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Abstract

The production of a renewable energy from biomass, such as ethanol by fermentation, has
received special attention as a consequence of the world energy crisis. Nowadays, gasohol E-10, a
mixture of 10% ethandl and 90% gasoline has been widely used in vehicles in Thailand and there
is an attempt to promote the use of E-20 or E-85 in the vehicles in the near future. Ethanol
fermentation by conventional batch suffers from various constrains such as, low cell density and
rather time consuming. Although continuous fermentation by suspended cell culture can be used to
speed up the process, it is more difficult to operate and maintain it free of microbial contamination.
Immobilized cell technology has been suggested as an effective mean for improved fermentation.
The immobilization of cells leads to a high productivity, and good operational stability. The main
advantages in the use of immobilized cells in comparison with suspended cells are the retention in
a reactor of higher cell concentration, protection of cells against toxic substances and elimination of
costly processes of celi recovery and cell recycle. However, the major problems of using
immobilization technique in industrial scale are mass transfer limitation and instability in long term
operation. For improved performance of immobilized cell carriers, three new types of the cell
carriers for ethanol fermentation were developed in the current study, namely, 1) Loofa reinforced
alginate carriers 2) Alumina doped alginate gel carrier and 3) Thin shell silk cocoon. These cell
carriers were applied for the immobilization of Saccharomyces cerevisiae M30 in ethanol
fermentation using sugar cane molasses as a C-source. The developed cell carriers provided many
advantage characteristics such as, good mechanical strength, high stability and high immobilization
yield. The ethano! productivities of 1.3-1.5 and 8.0-19.0 g/(L'h) were achieved by using the
immobilized cultures in batch and continuous modes of operation, respectively. The ethanol
fermentations in a continuous packed-bed reactor using the immobilized cultures worked efficiently
and were stable over 30 days. The results demonstrated the potential use of the cell carriers in an
ethanol fermentation system for a long period of time. In extending this work, biomaterial
development and characterization for tissue engineering and membrane separation were carried
out.

Based on this research, we can produce 8 international research articles, 2 Thai patents,
4 international conference proceedings, 3 national conference proceedings and support research

activities for 7 master degree students and 1 doctoral degree student.

Keywords: Ethanol; Cell immobilization;Biomaterial; Biofuel
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An alginate-loofa matrix was developed as a cell carrier for ethanol fermentation owing to its
porous structure and strong fibrous nature. The matrix was effective for cell immobilization and
had good mechanical strength and stability for long-term use. After a storage period of 4 months,
yeast cells remained firmly immobilized and active.

[Key words: loofa sponge, alginate, yeast, ethanol production]

In response to energy crisis, ethanol has re-emerged as an
alternative to, or extender for, petroleum-based liquid fuels.
Ethanol production using an immobilized cell system offers
many advantages such as higher productivity and protection
of cells from inhibitions. Cell entrapment within alginate is
one of the most widely studied because cell viability and ac-
tivity are kept very high (1). However, the practical applica-
tion of polymeric gel carriers including alginate beads has
been limited by the problems of gel degradation, low physi-
cal strength, and severe mass transfer limitation (1-8). Fur-
thermore, large-scale production of these carriers often re-
quires complex and sophisticated equipment leading to high
cost of production (2). On the other hand, loofa sponges,
lignocellulosic matrices from Luffa cylindrica, were found
to be promising cell carriers for ethanol production by floc-
culating cells (2-5). The sponges are light, strong, chemi-
cally stable, and composed of interconnecting voids within
an open network of fibers. Because of the random lattices of
small cross sections of the sponges coupled with high po-
rosity, the sponges are suitable for cell adhesion. Continu-
ous fuel ethanol production had been realized using yeast
cells immobilized in loofa sponges in a bubble column con-
figuration (5). However, a low-shear environment and large
aggregates of cells were required in order to prevent exces-
sive cell sloughing from the carriers (3, 9).

On the basis of the above, in the present work, we fo-
cused on developing a new cell carrier by combining algi-
nate gel and loofa sponge namely, the alginate-loofa matrix
(ALM). Ethanol production by repeated batch fermentation
using yeast cells immobilized within the ALM was then ex-
amined and compared with that using suspended cells and
cells immobilized in conventional calcium alginate beads.

MATERIALS AND METHODS

Yeast strains  Saccharomyces cerevisiae M30 selected on the

* Corresponding author. e-mail: muenduen.p@chula.ac.th
phone: +66-2-218-6875 fax: +66-2-218-6877
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basis of its high efficiency in ethanol production from molasses at
high temperature was used in this study.

Culture media and cell preparation  Starter cultures were
prepared by transferring cells from stock PDA slants to 150 ml of
sterilized medium followed by incubation at 33°C, 1501pm for
20 h. The medium for the starter culture contained 0.05% ammo-
nium sulfate and 5% inverse sugar from palm sugar at pH 5.0.
After that, the obtained cell suspension was concentrated by de-
cantation and then transferred to the main culture.

Cells immobilized on alginate-loofa matrix  Sodium algi-
nate {3% wi/v) solution was formulated by dissolving Na-alginate
powder in 0.9% (w/v) NaCl solution. It was autoclaved for 5 min
at 121°C and kept overnight at 4°C to facilitate deaeration. Cell
suspension of 5 ml was then added to 50 ml of 3% (w/v) alginate
solution to form an alginate-cell mixture. To form ALM, 2g of
sterilized cubic sponges of loofa (8 x8x2 mm) was dipped into the
alginate-cell mixture. The gel carriers were transferred to 1.47%
(wiv) CaCl, solution and left to harden in this solution with mild
stirring for 15 min. The carriers were then rinsed 3 times with 0.9%
(w/v) NaCl solution. Carriers were prepared under aseptic condi-
tions and the average size of ALM was 9x9x3 mm’,

Fermentations  Repeated batch fermentations were carried
out in duplicate using a medium contained 0.05% ammonium sul-
fate and 21% (w/v) inverse sugar from cane molasses at pH 5.0.
The prepared medium was sterilized at 121°C for 20 min. Experi-
ments were initiated by transferring prepared cell suspension or
immobilized cells into 250 ml of the medium in 500 ml Erlenm-
eyer flasks. Fermentation flasks were then shaken in the incubator
at 150 rpm, 33°C for 48 h, The experiments were monitored by re-
moving 2 ml samples every 6 h for cell, sugar and ethanol analyses.

Analytical metheds  Free cell dry weight was determined
from the absorbance at 660 nm with a UV-2450 UV-visible spec-
trophotometer and converted to dry cell concentration on the basis
of a corresponding standard curve. For immobilized cells, a known
mass of cell carriers was dissolved in 0.05 M sodium citrate. After
the sponge was removed, immobilized cell concentration was de-
termined similarly for the free cells. The concentration of ethanol
was determined by gas chromatography using a Shimadzu model
GC 7A; (Shimadzu, Kyoto) equipped with a flame ionization de-
tector. To measure reducing sugar concentration, the sample solu-
tion was hydrolyzed in 33% HCI at 100°C for 10 min and neutral-
ized with NaOH solution. Reducing sugar content was then deter-
mined by the dinitrosalicylic acid method (10).
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TABLE 1. Yields and end products of repeated batch ethanol fermentation for 48 h for each batch
using the cultures of suspended cells (SC), Ca-alginate-immobilized cells (AB),
and alginate-loofa-matrix-immobilized cells (ALM)
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p X (g Y, Y. Y
B 11 h 1 S PIS
ae (%) X, X, (%) (%) (/g)
1
SC 91.7 35 — - 86 0.47
AB 70.4 0.6 6.0 . 91 87 0.40
ALM 71.8 0.7 4.6 87 84 0.44
I
SC 47.7 5.1 - - 57 0.33
AB 72.7 0.7 8.5 93 86 0.40
ALM 75.9 09 6.1 87 86 0.40
i
SC 97.4 6.5 - - 85 0.46
AB 89.5 0.8 8.5 92 87 0.44
ALM 90.6 1.1 7.1 87 88 0.46

Immobilization yield (Y,) is the ratio of immobilized cell concentration (X,) to total cell concentration (X),
and X, is the free cell concentration. Sugar consumption yield (Y) is the ratio of sugar consumption (S,-S) to
the initial sugar concentration (S,). Ethanol yield (Y,) is the ratio of ethanol accumulation (P—P,) to the sugar

consumption.

Scanning electron microscopy (SEM)  Samples of immobi-
lized cells in alginate beads (AB) and ALM were frozen in liquid
nitrogen, immediately snapped, vacuum-dried, and then sputtered
with gold and photographed. Images were taken on a JEOL ISM-
5410LV (JEOL, Tokyo) scanning electron microscope.

RESULTS AND DISCUSSION

Ethanol production using ALM as a carrier for S. cerevi-
siae M30 was examined by a 3-cycle repeated batch fer-
mentation using cane molasses as the C source. The dura-
tion of each batch was 48 h. There were three cultures in
this study: suspended cells (SC), Ca-alginate-immobilized
(AB) cells and ALM-immobilized cells. The results of the
fermentations are summarized in Table 1. For the first batch,
after 48 h the ethanol concentration of the SC system was
91.7 g/l, whereas the final ethanol concentrations of immo-
bilized cells (IC) in AB and ALM carriers were 70.4 and
71.8 gll, respectively. At the end of the first batch, the total
cell concentrations of IC cultures were higher than that of
the SC culture. The increase in cell concentration in AB and
ALM carriers owing to cell growth inside the carriers dur-
ing the course of fermentation was observed previously
(11). The final total cell concentration of the system with
ALM carriers was 5.3 g/l with an immobilization yield (Y})
of 87%, which was slightly lower than that of the system
with AB carriers (X 6.6 g/l with Y; 91%); however, the eth-
anol production was 10% higher.

Instability of SC culture was observed in the second
batch. It was found that there was no lag phase in IC sys-
tems, whereas an approximately 30 h lag phase was ob-
served in SC systems. Corresponding to its sugar consump-
tion, the ethanol concentration of SC cultures in the second
batch was only half of that of the first batch, whereas the
ethanol productions by IC cultures were similar to those of
the first batch. Free-cell concentrations of IC systems slight-
ly increased from the first to the second batch, which can be
attributed to cell leakage and growth in the medium.

In the third batch, all the systems exhibited high ethanol

productions without any occurrence of the lag phase. In
most cases, the majority of sugar was consumed within 36 h
with the final ethanol concentrations being 97.4, 89.5 and
90.6 g/l for SC, AB-immobilized cell and ALM-immobi-
lized cell cultures, respectively. The ethanol concentration
profile followed the trend of a normal microbial growth
curve. At the end of the third batch, partial gel degradation
on the surfaces of AB and ALM carriers was observed.
However, the immobilization yields (Y,) remained constant.

A marked instability of the SC culture in the repeated
batch fermentation was observed from the comparison of its
final ethanol concentration from batch to batch, which may
be attributable to the negative effect of high ethanol concen-
tration on cell activity and viability. In contrast, the ethanol
production of IC cultures in AB and ALM carriers were rel-
atively stable. It was suggested from previous studies (2, 7)
that the matrix of carriers can protect yeast by functioning
as a fortification against toxins and inhibitors. In terms of
immobilization yield (Y,), ALM carriers exhibited a slightly
lower immobilization capacity (average Y,=87%) than AB
carriers (average Y,;=92%). However, the final ethanol con-
centration and the ethanol yield factor (Y,5) were compara-
ble. Changes in physical or chemical parameters such as
temperature and the concentrations of sugar and ethano} af-
fected cell growth and product formation during fermenta-
tion (12). To improve yield, substrates, metabolite products,
and conditions should be maintained or controlled at opti-
mal levels under steady-state condition by continuous biore-
actor fermentation.

A series of SEM images were taken to provide visual de-
scription and information of fermentation systems. The
SEM images of the initial AB and ALM are shown in Fig. 1.
From the external surface, most of the yeast cells were cov-
ered by alginate film; only a few cells were absorbed on the
surface of the carriers. The AB and ALM carriers displayed
different gel morphologies. ALM carriers were composed
of stacked layers of thin alginate films whereas the structure
of AB carriers were dense and less porous (Figs, | and 2).
Consequently, fewer cells were observed in the central part
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A

x 750

FIG. 1. Cross section of fresh carriers after the entrapment of
yeasts (0 h): (A) alginate bead, AB; (B) alginate-loofa matrix, ALM.
Bars: 10 pm.

X750

FIG. 2. Cross section of carriers after the third batch (144 h): (A)
alginate bead, AB; (B) alginate-loofa matrix, ALM. Bars: 10 pm.

of AB carriers. The preference of cells to grow near a sur-
face other than the middle of a gel bead was previously re-
ported (I, 11). The high concentration of substrates near the
surface as a consequence of mass transfer limitation was be-
lieved to be the main driving force for this phenomenon.

High porosity and better cell distribution were observed
in ALM carriers. Because of their highly porous structure,
mass transfer limitation in ALM carriers was less severe
than that in AB carriers despite their larger size. An exami-
nation of the center of ALM carriers revealed that yeast
cells were located in the middle of ALM carriers although
ALM carriers were relatively large (about 70 times the size
of AB carriers). Despite the partial degradation of alginate
films after several fermentation cycles, cells were still firm-
ly immobilized due to the aggregation of yeasts and their
adhesion to the ALM matrix. Many cells in the space be-
tween a loofa fiber and an alginate film were observed
(Fig. 3). In a previous study of cellulose carriers (13), the
structure consisting of small pores distributed on the outer
surface and large pores distributed in the interior was found
to be effective for yeast immobilization.

The beneficial properties of IC systems, such as the pro-
tection of cells from solvent inhibitions and promotion of
cell productivity as demonstrated in this study, were also re-
ported elsewhere (14). The ability of cells to grow in an im-
mobilized state made it possible for cell regeneration under
hostile conditions such as a high ethanol concentration. In
this study, the regeneration and protection of entrapped cells
by ALM were proposed as the main factors that work syner-
gistically to preserve cell activity. Thus, a stability of ALM-
immobilized cell culture higher than that of SC culture was
achieved.

Ogbonna et al. (4, 5) reported that loofa sponge alone can

J. B10SCI. BIOENG.,
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FIG. 3. Yeast cells in a space between loofa fiber and alginate gel
of alginate-loofa matrix (ALM) carrier. Bar: 10 pm.

be used to achieve 99% immobilization of a flocculating
yeast strain for ethanol production in column-type biore-
actors. On the other hand, the results from our preliminary
study in conventional shake flask cultures at 150 rpm showed
that loofa sponge alone was not effective for the immo-
bilization of yeast cells owing to the large pores of loofa
sponges (500-1000 pm) with respect to the size of yeast
cells (3—7 pum). Therefore, in a high-shear environment aris-
ing from agitation or high fluid velocity, excessive cell de-
tachment from the sponges was observed regardless of the
shape or size of sponges used. The difference in the ob-
tained results might arise from differences in the yeast strain
used and system characteristics.

To investigate storage effects, cell cultures from the third
batch (a total time span of 144 h) were stored for 4 months
at 4°C and reused. Ethanol productions by a 4-cycle re-
peated batch fermentation (a total time span of 192 h) using
the stored cultures of AB-immobilized cells, ALM-immobi-
lized cells and SCs, were examined. Overall, the IC cultures
remained stable; a maximum ethanol concentration of 70—
80 g/l was achieved with an ethanol yield (Y,) of 0.44-
0.49. The instability of SC cultures was again observed in
the first and the fourth batches as shown in Table 2. In com-
parison with the results shown in Table 1, the average pro-
ductivities of the stored AB- and ALM-immobilized cell
cultures (Table 2) slightly decreased. However, compared
with the SC cultures, the stability and average ethanol pro-
ductivity of the ALM-immobilized cell culture were signifi-
cantly improved. After the 4-cycle repeated batch, a higher
degree of gel degradation occurred on the surface of the car-

TABLE 2. Ethanol concentration in repeated batch fermentation
using 4-month-stored cultures of suspended cells (SCs),
Ca-alginate-immobilized cells (AB), and alginate-
loofa-matrix-immobilized cells (ALM)

Batch Time Ethanol concentration (P, g/l)
ue ) sC AB ALM
1 24 4.4 76.6 75.5
48 65.7 76.0 76.0

1 24 63.3 60.3 66.3
48 72.0 86.1 80.7

111 24 47.6 69.5 69.0
48 86.1 76.5 713

v 24 2.1 61.8 65.1
48 3.7 70.0 704
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riers; however, the majority of cells were still attached to
each other within the matrix. The immobilization yields (Y)
of AB and ALM carriers slightly decreased to 86% and
81%, respectively. From the results together with the strong
and chemical stable nature of loofa sponge, ALM has good
mechanical strength, durability, and stability for long-term
use.

In conclusion, ALM was successfully developed and ap-
plied in repeated batch ethanol fermentation. The carriers
were fabricated simply by entrapment of a peripheral loofa
sponge that was previously dipped in an alginate-cell mix-
ture. The porous structure conferred the new carriers with
better mass transfer characteristics. An ALM with a size of
9%x9x3 mm? was effective for cell immobilization, which is
comparable to a 2-mm-diameter alginate bead. The immobi-
lization yield of the new carriers was approximately 87%.
Ethanol production using these carriers was proven to be
more stable than that using SC cultures. After storage for 4
months, the ALM-immobilized cell culture was still active,
and the stability of IC cultures being higher than that of SC
culture was confirmed. As shown in this study, the ALM
carriers have many advantages including regeneration abil-
ity, reusability, stability, altered mechanical strength, and
high ethanol productivity. The results demonstrated the po-
tential use of ALM carriers in an ethanol fermentation sys-
tem for a long period of time. To improve productivity and
yield, the evaluation of ALM as carrier matrix in a packed
column for continuous fermentation is on going.
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ABSTRACT: Bacterial cellulose and alginate in an aque-
ous NaOH/urea solution were used as substrate materials
for the fabrication of a novel blend membrane. The blend
solution was cast onto a Teflon plate, coagulated in a 5 wt %
CaCl, aqueous solution, and then treated with a 1% HCI
solution. Supercritical carbon dioxide drying was then
applied for the formation of a nanoporous structure. The
physical properties and morphology of the regenerated
bacterial cellulose and blend membranes were character-
ized. The blend membrane with 80% bacterial cellulose/20

wt % alginate displayed a homogeneous structure and
exhibited a better water adsorption capacity and water
vapor transmission rate. However, the tensile strength and
elongation at break of the film with a thickness of 0.09 mm
slightly decreased to 3.38 MPa and 31.60%, respectively.
The average pore size of the blend membrane was 10.60 A
with a 19.50 m?*/ g surface area. © 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 107: 3419-3424, 2008
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INTRODUCTION

Cellulose is Earth’s major biopolymer from plants
and other living systems such as plankton, algae,
fungi, and bacteria. Bacterial cellulose (BC), pro-
duced by Acetobacter xylinus, is distinctly different
from cellulose derived from plants and the others.
BC is devoid of lignin, hemicellulose, and other com-
plex carbohydrates. Because of the entangled mesh
of nanofibrils compacted in the form of an ultrafine
network, BC displays unique properties, including
high mechanical strength, high water absorption
capacity (WAC), and high crystalhmty FORNis
incredibly hydrophilic, absorbing 60-700 times its
weight in water."® The diameter of BC is about
1/100 of that of plant cellulose, and Young s modulus
of BC is higher than that of general organic fibers.
Regenerated cellulose membranes blended with
other natural polymels such as alginate (Al) ! yon-
jac glucomannan, 2 chitosan,™? and chitin'* to modify
their properties for applications in many separation
fields have been extensively reported. Al, a heteropo-
lysaccharide extracted from marine brown algae, has
been widely explored as a substrate material for blend
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membranes and a thickener for cellulose fibers. A new
blend membrane from cellulose (cotton linter) and Al
showed 1mp10ved performance for the dehydratlon of
ethanol/water in a pervaporation process.” The me-
chanical properties of the Al membrane were found to
be significantly improved by the introduction of cellu-
lose and Ca®" bridges. The crystalline state of the
blend membrane from cellulose (cotton linter) and Al
prepared in an aqueous NaOH/urea solution was
broken completely, and the crystallinity of the blend
membranes decreased with an increase in the Al ra-
tio."® Although studies of blend membranes from
plant-derived celludose with other biopolymers have
been extensively synthesized and characterized,”™
very few, if any, studies using BC as a source of cellu-
lose have been reported.

Because BC displays unique properties consider-
ably different from those of plant cellulose, in this
work, we focused on developing a new nanostructure
blend membrane from BC and Al in an aqueous
NaOH/urea solution. The surface morphology, pore
structure, tensile strength, WAC, and water vapor
permeability of the blended membranes were exam-
ined and compared with those of regenerated bacte-
rial cellulose (RBC) films.!® To the best of our knowl-
edge, this type of blend combination was first pre-
pared in this work.

EXPERIMENTAL
BC

The BC used in this study was the gel-like cellulose
pellicle formed by A. xylinus cultures on the surface
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of media containing 0.5% ammonium sulfate, 5.0%
sucrose, and 1.0% acetic acid in coconut water. The
sheets of BC were purified by washing with deion-
ized (DI) water and then were treated with 1% (w/v)
NaOH at 35°C for 24 h to remove bacterial cells and
rinsed with DI water until the pH was 7. Afterward,
the BC film was air-dried at room temperature (30°C)
and stored in plastic film before use.

Preparation of the membranes
Preparation of the BC/Al blend film

To prepare a slurry of BC, 3 wt % BC was dissolved
in a 4 wt % NaOH/3 wt % urea aqueous solution
and stirred for 10 min at room temperature. The BC
slurry was then cooled to —5°C in a freezer and held
at —5°C until it became a solid frozen mass for 12 h.
The frozen solid was then allowed to thaw and was
stirred extensively at room temperature to obtain a
clear BC solution. After that, the insoluble parts
were isolated by centrifugation at 6000 rpm and
10°C for 30 min. Sodium alginate (3 wt %) was dis-
solved in distilled water at room temperature to
form a gel-like solution. Then, the prepared solution
of BC was mixed with the Al solution to produce
mixtures having BC/Al weight ratios. of 100/0,
80/20, 60/40, 40/60, 20/80, and 0/100. The mixtures
were stirred energetically at room temperature for
24 h to form clear solutions. The casting solutions
were spread over a Teflon plate. The thickness of
this solution was controlled at 2.3 mm by manual
adjustment of the height of the casting blade. The
thickness of the membranes was measured with a
micrometer (Mitutoyo, Tokyo, Japan) at various
parts of a particular membrane. All of the casting
solutions were coagulated in a 5 wt % CaCl, aque-
ous solution for 30 min and treated with a 1% HCl
solution for 10 min. After that, the membranes were
washed with DI water until the drain water reached
a pH of 7, and then they were air-dried at room tem-
perature.

Preparation of the nanoporous structure

Supercritical drying was applied to the preparation
of a porous structure. First, the films were dipped in
DI water for 24 h. After that, to replace water with
ethanol, the swollen films were immersed in 10, 30,
50, and 70% (w/v) ethanol for 30 min in each step,
and then they were immersed in 100% (w/v} ethanol
for 1 h. Lastly, the swollen membranes were dried
by supercritical CO, drying. In the drying proce-
dure, the films were placed in a vessel inside a high-
pressure cell with an inner diameter of 10 cm. The
cell was immediately filled with supercritical CO,
and controlled at 40°C and 1200 psi (the critical
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point of COy; critical pressure = 1072 psi, critical
temperature = 31°C). The temperature and pressure
were selected so that the CO, and ethanol inside the
membrane were fully miscible. Subsequently, the
cell was flushed by the addition of fresh CO, for 2 h
to replace the residual ethanol inside, and then the
system was slowly depressurized at a constant rate
of 150 psi/min to remove the CO,.

Characterization of the membranes
Elemental analysis of the membranes

The membranes were cut into particles and vacuum-
dried for 24 h before the analysis of the elemental
contents. The contents of nitrogen in the membranes
were determined with a Leco (St. Joseph, MI) CHN-
2000 elemental analyzer. The contents of calcium
and sodium were determined with an Oxford Ed
(Oxford, UK) 2000 X-ray fluorescence (XRF) spec-
trometer.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was used primarily to identify
the chemical structure of the membrane. The FTIR
spectra of the membranes were recorded with a
Nicolet (Madison, WI) 5X-170 FTIR spectrometer.

WAC

To determine WAC, the dried membranes were
immersed in DI water at room temperature until
equilibration. After that, the membranes were
removed from the water, and excess water at the
surface of the membranes was blotted out with Kim-
wipes paper. The weights of the swollen membranes
were measured, and the procedure was repeated
until no further weight change was observed.
The water content was calculated with the following
formula:

W, - W,

WAC (%) = 4 % 100 1

d

where W, and W, are the weights of the hydrate
and dry membrane, respectively.

Tensile property testing

All the membranes under study in the dry form
were tested for the tensile strength and elongation at
break. The film samples were cut into strip-shaped
specimens 10 mm wide and 10 cm long. The maxi-
mum tensile strength and break strain of RBC films
were determined with a Lloyd (Southampton, UK)
2000R universal testing machine. The test conditions
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followed ASTM D 882. The tensile strength and
break strain were the average values determined
from 10 specimens.

Scanning electron microscopy (SEM)

The films were frozen in liquid nitrogen, immedi-
ately snapped, vacuum-dried, and then sputtered
with gold and photographed. Images were taken on
a JOEL (Tokyo, Japan) JSM-5410LV scanning electron
microscope.

Water vapor permeability measurement

The water vapor transmission rate (WVTR) of the dry
RBC membrane and the dry RBC/Al blend membrane
with an area of 50 cm” were determined with a Lyssy
(Zollikon, Switzerland) 180-4000 water vapor permea-
tion tester. The test conditions followed I1SO 15106-1.
The determination of WVTR was done under 38°C
and 90% relative humidity. As water solubilized into
the membrane and permeated through the sample
film, nitrogen gas swept and transported the transmit-
ted water vapor molecules to a calibrated infrared sen-
sor. The response was reported as a transmission rate.

Brunauer—Emumett-Teller (BET) surface analysis

The pore size and surface area of the membranes
were determined with a BET surface area analyzer.
To remove moisture from the film samples, the sam-
ples were placed in sample cells, which were then
heated up to 373 K for 2 h and cooled to room tem-
perature before the BET analysis. The BET pore size
and surface area were determined with N, adsorp-
tion at 77 K in a Micromeritics (Atlanta, GA) ASAP
2020.

RESULTS AND DISCUSSION
Membrane compositions

Elemental analysis revealed the absence of nitrogen
in the fabricated membranes. Therefore, urea was
completely removed from the membrane during the
coagulation and washing. The XRF spectra indicated
that the calcium content was less than 0.005 wt % in
the blend membrane with <40 wt % Al and
increased to 0.010-0.019 wt % in the blend mem-
branes with greater than 40 wt % Al No sodium
peak was observed in any of the membranes, and
this suggested that NaCl and NaOH were com-
pletely removed from the developed membranes. A
small amount of Al/calcium complex as calcium
bridges was previously reported in Al mem-
branes.”'” Therefore, the calcium accumulation in
the BC/A!l blend membranes should be due to the

Transmittance

] 1 1
2800 2400 2000 1600 1200
wavenumber {cm')

Figure 1 FTIR spectra of the BC/Al blend membranes.
The BC/Al ratios were (a) 100/0, (b) 80/20, (c) 60/40, (d)
40/60, (e) 20/80, and (f) 0/100.

formation of a calcium/Al gel network by crosslink-
ing with Ca®" ions.

FTIR analysis of the blend membrane

FTIR spectroscopy was used to investigate the na-
ture of mixing between the two biopolymers in
this study. The FTIR spectra of the RBC, Al, and
blend membranes were measured at wave numbers
ranging from 2800 to 1200 cm™". The FTIR spectra
of the RBC membrane [Fig. 1(a)] showed a band at
1639 cm™, which was attributed to glucose car-
bonyl of cellulose. The strong band of the Al mem-
brane at 1598 cm™! [Fig. 1(f)] indicated the pres-
ence of the carboxyl group. The FTIR spectra of
BC/Al blend membranes [Fig. 1(b-e)] were charac-
terized by the presence of absorption bands in the
pure components, whose intensities were roughly
related to the blending ratio. The carboxyl group
bands for the blend membranes with BC/Al at
20/80, 40/60, 60/40, and 80/20 ratios were shifted
from 1598 to 1602, 1608, 1610, and 1616 cm™!,
respectively. The result, therefore, implied that
there might be some specified interaction between
the hydroxyl group of cellulose and carboxyl
group of Al. Similar observations were previously
discussed in the preparation of cotton celiulose/Al
blend membranes.’

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 WAC (%) of the RBC/Al blend membranes as a
function of the Al content.

WAC

WAC of the membranes as a function of the Al con-
tent is illustrated in Figure 2. WAC of the RBC mem-
brane was 49.67%, whereas WAC of the Al mem-
brane was 63.40%. The increase in the Al content in
the membranes resulted in an increase in the water
absorption ability of the blend membranes. The
hydrogen bonds in regenerated cellulose formed
very tightly packed crystallites, and these crystals
could be so tight that water hardly penetrated them.
Water molecules were found to be easily absorbed
into the Al membrane crosslinked with glutaralde-
hyde because of its high hydrophilic property.' The
blending of RBC with Al reduced hydrogen bonding
of cellulose chains in the membranes, resulting in
the increase in the water absorption ability of the
membranes. Besides the composition of the mem-
branes, the drying conditions also affected the water
absorption of the membranes. In a previous report,"
the water retention values of wet-state BC, freeze-
dried BC, BC air-dried up to 100°C, and typical plant
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Figure 3 Tensile strength of the BC/Al blend membranes
as a function of the Al content.

Journal of Applied Polymer Science DOI 10.1002/app

PHISALAPHONG, SUWANMAJO, AND THAMARAT

cellulose (cotton linters) were 1027, 629, 106, and
60%, respectively. In our works,*'® WAC of natural
BC films after air drying at 30°C was 509%, whereas
WAC of the fabricated RBC films decreased to
49.67%, which was about that of typical plant cellu-
loses.

Mechanical properties of the membranes

Figure 3 presents the tensile strength of the blend
membranes as a function of the Al content. The ten-
sile strengths of the RBC membrane and the Al
membrane with the thickness of 0.09 mm were 4.32
and 1.01 MPa, respectively. Increasing Al from 20 to
80% decreased the tensile strength of the blend
membranes from 3.38 to 1.67 MPa. Figure 4 shows
the elongation at the break of the blend membranes
as a function of the Al content. The elongation at
break of the RBC membrane was 35.20%, whereas
the elongation at break of the Al membrane was
15.50%. In the same way, it was found that the elon-
gation at break of the blend membranes decreased
from 31.60 to 19.20% with the increase in the Al con-
tent from 20 to 80 wt %.

The effect of the Al content on the mechanical
properties of the blend membranes was similar to
that of cotton cellulose/Al blend membranes.”*® The
sodium alginate membrane was mechanically weak,
but its mechanical properties were obviously im-
proved by the introduction of cellulose and cross-
linking with Ca®". The interaction between cellulose
and Al molecules based on their structural similar-
ities was supposed to be hydrogen-bonding forma-
tion between the hydroxyl groups of cellulose and
the carboxyl groups of Al The presence of Al chains
could enhance the molecular motion of cellulose in
the blend and perturbed the strong hydrogen bond
of pure cellulose because of the formation of new
intermolecular interactions between the two biopoly-
mers.” The morphological structure, tensile proper-
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Figure 4 Elongation at break of the BC/Al blend mem-
branes as a function of the Al content.
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Figure 5 SEM images of the surface morphology of (A) RBC membranes and (B) 80/20 BC/Al blend membranes before
(left) and after (right) reswelling in DI water and superecritical drying.

ties, and permeability of the cellulose membrane
could also depend on the coagulation conditions.”’

Surface morphology

The RBC and blend membranes exhibited dense
nanoporous structures. The surface morphology of
the membranes before and after reswelling in DI
water at 30°C and supercritical drying is presented
in Figure 5. In the case of the blend membrane com-
posed of 80 wt % BC and 20 wt % Al, SEM dis-
played a homogeneous structure, which exhibited a
certain level of miscibility of the blend. It was shown
that the fibers of the blend membrane were more
orderly nonwoven than the pure RBC membrane.
Furthermore, the apparent pore size of the blend
membrane decreased with the increase in the Al con-
tent. By the introduction of more than 20 wt % Al,
the miscibility of the blend membrane was less
orderly, and the structure became less homogeneous
(figure not shown). Therefore, the optimum ratio of
the BC/Al blend membrane was 80/20 wt %.

Water vapor permeability

The water vapor permeability of the dry films was
determined by a water vapor permeation tester, with
the test conditions following ISO 15106-1. However,

with this analysis, there might be a lag time during
which water solubilized in the membrane before per-
meation. Overall, WVTIR of the RBC membrane was
0.25 g/cm® day, whereas that of the Al membrane
was .56 g/cm2 day (Fig. 6). WVIR of the blend
membranes was significantly improved by the intro-
duction of AlL. WVTR of the blend membrane with
20% Al content was 0.51 g/cm? day or 2.1 times that
of the unblended RBC membrane. The considerable
improvement in WVTR of the blend membrane was
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Figure 6 WVTR of the BC/Al blend membranes as a
function of the Al content.
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TABLE I
Characteristics of RBC and the Blend Membrane

Tensile properties

Tensile Elongation WAC WVTR Pore diameter Surface
Membrane strength (MPa) at break (%) (%) (g/cm? day) (A) area (m?/g)
RBC 432 35.20 49.67 0.25 12.63 17.57
80/20 RBC/ Al blend 3.38 31.60 52.25 051 10.60 19.50

due to the high hydrophilic property of Al, which
formed the strong interaction between water mole-
cules and —COO~ and —OH functional groups.’
More water molecules binding to the surface of the
blend membranes led to a greater driving force of
the conceniration gradient across the membrane,
resulting in the enhancement of water transportation
through the membrane.

Porosity

The average pore diameters of the RBC membrane
and the blend membrane with 20% Al, chslracterized
by a BET analyzer, were 12.63 and 10.60 A with sur-
face areas of 17.57 and 19.50 m?/ g, respectively. The
pore sizes of the RBC membrane and the blend
membrane were approximately 1/20 of that of the
biosynthesis BC membrane (224.0 A In comparison
with the BC membrane with the total surface area of
12.62 m*/g,° the surface areas of the RBC and blend
membranes were increased by 39.2 and 54.5%,
respectively. Table I gives a summary of the charac-
teristics of the blend membrane versus the RBC
membrane.

CONCLUSIONS

The nanoporous membranes were satisfactorily pre-
pared with mixtures of BC/Al solutions as substrate
materials. BC (3 wt %) was dissolved in a 4 wt %
NaOH/3 wt % urea solution, and this was followed
by a freeze~thaw process. The mixture of BC and so-
dium alginate solutions was spread over a Teflon
plate and was then coagulated in a 5 wt % CaCl, so-
lution and treated with a 1% HCl solution. The
chemical structure, surface morphology, porosity,
water vapor permeability, and mechanical properties
were determined with FTIR, SEM, BET surface anal-
ysis, water vapor permeation testing, and tensile
property testing. The blend membrane of 20 wt % Al
and 80 wt % RBC demonstrated a homogeneous
structure with a certain level of miscibility of the
blend. The FTIR spectra displayed the specified
interaction between the hydroxyl group of cellulose
and the carboxyl group of Al. The mechanical prop-
erties of the blend membranes were slightly
decreased compared to those of the pure RBC mem-
brane; however, WVTR and the degree of swelling

Journal of Applied Polymer Science DOI 10.1002/app

in water were significantly improved. The tensile
strength and elongation at break of the blend mem-
brane with a 0.09-mm thickness were 3.38 MPa and
31.6%, respectively. WAC and WVTR of the
blend membrane were 52.25% and 0.51 g/cm? day,
respectively. The membrane pore was classified as a
micropore with an average diameter of 1.06 nm
and a total surface area of 19.50 m?2/ g. Because the
developed membrane had a nanoporous structure
and exhibited chemical stability, high mechanical
strength, high water adsorption capacity, and high
WVTR, its potential use in membrane separation
processes is expected. The evaluation of the blend
BC/Al film as a separation membrane in pervapora-
tion processes is ongoing.
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A novo bio-polymer composite film of cellulose and aloe vera gel was developed by means of adding aloe
vera gel in the culture medium during biosynthesis using Acetobacter xylinum in static cultivation. The
interaction between bacterial celiulose (BC) fibrils and aloe vera gel was illustrated via FTIR analysis.
With the 30% v/v aloe gel supplement in the culture medium, a fibre-reinforced bio-polymer film dis-

played significantly improved properties in mechanical strength, crystallinity, water absorption capacity

Keywords:

Bacteria cellulose
Aloe vera
Acetobacter xylinum

and water vapor permeability in comparison to those of the unmodified BC film. The average pore size of
the modified film either in the dry or re-swollen form was approximately reduced to 1/5 of those of the
unmodified BC films with a narrow pore size distribution.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction -

Cellulose, a linear polysaccharide, is the most abundant organic
material with a variety of useful applications. It is found as a struc-
tural component, often bound to other polymers (pectin, lignin,
hemicellulose, etc.) in the cell wall of plants, algae and also some
lower animals. Only a few bacterial species, taxonomically closely
related to the genus Acetobacter xylinum, produce and extraceliu-
larly secrete cellulose in form of fibre. Bacterial cellulose (BC) pro-
duced by A. xylinum, has unique properties including high water
holding capacity, high crystallinity, hydrophilicity, high tensile
strength and a highly pure and ultra fine fibre network structure
(Iguchi, Yamanaka, & Budhiono, 2000; Wan et al,, 2007). Recently,
BC has been studied for its use as artificial skin and blood vessels
{Klemm, Schumann, Udhardt, & Marsch, 2001) scaffold for tissue
engineering of cartilage (Svensson et al., 2005), and wound-dress-
ing (Czaja, Krystynowicz, & Bielecki, 2006). Still, an innovative
wound-dressing has been continuously developed in a wide range
of good candidate materials such as alginate, polyurethane, chito-
san, and aloe vera.

Aloe vera is one of the oldest healing plants known to mankind.
Aloe vera gel is the mucilaginous gel obtained from the squeezing
of the clear jelly-like substance of the parenchyma tissue. Aloe vera
gel has been reported to have multiple beneficial properties for
wound healing, including the abilities to penetrate and anesthetize
tissue, preclude bacterial, fungal, and viral growth, act as an anti-
inflammatory agent and enhance blood flow (Davis, DiDonato,
Hartman, & Haas, 1994; Grindlay & Reynolds, 1986; Heggers
et al,, 1996; Reynolds & Dweck, 1999; Yao et al,, 2009). Aloe vera

* Corresponding author, Tel.: +66 2 218 6875; fax: +66 2 218 6877.
E-mail address: muenduen.p@chuia.ac.th (M. Phisalaphong).

0144-8617/$ - see front matter © 2009 Eisevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2009.08.039

gel was applied to inhibit fibroplasia in wound healing, to promote
both tissue growth and differentiation in tissue culture and for the
treatment of burn wounds (Reynolds & Dweck, 1999). Acemannan,
an ordered linear polymer of substantially acetylated mannose
monomers isolated from the aloe vera gel is considered by many
to be one of the major active ingredients (Femenia, Garcia-Pascual,
Simal, & Rossell$, 2003; Femenia, Sanchez, Simal, & Rosselld, 1999;
Ni, Turner, Yates, & Tizard, 2004; Reynolds & Dweck, 1999; Yu, jin,
Xin, & Min, 2009). The activities of acemannan as an antiviral
agent, an immunomodulator, an agent in reducing opportunistic
infections and stimulating the healing processes were reported
(Reynolds & Dweck, 1999; Tai-Nin Chow, Williamson, Yates, &
Goux, 2005).

Based on the advantageous properties of BC and aloe vera gel, in
this study, a novo nanostructure film composed of BC and aloe vera
was developed by the supplementation of aloe vera gel during bio-
synthesis of the bacteria cellulose film. The surface morphology,
pore structure, tensile strength, water absorption capacity (WAC),
crystallinity, and water vapor permeability of the modified films
were then examined and compared with those of the typical BC
film. To the best of our knowledge, this type of blend combination
was first prepared in this work.

2. Materials and methods
2.1. Microbial strains

‘The A. xylinum AGR 60 kindly supplied by the laboratory of
Pramote Tammarate (The Institute of Food Research and Product
Development, Kasetsart University, Bangkok) was used in this
study.
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2.2. Culture media and method

The culture medium was coconut-water supplemented with '

5.0% sucrose, 0.5% ammonium sulfate and 1.0% acetic acid. Precul-
ture was prepared by a transfer of 50 mL stock culture to 1000 mL
medium in a 1500 mL bottle and incubated statically at 30 °C for
7 days. After that the surface pellicle was removed and the precul-
ture broth of 5% (v/v) was added to the main culture medium with
the various aloe vera contents from 0% to 50% v/v. The 75 mL of the
activated main culture medium was inoculated in a Preti-dish and
kept at 30 °C for 7-10 days. After that, all sample films were puri-
fied by washing with deionized (DI) water and then were treated
with 1% (w/v) sodium hydroxide solution at room temperature
(30 °C) for 24 h to remove bacterial cells followed by a rinse with
DI water until pH became neutral. Afterward, the films were air-
dried at room temperature and stored in plastic film,

2.3. Characterization of membranes

2.3.1. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was used primarily to identify the chemical
structure of the membrane. The FTIR spectra of the membranes were
measured at wave numbers ranging from 2800 to 1200 cm ™! witha
Nicolet (United States) SX-170 FTIR spectrometer.

2.3.2. Water absorption capacity (WAC)

To determine the WAC, the dried membranes were immersed in
DI water at room temperature until equilibration. After that the
membranes were removed from the water and excess water at
the surface of the membranes was blotted out with Kimwipes pa-
per. The weights of the swollen membranes were measured, and
* the procedure was repeated until no further weight change was
observed. The water content was calculated with the following
formula:

Wy, - Wy

WAC(%) =~
d

x 100
where Wj, and W, denote the weight of hydrate and dry membrane,
respectively.

2.3.3. Mechanical property

All the membranes under the study in dry and re-swollen forms
were tested for tensile strength, Young's modulus and elongation
at break. The film samples were cut into strip-shaped specimens
10 mm width and 10 cm long. The maximum tensile strength
and break strain of the film samples were determined with a Lloyd
(Southampton, UK) 2000R universal testing machine. The test con-
ditions followed ASTM D 882. The tensile strength and break strain
were the average values determined from 10 specimens.

2.3.4. Scanning electron microscopy (SEM)

The films were frozen in liquid nitrogen, immediately snapped,
vacuum-dried and then sputtered with gold and photographed.
Images were taken on a JOEL (Tokyo, Japan) JSM-5410LV scanning
electron microscope,

2.3.5. Water vapor permeability measurement

The water vapor transmission rate (WVTR) of the dry film with
area of 50 cm” and 0.03 mm of thickness was determined with a
Lyssy {Switzerland) L80-4000 water vapor permeation tester. The
test conditions followed 1SO 15106-1. The determination of WVTR
was done under 38 °C and 90% relative humidity. The principle of
this electronic tester was similar to that of conventional method.
One side of the film was exposed to water vapor. As water solubi-
lized into the film and permeated through the sample material, on
the other side of the film, nitrogen gas swept and transported the

transmitted water vapor molecules to a calibrated infrared sensor.
The response was reported as a transmission rate,

2.3.6. Brunauer-Emmett-Teller (BET) surface analysis

The pore size and surface area of the membranes were deter-
mined with a BET surface area analyzer. To remove moisture from
the film samples, the samples were placed in sample cells, which
were then heated up to 348K for 3 h and cooled down to room
temperature before the BET analysis. The BET pore size and surface
area were determined with N2 adsorption at 77 K in a Micromeri-
tics (Atlanta, GA) ASAP 2020.

2.3.7. Wide-angle X-ray diffractometry

X-ray diffraction was measured with an X-ray diffractometer
(Model D8 Discover, Bruker AXS, Karlsruhe, Germany). X-ray dif-
fraction patterns were recorded with CuKo, radiation (1=1.54 A).
The operating voltage and current were 40 kV and 30 mA, respec-
tively. Samples were scanned from 10-40° 26 at a scan speed of 3°/
min. The crystallinity index (Cl) was calculated from the reflected
intensity data with Segal et al.’s method (Phisalaphong & Jatupai-
boon, 2008).

3. Results and discussion

A bio-polymer composite of cellulose and aloe vera gel was pro-
duced in the form of pellicles that floated on the medium surface
during the cultivation of A xylinum using a culture medium con-
taining aloe vera gel. A decline in the pellicle formation rate relat-
ing to the ratio of aloe vera gei in the medium culture was
observed (data not shown). Since the supplement of aloe vera gel
increased the viscosity of the culture medium, it resulted in a de-
crease in the oxygen transfer rate. A. xylinum is an aerobic bacte-
rium; therefore, the reduction of oxygen in the medium could
become the limiting factor for cell growth and cell activities.

After the air-drying processes, the film in dry state was obtained
namely, bacterial cellulose-aloe vera (BCA) film. It was found that
the BCA film formation using the culture medium with 30% (v/v) aloe
vera gel addition gave a uniform structure with a slightly lower BC
pellicle synthesis rate. However, the addition of more than 30% aloe
vera gel caused a considerable decrease of the pellicle formation. The
effects of aloe vera gel supplement on the film characteristics such as
surface morphology, chemical structure, mechanical strength, water
absorption capacity, crystallinity, porous structure and water vapor
transmission were then investigated.

3.1. Surface morphology

SEM images in Figs. 1-3 illustrate the differences in the surface
morphology of the developed films supplemented with 0%, 30%
and 50% (v/v) of aloe vera gel in the culture mediums, respectively.
Compared to the dried films, the re-swollen films exhibited a loos-
er fibril network structure according to the high water absorption
of the films. In Fig. 2, the film with the supplement of 30% aloe vera
gel displayed good incorporation of aloe vera gel into the BC fibril
network. However, in the case of the 50% aloe vera gel supplement
(Fig. 3), the structure of the film became less uniform with notice-
able excessive gel on the film surfaces.

3.2. FTIR analysis

Fourier transform infrared (FTIR) spectroscopy of BC and BCA
films was carried out in order to detect the occurrence of new
peaks or any peak shift that could be attributed to interactions be-
tween cellulose and aloe vera gel. The FTIR spectra of all samples
were detected at wavenumbers ranging from 2800 to 1200 cm™}
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Fig. 1. SEM images of surface morphology of BC film in dry form (left) and re-swollen form (right).
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Fig. 2. SEM images of surface morphology of BCA-30% aloe vera film in dry form (left) and re-swollen form (right).
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Fig. 3. SEM images of surface morphology of BCA-50% aloe vera film in dry form (left) and re-swollen form (right).

as shown in Fig. 4. For close observation, the expansion of the FTIR
spectra of the films at wave number ranging from 1800 to
1500 cm™! was displayed in Fig. 5. In this region, the intense
absorption in the spectrum of the cellulose was the band at
1642.9 cm™', which has been assigned to carbonyl groups (Klemm
et al,, 2001), while the characteristic absorption of the aloe vera
was the band at 1594.1 cm™', which was assigned to amino groups
as shown in Fig. 4(a) and (h), respectively. The bands at 1650
1578 cm~! were assigned to G=0 stretching, which overlaps with
NH bending. The absorption band at 1565-1540 cm~' was NH
deformation. In Fig. 5(b-h), the films developed by the supplement
of aloe vera gel of 5%, 10%, 20%, 30%, 40%, and 50% (v/v) in the cul-
ture medium present a peak shift and an occurrence of two new
peaks from 1562.6cm™! to 1562.0, 1562.7, 1563.2, 1573.9/
1541.7, 1574.3/1541.9, and 1574.6/1541.8 cm™, respectively. The
presence of the two new peaks in FTIR spectra in the region of
1574 (higher frequency) and 1542 cm™' (lower frequency) when
the films were developed by the supplement of 30-50% (v/v) aloe

vera gel implied the incident of the intermolecular interaction of
BC and the amino groups of aloe vera gel. As referred to the SEM
analysis, it supported that aloe vera gel could attach and intermo-
lecular bond to the cellulose fibril.

3:3. Mechanical property

Fig. 6 shows the tensile strength of BC and BCA films as a func-
tion of aloe vera gel content observed at the average film thickness
of 0.030 mm. By supplementation of the gel from 0% to 30% (v/v), it
was found that the gel merged well into the fibril network result-
ing in improvement of the tensile strength of the films from 5.32 to
8.67 MPa in proportion to the gel content. However, with the
excessive gel supplements in the range of 40-50% v/v, the pellicle
formation rate was significantly decreased and the miscellaneous
structure of the films was observed as previously shown in the
SEM images. With the gel supplement of 50% (v/v), the tensile
strength of the film was drastically reduced to 3.42 MPa.
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Fig. 5. The FTIR spectra of (a) BC and (b~g) BCA films and (h) aloe vera gel in wave
numbers ranging from 1800 to 1500 cm™*. The supplement of aloe vera gel (% v/v):
(b} 5; () 10; (d) 20; (&) 30; (f) 40 and (g) 50.

The effect of the aloe vera gel supplement on Young's modulus
(Fig. 7) and elongation at break (Fig, 8) were similar to that on the
tensile strength. Supplementation of aloe vera gel from 0% to 30%
(v/v} increased the Young’s modulus of the film from 161.80 to
190.20 MPa. However, the Young's modulus of the film was re-
duced with the gel supplement of 40-50% (v/v). The elongation
at break also increased with the gel supplement from 0% to 30%
(v/v) and declined with the surplus supplement to 40-50% (v/v).

The supplement of aloe vera gel at 30% (v/v) in the culture med-
ium yielded about 1.6 times of tensile strength, 1.2 times of

/ Carbohydrate Polymers 79 (2010} 455-460
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Fig. 6. Tensile strength of the BCA films as a function of aloe vera content (% vjv) in
culture medium,
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Fig. 7. Young's modulus of the BCA films as a function of aloe vera content (% vjv) in
culture medium.
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Fig. 8. The elongation at break of the BCA films as a function of aloe vera content
(% v[v) in culture medium.

Young's modulus and 1.4 times of elongation at break higher than
those of the film synthesized in the normal culture medium. By
addition of 30% (v/v) aloe vera gel in the culture medium, the
developed BCA film was reinforced to withstand stronger pull force
than the typical BC film as a result of the formation of the aloe vera
gel-cellulose composite film. The combination of crystalline cellu-
lose and amorphous gel at a suitable ratio could form a material
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with the advantageous properties of strength and stiffness. In addi-
tion, the improved mechanical strength of the BCA film could be as
a result of the denser structure with smaller pore diameter and
narrow pore size distribution of the film.

3.4. Water absorption capacity (WAC)

The effect of the aloe vera gel supplement on the water absorp-
tion capacity (WAC) of the films was analogous to that of the
mechanical strength (Fig. 9). The aloe vera gel supplementation
at 30% vfv improved the WAC of the film to 735% or about 1.5 times
of that of the unmodified BC film. Degree of water swelling and
WAC of the blend films could be increased due to the introduction
of hydrophilic component. On the previous study (Phisalaphong,
Suwanmajo, & Tammarate, 2008), the blending of bacteria cellu-
lose with alginate gel resulted in the increase in the water absorp-
tion ability of the film. Aloe vera gel is very hydrophilic and could
conjugate well into the cellulose network structure; therefore, the
WAC of the BCA film was enhanced. On the other hand, the WAC of
the film dropped when the aloe vera gel supplement was greater
than 30% (v/v). At the excessive gel addition, the developed film
structure became miscellaneous and weak; consequently, the
water holding capacity of the film decreased.

3.5. XRD (X-ray diffraction)

The X-ray diffraction (XRD) patterns of BC and BCA films are
shown in Fig. 10. The XRD pattern of the BC film developed from
the normal culture medium demonstrated the peaks observed at
14.56°, 16.87° and 22.74° in the comparable intensities as previ-
ously reported for the typical BC cultured in static circumstances
(Hong et al., 2006; Phisalaphong & Jatupaiboon, 2008; Phisala-
phong et al,, 2008). Because BC is not a completely crystalline
material, the diffraction patterns from the films show broad peaks.
The percentages of aloe vera gel supplement in the range of 0-50%
v/v in the culture medium showed no differences in the reflective-
angle and d-spacing from those of the typical BC film (Table 1).
However, with the aloe gel supplement from 0% to 30% (v/v), the
crystalline indices (C1) of the films gradually increased from
78.45 to 82.77, respectively. The higher peak intensity could be
as a result of the relatively denser structure of the BCA films. In
general, the controlling parameters such as the composition of
culture media, pH, temperature and oxygen tension could have
an effect on bacterial growth and the cellulose biosynthesis. The

800

600

o
2 400 |

200 -

0 T T T T T
0 10 20 30 40 50 60

% Aloe vera {viv}

Fig. 9. The equilibrium water content (EWC) of the BCA films as a function of aloe
vera content (% v/v) in culture medium,
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Fig. 10. X-ray patterns of the BC and BCA films: (a) BC; (b) BCA-10% aloe vera; (c)
BCA-20% aloe vera; (d) BCA-30% aloe vera; (e) BCA-40% aloe vera; and (f) BCA-50%
aloe vera,

Table 1

(I, reflective-angle, d-spacing values of the BC and BCA films.
Film sample a 20{d(110)) 26[d110)] 20{d(020)
BC 7845 1456°(6.08) 16.87°(525) 22.74°(3.91)
BCA-10% aloe vera  79.16  14.56° (6.08) 16.87°(5.25) 22.74°(3.91)
BCA-20% aloe vera 8025  14.56° (6.08) 16.87°(5.25) 22.74°(3.91)
BCA-30% aloe vera 8277 14.56°(6.08) 16.87°(525) 22.74° (3.91)
BCA-40% aloe vera  69.75 14.56° (6.08) 16.87°(5.25) 22.74°(3.91)
BCA-50% aloe vera 6852  14.56° (6.08) 16.87°(5.25) 22.74°(3.91)

higher CI of the film could be because of a relatively higher degree
of order form of the polymer chains owning to the different culture
medium composition. Similar to the mechanical properties, the Cl
dropped considerably to 69.75 and 68.52 with the aloe vera gel
supplement at 40% and 50% (v/v), respectively. The result implied
that with the addition of aloe vera gel in the range of 0-30% (v/
v), the developed film of BCA was more orderly arranged in uni-
form and firmly fibre network than those in the range of 40-50%

(vfv).
3.6. Porosity

The total surface area and average pore size determined by BET
of the BC film were 12.6 m?/g and 224 A in dry form and 55.2 m?/g
and 612 A in re-swollen form, respectively. As shown in Table 2,
Figs. 11 and 12, the BCA films had average pore sizes smaller than
that of the BC, while the surface area slightly increased. The pore
sizes slightly decreased with the increase of aloe vera gel content,
Overall, the average pore sizes of the modified films either in dry or
re-swollen form were approximately reduced to approximately 1/5

Table 2
Pore diameter and surface area of the BC and BCA films analyzed by BET analyzer,

Film sample Average pore Surface area
. diameter (A) (m?/g)
BC (dry form) 224 126
BCA-10% aloe vera (dry form) 53 142
BCA-30% aloe vera (dry form) 41 157
BCA-50% aloe vera {dry form) 38 195
BC (re-swollen form) 612 55.2
BCA-10% aloe vera {re-swollen form) 154 59.1
BCA-30% aloe vera {re-swollen form) 150 62.4
BCA-50% aloe vera (re-swollen form) 138 652
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of those of the unmodified BC films. The results indicated the
occurrence of gel coating and filling pores of the films. The BET
results were in accord with the observation from the SEM
micrographs.

3.7. Water vapor transmission test

Corresponding to the result regarding water absorption capac-
ity (WAC), the WVTR increased with the addition of aloe vera gel
in the range of 0-30% (v/v), and then it decreased with the addition
of aloe vera gel at 50% (v/v). The water vapor transmission rate
{(WVTR) of the BCA film at the aloe vera gel supplement of 0%,
10%, 30%, and 50% (v/v) were at 1616.5, 1821, 2029.5, and
1066 gfm? day, respectively. The improved water vapor permeabil-
ity could be according to the increase of swelling degree and equi-
librium water content of the films. A similar result was previously
observed in the blended cellulose-alginate membrane (Phisala-
phong et al., 2008).

4, Conclusions

The modification of BC film by means of adding aloe vera gel in
the culture medium during biosynthesis using A. xylinum provided
many advantageous properties. The FTIR spectra of the modified
films revealed the intermolecular interaction of BC and the amino
groups of aloe vera gel. The significant improvement in terms of

mechanical properties, water absorption capacity {(WAC), water va-
por transmission rate (WVTR) and crystalline index were appar-
ently obtained by the addition of up to 30% (v/v) of aloe vera gel
in the culture medium. However, the introduction of more than
30% (v/v) aloe vera gel in the culture medium inhibited the film
formation and the developed films exhibited miscellaneous struc-
tures with inferior film properties. On the nature of biccompatibil-
ity of BC and aloe vera gel and on the excellent physical properties
of the BCA film, a wide range of applications of the BCA film in
medical areas is expected. Investigation of the BCA as materials
for tissue engineering is on going.
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Abstract

Bacterial cellulose (BC)~chitosan (BCC) films made via bio-co-polymerization by Acetobacter xylinum
were developed and characterized for physical and biological properties. With the incorporation of chitosan
MW 3 x 10% and 8 x 10? into bacterial cellulose, the modified films (BCC-MW 30000 and BCC-MW
80000, respectively) became denser, with a smaller average pore size of 13.1-15.3 nm in dry form. The
BCC films have no toxicity against L929 mouse fibroblast cells. Tissue compatibility was then evaluated by
growth and spreading of human skin keratinocytes and fibroblasts. The results revealed that the growth of
human skin keratinocytes and fibroblasts on the BCC films was comparable to that on the BC film; however,
improvement of cell adhesion and spreading on the BCC films was observed in human skin keratinocytes.
The results of the biological response experiments showed no significant difference between BCC-MW
30000 and BCC-MW 80 000.

© Koninklijke Brill NV, Leiden, 2010
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1. Introduction

Nearly-purified cellulose film of nano-sized fibrils can be biosynthesized by the
bacteria Acetobacter xylinum, using glucose as a common substrate. With its ultra-
fine network structure, bacterial cellulose (BC) displays advantages superior to its
counterpart from plants with its physical and chemical properties, such as mechani-
cal strength, crystallinity and hydrophilicity. Several applications of BC in medical
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fields have been reported, such as artificial skin for humans with extensive burns [1],
artificial blood vessels for microsurgery [2], scaffolds for tissue engineering of car-
tilage [3] and wound-dressing [4]. BC dressing adheres to the wound sites very
well, displaying a high degree of adherence, even to the moving parts, and main-
tains a proper moist environment and good sorption of the wound’s exudates. It is
non-allergenic [4-6], and can be safely sterilized without any change to its char-
acteristics. Our previous work [7] reported that BC film supported the growth of
human keratinocytes and fibroblasts and promoted the re-epithelialization process
to facilitate wound healing.

Chitosan has also been widely studied as a wound-dressing material, and is
known in many medical applications; for instance, implantation, topical ocular,
transparent membrane, tissue reconstruction and wound healing. The use of chi-
tosan and its derivatives as a supporting material for tissue-engineering applications
has been reviewed [8]. Application of chitosan wound dressing made chronic ul-
cers heal faster. Chitosan could be used to inhibit fibroplasia in wound healing,
as well as to promote tissue growth and differentiation [9]. Chitin, chitosan and
water-soluble chitin are useful in wound management as a wound-healing acceler-
ator [10]. Chitosan has also been found to be a good supportive material for gene
delivery, cell culture, tissue engineering, drug delivery, anti-microbial agents and
adsorption agents [11, 12]. Chitosan with a relatively high degree of deacetylation
modulated human skin cell mitogenesis and the stimulatory effect was described
as a result from the interaction of chitosan with the growth factors presented in the
serum [13].

Based on the unique physical and biological properties together with the similar
backbone structure of chitosan and cellulose, the bio-co-polymerization of cellulose
and chitosan using A. xylinum was developed and the nanostructure and mechan-
ical properties of the modified films were compared to the general BC film [14].
Furthermore, in this work, the biological properties of the bacteria cellulose—
chitosan (BCC) film were evaluated by using the mouse fibroblast cell line 1.929,
human-transformed skin keratinocyte (HaCat) and primary human skin fibroblast
(CRL-2211) in order to explore the developed BCC film for application in skin
wounds therapy.

2. Materials and Methods
2.1. Microbial Strains
The A. xylinum AGR 60 was isolated from nata de coco. The stock culture was

kindly supplied by Pramote Tammarate, the Institute of Food Research and Product
Development, Kasetsart University, Bangkok, Thailand.

2.2. Culture Media and Method

The medium for the inoculums was coconut water containing 5.0% sucrose, 0.5%
ammonium sulfate and 1.0% acetic acid [7]. The medium was sterilized at 121°C
for 15 min. Pre-cultures were prepared by transferring 50 ml of a stock culture to
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1000 ml medium in 1500-ml bottles and incubating statically at 30°C for 5 days.
After the surface pellicle was removed, the 5% (v/v) pre-culture broth was added
to the main culture medium supplementation with 0.75% chitosan content (MW
3 x 10* and 8 x 10* with a degree of deacetylation (DAC) of 0.85). Chitosan was
purchased from Seafresh Chitosan (Lab) (Bangkok, Thailand) in the form of dried
powder. From our previous study, chitosan of higher MW (>2 x 10°) significantly
inhibited the formation of BC biosynthesis (data not shown). Activated medium
with the pre-culture broth (75 ml) was inoculated in a Petri dish and kept at 30°C
for 7-10 days. The developed gel-like cellulose pellicle was first purified by wash-
ing with deionized (DI) water and then was treated with 1% (w/v) NaOH at 35°C
for 24 h to remove bacterial cells and rinsed with DI water until the pH was 7. Af-
terwards, the purified sheets were air-dried at room temperature (30°C) and stored
in plastic film before use.

2.3. Characterization of Membranes

For surface morphology, scanning electron micrographs (SEM) were taken using
a Jeol (Tokyo, Japan) JSM-5410LV scanning electron microscope. The BC films
were frozen in liquid nitrogen, immediately snapped and vacuum-dried. Then, the
films were sputtered with gold and photographed.

The pore size, porosity and pore size distribution of the BC film were determined
by a BET (Brunauer, Emmett and Teller) model Micromeritics (Atlanta, GA, USA)
ASAP 2020. The BET pore size and surface area were determined with N, adsorp-
tion at 77 K.

2.4. Mechanical Analysis

BC film was cut into strips of 10 mm in width and 10 cm in length. The average
thickness of the dry samples was 0.04 mm. The maximum tensile strength and break
strain of BC film in dry and wet states were determined using a Lloyd (Southamp-
ton, UK) 2000R universal testing machine. The test conditions followed ASTM
D882. The tensile strength and break strain were the average values of 10 speci-
mens.

2.5. Cytotoxicity Test

The cytotoxicity was evaluated based on a procedure modified from the ISO10993-
5 standard test method using the mouse fibroblast cell line 1929 purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). The experiments
were conducted in triplicate. The cell culture was cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Hyclone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (FBS, Biochrom, Cambridge, UK), 100 units/ml penicillin (Gibco,
Brooklyn, NY, USA), 100 pg/ml streptomycin (Gibco), 1% L-glutamine and 2 mg/]
lactalbumin. The cultures were maintained at 37°C in a humidified atmosphere of
5% CO, and 95% air. A single-cell suspension of 1.929 cells was obtained after
trypsinization, and the cells were counted in a hemocytometer (Hausser Scientific,
Horsham, PA, USA).
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The films were sterilized by autoclaving at 121°C for 20 min [7], transferred
aseptically to 24-well culture plates (Nunc, Rockford, IL, USA) and incubated at
37°C in serum-free culture medium (SFM) for 24 h. The film/medium ratio was
10 mg/ml. The extraction medium from the film incubation was used to culture
1.929 mouse fibroblast ceils. SFM was used as control. The cells were cultured in
24-well plates at concentrations of 5 x 10* cells in 500 pl culture medium per well,
and the cells were allowed to attach to the plates for 16 h in a humidified atmosphere
of 5% CO3 and 95% air at 37°C. Then, the cell-culture medium was replaced with
500 yl of the 100% (v/v) extraction medium, the 50% (v/v) extraction medium or
the control medium. The number of living cells was finally quantified using the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphynyl-tetrazoluim bromide (MTT) assay.

2.6. Cell Study

For the application in the therapy of skin wounds, two types of cells were used in
cell study: human-transformed skin keratinocyte (HaCat) and primary human skin
fibroblast (CRL-2211, ATCC). Keratinocytes and fibroblasts were grown in DMEM
supplemented with 100 units/ml penicillin, 100 pg/ml streptomycin and 10% FBS.
When the cells reached 80% confluence, they were serially subcultured. For fibrob-
lasts, cells from the 4th to the 7th subculture passages were used in the described
experiments. Both cultures were incubated at 37°C in a humidified atmosphere con-
taining 5% CO3.

Air-dried BC and BCC films were punched into round samples of 14 mm in
diameter. The samples were sterilized by autoclaving at 121°C for 20 min and
transferred aseptically to 24-well culture plates. The experiments were conducted
in triplicate. Culture medium (500 pl) was added to each well to equilibrate the
samples for 30 min before cell seeding. Proliferation of skin keratinocytes and fi-
broblasts on BC films was determined by MTT assay as described previously [12].
Briefly, cells were seeded into 24-well culture plates (Nunc) at an initial density
of 3 x 10* cells per well on BC film, BCC film or polystyrene plate control. Cells
were incubated at 37°C in a humidified atmosphere containing 5% CO, for 16 h.
Then, the culture medium was removed and replaced for another 48 h by SFM for
cultures of both keratinocytes and fibroblasts. The number of living cells was de-
termined using the MTT assay. Cell morphological imaging was performed using a
Jeol JISM-5410LV SEM.

3. Results and Discussion
3.1. Characterizations

BCC film was developed by means of adding chitosan to the culture medium dur-
ing biosynthesis by A. xylinum. It was previously reported that water-soluble and
lysozyme-susceptible phosphoryl chitin (P-chitin) could be de-polymerized in a
culture medium and then incorporated into the metabolic pathway for biosynthe-
sis of BC film [15]. From our previous study [14], the FT-IR spectra of the BCC
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films indicated intermolecular interaction between the hydroxyl groups of cellulose
fiber and the amino groups of chitosan.

In static condition, gel-like cellulose—chitosan pellicles were developed in the
form of thin films. To avoid the inhibition of growth and BC formation, the maxi-
mum amount of the chitosan addition in the culture medium was limited at 0.75%
(w/v), BCC-MW 30000 and 80000 refer to the samples of BCC films supple-
mented with chitosan of MW 3 x 10* and 8 x 10*, respectively. The films were
purified and air-dried at room temperature. The average thickness of the films was
about 0.04 mm in dry form and about 0.25 mm in re-swollen form. Both of the
developed BC and BCC films displayed an ultrafine fiber network structure of mi-
crofibrils; however, the BCC film structure was found to be relatively denser than
the BC film. The pore size distribution of the dried and re-swollen films of BC,
BCC-MW 30000 and BCC-MW 80000 are shown in Fig. 1. The average pore sizes
of the re-swollen films in water of BC, BCC-MW 30000 and BCC-MW 80000
were at 60.80 & 0.40, 48.95 & 0.35 and 39.70 = 0.40 nm, respectively. Our previ-
ous FT-IR analysis showed intermolecular connections between BC and chitosan;
consequently, the improved mechanical properties and water absorption capability,
which are the required properties of a wound care dressing material, were obtained
[14]. However, the small amount of chitosan supplement in this work barely af-
fected the water vapor transmission rate and crystallinity index of the films and the
anti-microbial ability of the BCC films was only slightly enhanced. More informa-
tion of those characteristics of the BC and BCC films has been reported elsewhere
[7, 14]. The BCC films did not dissolve in water or ethanol and could be safely
sterilized in several ways, for instance, by heat sterilization in an autoclave, gas
chemical sterilization and 70% ethanol disinfection [7]. Table 1 gives a summary
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Figure 1. The pore size distribution of BC and BCC films: in dry form of (a) BC, (b) BCC-MW 30000
and (c) BCC-MW 80000; in re-swollen form of (d) BC, (¢) BCC-MW 30000 and (f) BCC-MW
80 000.
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Figure 2. Toxicity test against .929 mouse fibroblast cells at the extraction medium concentrations of
5 and 10 mg/ml on the culture-treated polystyrene plate (W), BC film (), BCC-MW 30000 film (&)
and BCC-MW 80000 films ({J).

of the overall characteristics of the BCC films compared to the BC film. For bio-
medical applications, the cytotoxicity test and the in vitro skin cell study of the
developed BCC films were further examined.

3.2. Cytotoxicity Test

The cytotoxicity of the BC and BCC films was examined against 1.929 mouse
fibroblast cells using the MTT assay (Fig. 2). The percentages of living cells cul-
tured with the extraction medium of BC, BCC-MW 30000 and BCC-MW 80000
for 24 h, in comparison with those cultured with fresh SFM were found to be
97 + 2.25%, 103 4+ 2.57% and 93 + 3.44% with the extraction medium concen-
tration of 5 mg/l and 96 £ 2.62%, 104 + 2.42% and 94 4 4.83% with the extraction
medium concentration of 10 mg/l, respectively. The results indicated that the BC
and BCC films had no toxicity against 1.929 mouse fibroblast cells with no statisti-
cally significant difference, calculated using a two-tailed ¢-test for a 95% confidence
limit (P > 0.05). The high biocompatibility of BC in vitro and in vivo evaluated on
a variety of cells has been documented previously [1-7].

3.3. Cell Study

The effects of BC and BCC on the proliferation and morphology of human skin
cells were studied. The major human skin cells, human-transformed keratinocytes
{HaCat), and human normal skin fibroblasts (CRL-2211) were used, and the per-
centage of the living cells after seeding on BC and BCC films from 0 to 24 and 48 h
was gradually increased, as shown in Figs 3 and 4, respectively. Cultures of both
cell types exhibited no significant difference in proliferation on BC and BCC films
calculated using a two-tailed ¢-test for a 95% confidence limit (P > 0.05).

In the culture of keratinocytes, the percentage of cell number increased from
100 & 15% to 238 £ 14% and 310 £ 8% on the BC, 100 & 8% to 262 + 13% and
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- Figure 3. Proliferation of human skin keratinocytes on the culture-treated polystyrene plate (), BC
film (), BCC-MW 30000 film (&) and BCC-MW 80 000 films (O). The percentage of living cells
was assessed at 0, 24 and 48 h of culture by MTT assay.
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Figure 4. Protiferation of human fibroblasts on the culture-treated polystyrene plate (8), BC film
(}), BCC-MW 30000 film (&) and BCC-MW 80000 films (0). The percentage of living cells was
assessed at 0, 24 and 48 h of culture by MTT assay.

331 £ 15% on the BCC-MW 30000, and 100 + 1% to 239 4 6% and 274 + 20%
on the BCC-MW 80000 at 24 and 48 h, respectively, while the percentage of the
number of fibroblasts increased from 100 4= 6% to 151 £ 4% and 198 4= 8% on the
BC, 100 & 6% to 124 + 3% and 190 & 2% on the BCC-MW 30000, and 100 + 8%
to 135+ 7% and 197 £ 9% on the BCC-MW 80 000 at 24 and 48 h, respectively.
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Figure 5. SEM images of human skin keratinocytes on the culture-treated polystyrene plate at 24 h.

— 10pum —— lpm

Figure 6. SEM images of human skin keratinocytes on the BC film at 24 h,

A comparison of cell number showed that the number of both cell types on the
BC and BCC films was relatively lower than that on the polystyrene culture plate
control; however, the rate of cell proliferation was similar (Figs 3 and 4). This prolif-
eration result did not only support the biocompatibility of these kinds of materials,
but also showed the potentiation to increase the cell number which would enhance
the wound-healing process.

SEM images of keratinocytes at a low magnification of 1000x on the control
culture plate at 24 h demonstrated well-spread keratinocytes over the surface of
the plate, which was seen as a flattened epithelial-like shape with slight trace of
filopodia at a high magnification of 1 x 10*x (Fig. 5), whereas a lower degree
of spreading and looser cell adhesion was observed in keratinocytes cultured on
the BC surface, which were seen as more rounded cells, indicating fewer cell-
material interactions (Fig. 6). However, other normal cell surface appearances, such
as filopodia, were found.
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Figure 8. SEM images of human skin keratinocytes on the BCC-MW 80000 film at 24 h.

Regarding the BC surface, the patterns of cell distribution and attachment of
keratinocytes on the BCC films were different. The extent of cell spreading and
adhesion on the BCC-MW 30000 and BCC-MW 80000 surfaces was higher, as
shown in Figs 7 and 8, respectively. A possible explanation for this phenomenon
was that the adhesion of keratinocytes to the BC film was less than that of the
cells to the BCC films. The influence of cell attachment from the interaction of
positively charged amino groups of chitosan chains and negatively charged cell
membranes has been widely reported [18]. Therefore, the improved keratinocyte
attachment on the BCC films could be due to the presence of chitosan on the film
surface. In addition to our previous report which demonstrated that BC film could
maintain the normal characteristics of keratinocytes [7], the present study showed
that the incorporation of chitosan to the BC film not only promoted keratinocyte
proliferation, but also improved cell spreading and adhesion on the surface.
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A B) ©

Figure 10. SEM images of human skin fibroblasts on the (A) BC film, (B) BCC-MW 30000 film and
(C) BCC-MW 80000 film at 24 h.

The SEM images of fibroblasts showed the typical elongated fibroblast pattern
with good spreading on the control culture plate and all types of tested materials
with no significant difference in morphology (Figs 9 and 10). At a high magnifi-
cation of 1 x 10%x, several of the thread-like filopodia were seen showing good
interaction with the material underneath (Fig. 10). This normal phenotypic shape
suggested that the cells function biologically on these materials.

According to previous works [13, 16], chitosan does not directly enhance the rate
of fibroblast cell proliferation. Chitin and its derivatives showed no direct acceler-
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atory effect on the proliferation of fibroblasts in vitro. In addition, chitosan at high
concentration could reduce the proliferation rate. However, the indirect stimulatory
effect on fibroblast proliferation was suggested to be a result from the interaction of
chitosan with the growth factors present in the serum, thus potentiating their effect
[13]. Proliferation of fibroblasts in vivo was suggested to be accelerated indirectly
by chitin derivatives, possibly due to the formation of a polyelectrolyte complex
between chitosan and heparin [13, 16, 17]. In this study, the supplementation of
chitosan of MW 3 x 10* and 8 x 10* in the bacterial culture medium showed no
significant influence on the cell proliferation profile of the modified films compared
to that of the BC film.

4. Conclusion

For the improvement of physical and biological properties, the modification of the
bacterial cellulose (BC) film by supplementing chitosan in culture medium during
biosynthesis by A. xylinum was performed. The bacterial cellulose—chitosan (BCC)
film had remarkable water holding capacity and improved tensile strength. Our re-
sults indicate that BCC film has no toxicity against L.929 mouse fibroblast cells.
The examination of the growth of human skin keratinocytes and fibroblasts on the
BCC films demonstrates that the modified films supported proliferation for both cell
lines almost comparable to those on the BC film. Cultures of human keratinocytes
showed no differences between on BCC-MW 30000 and BCC-MW 80000 films,
but were slightly better than on the BC film, as they exhibited relatively better cell
adhesion and spreading on the surface. Our results indicate that chitosan supple-
mented bacterial cellulose may be a good candidate for biomedical applications,
such as wound dressing.
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ABSTRACT: A novel polysaccharide membrane contain-
ing alginate in bacterial cellulose matrix was synthesized
by Acetobacter xylinum under static conditions using a cul-
ture medium supplementation with sodium alginate. By
increasing alginate content, the bacterial cellulose-alginate
(BCA) membrane was more hydrophilic and the film
structure became denser with the smaller average pore size.
Scanning electron microscope images displayed the deposits
of alginate gel on the surfaces of the multilayer cellulose
film. The declines in the tensile strength, the Young's modu-

lus, and the elongation at break of the BCA membrane were
dependent on the degree of alginate supplement. The BCA
membrane showed higher water absorption capacity. The
addition of alginate slightly affected the water vapor trans-
mission rate but remarkably decreased the oxygen transmis-
sion rate of the membrane. © 2009 Wiley Periodicals, Inc. ] Appl
Polym Sci 115: 1581-1588, 2010

Key words: bacteria cellulose; alginate; Acetobacter xylimum;
characterization; film

INTRODUCTION

Cellulose is the most abundant natural polysaccha-
ride produced by plants and microorganisms. It was
formed out of glucose-based repeat units, connected
by 14-p-glucosidic linkages." Cellulose fibrils are
highly inelastic and insoluble.? The B-14 linkage
results in a ribbon-like molecule, which is suited for
forming fibril via hydrogen bonding.* The bacterial
cellulose (BC) film with its highly pure nanofibril
cellulose network can be formed by the Acctobacter
species. It is distinguished by its mechanical sirength,
water absorption capacity (WAC), and crystallinity.
Its unique structural features and properties facili-
tate diverse applications, ranging from food matrix,
dietary fiber, wound-dressing, carrier for mamma-
lian cell culture, immobilization of enzymes, and
other biomolecules, as well as diaphragms in ipeak—
ers for acoustic and separation membranes.*® The
pellicle which is flat can be easily processed into a
uniform porous membrane, whereas plant cellulose
is often interspersed with lignin, hemicellulose, and
pectin leading to nonuniformity in porosity and
inconsistent permeability. Furthermore, the produc-
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tion yield and the structure of BC can be changed
from the control conditions such as composition of
the culture media, pH, temperature, and oxygen ten-
sion as well as drying procedure.'® The specific
application of BC as a dialysis membrane was exam-
ined by Shibazaki et al. (1993)."" The BC film showed
a significantly higher permeation rate and a greater
molecular weight cut-off when compared with regen-
erated cellulose membrane. The BC membrane was
investigated for the pervaporation of aqueous-organic
mixtures.*!! It was found that the permeate flux was
incredibly high but the selectivity was fairly low.

Among the hydrophilic polysaccharide membranes,
alginate film has gained special interest for its high
flux and separation factor.'”"® Alginate is naturally
polysaccharide of linear copolymers of {1-4)-linked B-
p mannuronic acid and o-L-guluronic acid, derived
primarily from brown seaweed. Alginate can be trans-
formed into the most widely used water-soluble form,
sodium alginate, through the incorporation of sodium
salt. However, alginate membrane has poor stability
in aqueous solutions because of its highly hydrophilic
character due to both of its carboxyl and hydroxyl
groups, resulting in significant reduction of mem-
brane selectivity and mechanical strength.!®

The present research aimed to develop a compos-
ite film of bacterial cellulose-alginate for the applica-
tion in membrane separation. To increase the
hydrophilic property and generate the dense film
structure, the biosynthesis of bacterial cellulose-algi-
nate film was developed by the supplement of
sodium alginate into the medium under static
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cultivation of Acefobacter xylimun. For further appli-
cation in membrane systems, the effects of alginate
content on the membrane properties, for instance, its
structure, pore morphology, chemical structure, me-
chanical strength, WAC, and permeability of water
vapor and oxygen were investigated.

MATERIALS AND METHODS
Culture, culture media, and method

The Acetobacter xylinum AGR 60 was kindly supplied
by the laboratory of Pramote Tammarate (the Insti-
tute of Food Research and Product Development,
Kasetsart University, Bangkok). The medium for the
inoculums was coconut-water containing 5.0%
sucrose, 0.5% ammonium sulfate (NHy),SO4, and
1.0% acetic acid. The medium was sterilized at 121°C
for 15 min. Precultures were prepared by transferring
50 mL of a stock culture to 1000 mL of medium in
1500 mL bottles and incubated statically at 30°C for
5 days. After the surface pellicle was removed, the
5% (v/v) preculture broth was added to the main
culture medium supplementation with different
sodium alginate content. The 75 mL of activated
medium was inoculated in a pretidish and kept
at 30°C for 7 days. The developed gel-like cellulose
pellicle was first purified by washing with deionized
(DI) water and then was treated with 1% (w/v)
NaOH at 35°C for 24 h to remove bacterial cells and
rinsed with DI water until the pH was 7. Afterward,
the purified sheets were air-dried at room tempera-
ture) (30°C) and stored in plastic film before use.

Characterization of membranes
Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) spec-
tra of the membranes were measured at wave num-
bers ranging from 2000 cm™" to 800 cm™ at a reso-
lution of 4 em™! with a Nicolet (US) $X-170 FTIR
spectrometer.

Water absorption capacity

To determine the WAC, the dried membranes were
immersed in DI water at room temperature) (30°C)
until equilibration. After that the membranes were
removed from the water and excess water at the sur-
face of the membranes was blotted out with Kim-
wipes paper. The weights of the swollen membranes
were measured, and the procedure was repeated until
no further weight change was observed. The water
content was calculated with the following formula:

Wy, — W,

WAC (%) =~ 4 x 100
d
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where W), and W, denoted the weight of hydrate
and dry membrane, respectively.

Mechanical strength

The air-dried membranes were cut into strip-shaped
specimens 10 mm width and 10 cm long. The maxi-
mum tensile strength, Young’s modulus, and break
strain of BC and BCA films were determined with a
Lloyd (Southampton, UK) 2000R universal testing
machine. The test conditions followed ASTM D 882.
The tensile strength, Young's modulus, and break
strain were the average values determined from 10
specimens.

Scanning electron microscopy

The films were frozen in liquid nitrogen, immedi-
ately snapped, vacuum-dried, and then sputtered
with gold and photographed. Images were taken on
a JOEL (Tokyo, Japan) JSM-5410LV scanning elec-
tron microscope (SEM). The accelerating voltage was
adjusted to 15 kV. The specimen was examined at
magnifications from 2000x to 10,000x.

Brunauer-Emmett-Teller (BET) surface analysis

The pore size and surface area of the membranes
were determined with a BET surface area analyzer.
To remove moisture from the film samples, the sam-
ples were placed in sample cells, which were then
heated upto 348 K for 5 h and cooled down to room
temperature before the BET analysis. The BET pore
size and surface area were determined with N,
adsorption at 77 K in a Micromeritics (Atlanta, GA)
ASAP 2020.

Water vapor permeability measurement

The water vapor transmission rate (WVTR) of the
dry membranes with area of 50 cm® was determined
with a Lyssy (Zollikon, Switzerland) L80-4000 water
vapor permeation tester. The test conditions fol-
lowed ISO 15106-1. The determination of WVTR was
done at 38°C and 90% relative humidity. One side of
the membrane was exposed to a humid air atmos-
phere and the other side was exposed to a nitrogen
atmosphere. As water solubilized into the membrane
and permeated through the sample film, nitrogen
gas swept and transported the transmitted water
vapor molecules to a calibrated infrared sensor. The
response was reported as a transmission rate.

The oxygen permeability measurement

Oxygen transmission rate (OTR) of the dry mem-
branes was determined with a oxygen permeation
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15KV x 10,000
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analyzer: Illinois Instruments (Johnsburg, IL) Model
8000. The test conditions followed ASTM D3985. The
determination of OTR was done at 23°C and 0% rel-
ative humidity. The membrane was held in such a
manner that it separated two side of a test chamber.
One side was exposed to an oxygen atmosphere and
the other side was exposed to a nitrogen atmos-
phere. Testing was completed when the concentra-
tion of oxygen in the nitrogen side was constant.

RESULTS AND DISCUSSION

In case of cultivation in a shake flask or in a stirred-
tank reactor, the addition of 0.04% (w/v) sodium al-
ginate into culture medium enhanced yields and
changed the morphology of cellulose.'® Our prelimi-
nary test demonstrated that under static cultivation,

15 kV 10,000
(4)

—

| wxg

®)

Figure 1 SEM images of surface morphology of BC film in: (A) dry form and (B) reswollen form.

to avoid the inhibition of cell and film production,
the maximum amount of sodium alginate addition
in the culture medium was limited at 1.0% (w/v)
(data not shown). Therefore, a study of the alginate
supplement in culture medium was performed in
the concentration range of 0-1.0% (w/v). The struc-
ture, pore morphology, mechanical strength, chemi-
cal structure, WAC, as well as well as WVTR and
OTR of the developed films were then examined to
investigate the effect of alginate supplement.

Membrane morphology

The SEM images for surface morphology of BC and
BCA membranes are shown in Figures 1 and 2,
whereas the SEM images for the cross section are
shown in Figures 3 and 4. Regarding the definitions,
the BC and BCA membranes refer to the BC

5

L2

15 kV x 10,000

I #ra

@)

Figure 2 SEM images of surface morphology of 1% AI-BCA film in: (A) dry form and (B) reswollen form.

Journal of Applied Polymer Science DOI 10.1002/app
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membranes without and with the addition of algi-
nate in culture medium, respectively, whereas, x%
Al-BCA refers to the BCA membrane with x% (w/v)
sodium alginate supplement in culture medium. The
SEM images of surface morphology present the po-
rous film composed of a continuous network of cel-
lulose nanofibrils of 50-100 nm. According to high
WAC of the membranes, the reswollen membranes
exhibited a looser structure and contained larger
pores than those of the dried ones. From the surface
morphology images of the BCA membrane (Fig. 2),
with the supplement of sodium alginate into the cul-
ture medium, the deposits of alginate gel on the film
surfaces were observed and the apparent pore sizes
of BCA films decreased with increasing the percent
of alginate. Since alginate gel was well incorporated
into the cellulose fibril network and filled the pores,
the structure of the BCA membrane was denser with
the smaller pore size than that of the BC membrane.
As shown from the cross section images of BC and
BCA membranes (Figs. 3 and 4), the membranes
possessed numerous sheets composed of a network
of nanofibrils. The membranes in dry form were

—

1 pm

Gy
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15 KV « 10,000
(B)

Figure 3 SEM images of cross section of BC film in: (A) dry form and (B) reswollen form.

1 #m

made of thin sheets that were tightly packed,
whereas the reswollen ones had looser packed
structures,

FTIR analysis

FTIR spectroscopy is utilized in determining the spe-
cific functional groups or chemical bonds in a mate-
rial. The FTIR spectra of the BC and BCA mem-
branes were measured with the wave number
ranging from 2000 cm™" to 800 em™ as shown in
Figure 5. All the characteristic bands of the BC film
were present in the spectra of the BCA films without
any occurrence of new peaks. The BC membrane
showed a band at 1647.0 cm™!, which was attributed
to the glucose carbonyl of the cellulose. The carbonyl
group band for BCA films slightly shifted from
16470 cm™ to lower wave numbers, 1645.4-
1646.6 cm™' and the band became broader, which
might indicate some weak physical interactions
between the carbonyl groups of cellulose and
sodium alginate. No evidence of peak shift that
would indicate a chemical interaction. However,

15K¥ x 10,000
®)

1 pm

Figure 4 SEM images of cross section of 1% Al-BCA film in: (A) dry form and (B) reswollen form.

Journal of Applied Polymer Science DO 10.1002/app
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Figure 5 The FTIR spectra of the BC and BCA mem-
branes in wave numbers ranging from 2000 cm™! to
800 em™": (a) BC; (b) 0.5% Al-BCA; (c) 0.75% Al-BCA; and
(d) 1.0% AL-BCA.

under agitated culture, Zhou et al.'® reported the
interaction from the shift of —OH and C—O0—C
bands in the presence of sodium alginate in the cul-
ture medium. From our previous work on the algi-
nate-bacteria cellulose blend membrane,"” changes
in the region of 1640-1600 cm™' were reported,
which indicated some interactions between the
hydroxyl group of cellulose and the carboxyl group
of alginate. As the membrane composition and struc-
ture were different, the interaction of alginate and
cellulose in the BCA membrane might not be the
same as that of the blend membranes.'**”

Mechanical properties

End-use applications usually involve some degree of
mechanical loading, therefore, the effects of alginate
content on the mechanical properties such as the ten-
sile strength, Young’s modulus, and elongation at
break were examined. As shown in Figure 6, the ten-
sile strength of the BC membrane at the average
thickness of 40 pm was 5.30 MPa, whereas those of
the 0.5-1.0% Al-BCA membranes varied from 4.71
MPa to 3.80 MPa. The decreasing of the tensile
strength of the BCA membranes was in a linear man-
ner (R” = 0.9854) with the amount of alginate content.
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Figure 6 The tensile strength of the BC and BCA mem-
branes as a function of alginate content (% w/v) in culture
medium.

The decrease of Young’s modulus of the BCA
membranes as a function of alginate content was
similar to that of the tensile strength (Fig. 7). The
Young’s modulus of the BC and the 1.0% AIl-BCA
membranes were 172.8 MPa and 144.4 MPa, respec-
tively. The elongation at break also decreased when
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Figure 7 The Young's modulus of the BC and BCA mem-
branes as a function of alginate content (% w/v) in culture

medium.
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Figure 8 The elongation at break of the BC and BCA
membranes as a function of alginate content (% w/v) in
culture medium.

increasing the alginate content as shown in Figure 8.
The elongation at break of the BC and the 1.0%
Al-BCA membranes were 3.76% and 261%,
respectively.

With the supplement of alginate, alginate was
incorporated into the bulk of cellulose fibril net-
works of the BCA membrane. A comparison of me-
chanical properties of the BCA film with 0.5-1.0% Al
and the BC film indicated statistically significant
decreases for tensile strength (P < 0.005), elongation
at break (P < 0.005), and Young’s modulus (P <
0.05) for a one-tailed test. The effect of alginate con-
tent on the mechanical properties of the BCA mem-
branes was similar to those previously observed in
the blend membranes of BC and alginate blend in
NaOH /urea,'” cellulose cuoxam with alginate," and
cotton cellulose and alginate blend in NaOH/urea
aqueous solution.'” Although the cellulose/alginate
blend membranes were mechanically weaker than
cellulose membranes, they were mechanically stron-
ger than the alginate membranes with a promising
performance for pervaporation dehydration.®® The
sodium alginate film was mechanically weak and
had poor stability in aqueous solution.'® The pres-
ence of alginate in the cellulose-alginate composite
could enhance the molecular motion of cellulose in
the blend and perturbed the strong hydrogen bond
of pure cellulose resulting in the reduction in me-
chanical strengths.17~19

Journal of Applied Polymer Science DOI 10.1002/app

KANJANAMOSIT, MUANGNAPOH, AND PHISALAPHONG

012 —
0164
i
S 0034
© ¢!
§ £ /
2 006 f
P
& Y
£ o) ?3/ \
002 "
aoo T
100 1m.o 100a.C
Pore diameter(A”)

Figure 9 The pore size distribution of the BC and BCA
membranes: (a) BC [¢]; (b) 0.5% AL-BCA [O}; (¢) 0.75%
Al-BCA [A]; and (d) 1.0% AI-BCA [OJ].

Porosity

The results of the pore size distribution of the BC
and BCA membranes from BET analysis are shown
in Figure 9. Corresponding to the results from the
SEM images, the BCA membranes had an average
pore size much smaller than that of the BC mem-
brane and the average pore diameter decreased with
increasing alginate content, whereas the surface area
slightly decreased (Table I). A possible explanation
was that by means of adding sodium alginate in the
culture medium, as in this work, the alginate gel de-
posited on the film sheet, the alginate molecules dif-
fused through the pores and partially filled the
pores of the films. The SEM observations of cross
sections of the reswollen BC and BCA membranes
(Figs. 3 and 4) revealed that the film sheets united
together to form the bulk membrane. Therefore, the
presence of alginate incorporated into the cellulose
fibril networks and filled pores resulted in a signifi-
cant reduction of the membrane pore size. From our

TABLE I
Surface Areas and Pore Diameters of the Dry BC and
BCA Membranes Analyzed by BET Analyze

Alginate
content (% w/v)

Surface

Average pore
area (m%/ g)

diameter (A)

0 224 12.6
0.5 97 12.1
0.75 64 11.8
1 39 11.2
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Figure 10 The water absorption capacity (WAC) of the
BC and BCA membranes as a function of alginate content
(% w/v) in culture medium.

previous observation in the alginate-bacteria cellu-
lose blend membrane, the apparent pore size of the
blend membrane to some extent also decreased with
the increase in the alginate content.'”

Water absorption capacity

From Figure 10, the WAC of the BC and the 1.0% Al-
BCA membranes were 542% and 706%, respectively.
The WAC increased with the alginate content. Alginate
is very hydrophilic; the water molecule is easily
absorbed into the alginate membrane.'* As alginate was
incorporated into the BCA membrane, the film was
more hydrophilic. Therefore, the BCA film was enabled
to adsorb and retain more water than the BC film.

Water vapor permeability test (WVTR)

The BC and BCA films are highly hydrophilic. Dur-
ing the WVTR analysis, a feed of water vapor (90%
relative humidity) could make the membranes in a
swollen state. The solubilization of water into the
membrane has a strong influence on the morphology
and porous structure of the membrane. A major
change of porosity and pore size in form of the
reswollen film was previously demonstrated (Figs.
1-4). Figure 11 demonstrates the water vapor perme-
ability of the films at an average thickness of 40 pm.
The water vapor transmission rate (WVTR) slightly
decreased when . increasing alginate content.
Although the hydrophilic property and the WAC of
the BCA membranes were improved, as a result of
the denser structure and decrease in pore size from
the supplement of alginate, the WVTR decreased rel-
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Figure 11 The water vapor transmission rate (WVTR) of
the BC and BCA membranes as a function of alginate con-
tent (% w/v) in culture medium.

atively. In comparison with the BC film, the reduc-
tion in the WVTR of the 0.5, 0.75, and 1.0% AI-BCA
membranes were at 8.5%, 9.1%, and 13.8 %, respec-
tively. Compared with the WVTR of the BC
membrane, the supplement of alginate (0.5-1.0%)
causes a statistically significant decrease in WVTR
calculated using a one-tailed t-test for a 95% confi-
dence limit (P < 0.05).

Oxygen permeability test (OTR)

Figure 12 shows the oxygen transmission rate (OTR)
of the membranes at an average thickness of 40 pym.
As alginate content increased, the OTIR decreased
considerably due to the denser structure and smaller
pore size of the film. It was noted that the effect of
alginate supplement on the reduction in the OTR of
the BCA membranes was much greater than that in
the WVTR. The alginate supplement at 0.75 and
1.0 % (w/v) in culture medium caused a remarkable
decline in the OTR to 101 and 57 cc/m?* day or 0.28
and 0.16% of those of the BC membrane, respec-
tively, however, only minor influence on WVIR was
observed. The approximate diameter of water mole-
cule is 0.28 nm,*' which is only slightly smaller than
that of oxygen molecule (0.36 nm).”* Nonetheless,
the decrease in pore size of the BCA film did not
have a strong effect on WVTR results. This could

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 12 The oxygen transmission rate (OTR) of the BC
and BCA membranes as a function of alginate content
(% w/v) in culture medium.

possibly be explained from the hydrophilic charac-
teristics of the films. The BC and BCA films could
be swollen by water vapor contained in a feed gas.
Solubilization of water into the films enlarged pore
diameter and caused a looser fibrous structure of the
filims. Consequently, it exhibited high-water vapor
permeability. This phenomenon has been reported in
the other hydrophilic membranes.” On the other
hand, the OTR analysis was preformed at a relative
humidity of 0%; therefore, the fibrous structure dur-
ing the test should be tighter and less porosity. As a
result, the presence of alginate-filled pores caused a
considerable decrease in oxygen permeability. It was
found that for the BC membrane, the WVTR was
less than 1/15 of the OTR but for the 1.0% Al-BCA
membrane, the WVTR was more than 30 times the
OTR. The results revealed that at 0% relative humid-
ity, the oxygen transfer resistance of the BCA film
could be significantly increased by adding sodium
alginate into the culture medium during
biosynthesis.

i

CONCLUSIONS

The bacterial cellulose membrane was modified by
means of 0.5-1.0% (w/v) alginate supplements in
culture medium during its biosynthesis by Aceto-
bacter xylinum under static conditions. The cellulose-
alginate composite was produced in the form of pel-
licle that floats on the culture medium surface. The
bulk membrane was composed of thin films united
together. With the supplement of alginate in the cul-
ture medium, the alginate was incorporated into the
cellulose fibril network and filled the pores. The
presence of alginate-filled pores resulted in the sig-
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nificant reduction of the membrane pore size, denser
structure, and improved hydrophilicity. The results
from the SEM micrograph and BET revealed that the
average pore size significantly decreased when
increasing alginate content. The 1% Al-BCA mem-
brane showed 30% higher water absorption and
slight reduction in WVTR. The significant decrease
of the mechanical strengths dependent on the degree
of alginate supplement was observed. The remark-
able reduction of OTR of the 0.75-1.0% Al-BCA
membranes to 57-101 cc/m? day or 0.28%-0.16% of
the BC film was achieved. These modified character-
istics make the BCA membrane a good candidate for
the applications in membrane separation. The fur-
ther investigation of the BCA membrane for use in
pervaporation is ongoing.
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