportion
of the amorphous phase in the RT samples implies the
distinctive role of water in maintaining of this order.
The freeze-drying seemed to preserve the order exist-
ing in the native samples, probably due to the restrict-
ing of fibril mobility upon quick low-temperature
dehydration. In the RT-samples, fibrils tended to
aggregate, which lead to an increase in the propor-
tion of the amorphous phase and was manifested in an
increase in the number of broadened fibrils segments
visible under AFM.

@ Springer

As we showed in our previous work [7], on the
substrates with sucrose the rate of BC formation was
lower than on those containing glucose. Due to the
lower rate of BC synthesis, the crystallite sizes in BC
on sucrose are larger, since there was more time for
crystal bond formation. The same factor can be respon-
sible for the formation of a more complex, “chaotic”
arrangement of BC fibers, revealed by AFM in the
sucrose-derived films.

Conclusions

Many current and future applications of BC materi-
als are based on their distinct morphology, physico-
chemical, and biological properties. One of the fac-
tors critically responsible for BC mechanical strength,
water absorption capacity, is the character of fibers
intertwining, defining the overall matrix and surface
microstructure.

Analysis of the spatial structure of cellulose fiber
in a native BC gel film containing only 1.5-2% dry
matter is a complex technical task. In this regard,
structural studies using various methods are carried
out typically only for pre-dried samples. However,
our study, like several studies done before, indicates
that, depending on the drying method, the structure
formed differs significantly both at the macro level and
at the level of individual fibrils.

Our study showed that BC samples treated by
freeze-drying were generally characterized by a
more branched structure, higher surface roughness,
greater porosity, and significantly higher crystallin-
ity degree. These main findings are principally and
mostly in agreement with those published during the
last 20 years, but for some aspects, our study provided
significantly different magnitudes or even directions
of the observed effects.

As emphasized by Clasen et al. [5], the drying
method is just one of the factors defining the BC struc-
ture; therefore, its role should be analyzed in a broader
methodological context. In contrast to many previous
studies, we examined not only two different drying
protocols but also their impact on two different raw
bacterial cellulose materials and found that the origin
of the BC may also influence the extent and character
of its changes caused by a chosen drying method.

In general, the analysis of data obtained using SEM,
AFM and XRD shows an increase in the ordering of
the fibrillar structure of the samples by using the
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freeze-drying method. On the contrary, room tempera-
ture drying leads to filling the interfibrillar space with
an amorphous phase. As an additional influencing fac-
tor, samples grown in a sucrose nutrient medium were
always characterized by the thinning of microfibrils
with their more chaotic packing and a greater degree
of disorder in their spatial orientation.

We conclude that both the structure of the wet BC
pellet and the choice of drying method can strongly
affect the properties of the dried BC materials and
should be both taken into consideration. For exam-
ple, the RT drying process of BC might be preferen-
tial in the applications requiring better barrier proper-
ties requirement, whereas FD-method appears to be
advantageous in the production of BC materials fea-
turing high porosity or controlled swelling behavior.
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