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a  b  s  t  r  a  c  t

The  biomedical  applications  of  bacterial  cellulose  (BC)  as  a dressing  material  are  mainly  dependent  on
its water  holding  capacity  (WHC)  and  water  release  rate  (WRR),  which  in  turn  depend  on  pore  size,  pore
volume  and  surface  area.  In  the  present  study,  the  effects  of structural  modifications  (in  situ  and  ex  situ)
of  BC  on  the  WHC  and  WRR  were  investigated.  The  in  situ  modified  BC was  produced  by  the  addition
of  various  concentrations  of  a single  sugar  �-linked  glucuronic  acid-based  oligosaccharide  (SSGO)  to
the culture  media  while  the  ex situ  modifications  were  carried  out by preparing  BC  composites  with
chitosan  (Ch)  and  montmorillonite  (MMT).  The  morphological  characteristics  of  the  modified  BC samples
were studied  with FE-SEM  while  their  pore  size,  pore  volume  and  surface  area  were  determined  through
BET  analysis.  The  results  showed  modifications  in  micro-fibril  arrangements,  pore  size,  pore  volume  and
surface  area  in  all  BC  samples  compared  to  the  control.  The  in situ  modified  BC  showed  denser  fibril
ore size
n situ and ex situ modifications

arrangement  and  decreasing  pore  size  and  pore  volume  with  increasing  SSGO  concentration.  Pore  size
and volume  were  also  reduced  in BC  composites,  probably  due  to  the  filling  of  pores  by MMT  and  Ch.  The
variations  in  the  WHC  and  WRR  of BC samples  were  correlated  to changes  in  various  parameters  after
structural  modifications.  The  WHC  and  WRR  increased  with  pore  volume  and  pore  size in  in  situ  modified
BC  samples.  In  ex  situ modified  BC,  the  WHC  and WRR  were  dependent  on  the  nature  and  arrangement
of  the  composite  materials  on  the  surface  and  in  the  matrix  of  the  BC  sheets.
. Introduction

Bacterial cellulose (BC) is a fascinating biomaterial with distinc-
ive properties, including high water holding capacity, crystallinity,
ensile strength, an ultrafine fibre network and the ability to be

olded into three-dimensional (3D) structures during synthesis
Choi, Song, Kim, Chang, & Ki, 2009; Li, Kim, Lee, Kee, & Oh, 2011;
asab & Yousef, 2010). The most exciting applications of BC are in
iomedical fields, such as wound dressing materials (Cienchanska,
004; Czaja, Krystynowicz, Bielecki, & Brown, 2006), artificial skin,
ascular grafts, scaffolds for tissue engineering, artificial blood ves-
els, medical pads and dental implants (Czaja, Young, Kawechi,

 Brown, 2007; Klemn, Schumann, Udhardt, & Marsch, 2001;
hezad, Khan, Khan, & Park, 2009; Wan, Hutter, Millon, & Guhados,
006), although it is also widely used in the food, paper, acous-

ic, filter membrane, and pharmaceutical industries (Phisalaphong,
uwanmajo, & Sangtherapitiku, 2008).

∗ Corresponding author. Tel.: +82 53 950 5621; fax: +82 53 950 6615.
E-mail address: parkjk@knu.ac.kr (J.K. Park).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2012.01.006
© 2012 Elsevier Ltd. All rights reserved.

BC fibrils are about 100 times smaller than plant cellulose. The
well separated nano-fibrils of BC create an expanded surface area
and highly porous matrix (Dahman, 2009; Meftahi et al., 2010).
However, the fibril size, surface area and porosity of BC are not
absolutely constant and vary within a certain range according to
the activity of the producing organism, the composition of culture
media, and the variation in carbon sources used for its production
(Kaewnopparat, Sansernluk, & Faroongsarng, 2008).

The water holding capacity (WHC) and water release rate (WRR)
are the most important properties which are directly involved in
the biomedical applications of BC as a dressing material. The proper
moisture content of a dressing material accelerates the wound heal-
ing process and protects it against contamination (Kaewnopparat
et al., 2008). The WHC  and WRR  in turn have a direct relation with
the porosity and surface area of the BC matrix. In fact, the high WHC
of BC is due to its very porous nature. The water resides inside the
pores and is bound to the cellulose fibrils through hydrogen bond-
ing (Gelin et al., 2007). The loose fibril arrangement, high surface
area per unit mass and hydrophilic nature of BC results in a very

high WHC  (Dahman, 2009). BC has a wide range (100–200 times its
dry weight) of WHC  values (Lin, Hsu, Chen, & Chen, 2009; Schrecker
& Gostomsk, 2005). This variation may  be due to differences in
the fibril arrangement, surface area, and porosity of different BC

dx.doi.org/10.1016/j.carbpol.2012.01.006
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:parkjk@knu.ac.kr
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amples. Structural modifications affect the physico-mechanical
roperties of BC (Shezad, Khan, Khan, & Park, 2010; Ul-Islam, Shah,
a, & Park, 2011). It is well known that the composition of the cul-

ure media affects the various properties of BC (Shezad et al., 2010).
t has also been reported that the addition of certain additives
ncluding agar, carboxymethylcellulose, microcrystalline cellulose,
nd sodium alginate to the culture medium causes variation in the
tructural properties of BC (Cheng, Catchmark, & Demirci, 2009).
imilarly, the preparation of BC composites with other materi-
ls also affects its structure and physico-mechanical properties,
ncluding variations in the pore size, surface area, WHC  and WRR.
or example, the average pore size of BC–Aloe vera composites was
educed five times while the surface area and WHC  were increased
ompared to pure BC (Saibuatong & Phisalaphong, 2010).

From the literature survey, it appears that no comprehensive
fforts have been made until now to determine the relationship of
ore size and surface area with WHC  and WRR  although the poros-

ty and WHC  have been studied as the vital properties of BC (Guo &
atchmark, 2012; Hui et al., 2009; Sanchavanakit et al., 2006; Tang,

ia Shiru Jia, & Yang, 2010). As these properties are affected by vari-
tions in the structure of BC, an attempt was made in the present
tudy to determine the relationship between porosity, surface area,

HC, and WRR  by modifying the structure of BC in situ (during syn-
hesis) and ex situ (at post-production level). This study included
he investigation of these parameters for: (a) pure BC produced in a
ommon synthetic medium, (b) BC produced by addition of various
oncentrations (1, 2, and 4%) of a single sugar �-linked glucuronic
cid-based oligosaccharide (SSGO) to the synthetic medium, (c)
omposites of BC prepared with a polymer (chitosan, Ch), and (d)
C composites prepared with inorganic clay particles (montmoril-

onite, MMT).

. Materials and methods

.1. Microorganism and cell culture

Gluconacetobacter hansenii PJK (KCTC 10505BP) was  grown on
AE basal medium containing glucose 10 g/L, yeast extract 10 g/L,

eptone 7 g/L, acetic acid 1.5 mL/L, and succinate 0.2 g/L of dis-
illed water (Shezad et al., 2010). The agar plates used for growing
he strains were prepared by dissolving 20 g/L agar in the basal

edium. The pH of the medium was adjusted to 5.0 with 1 M NaOH.
he medium was sterilized for 15 min  at 121 ◦C before use. Colonies
f G. hansenii PJK were inoculated into 50 mL  of medium in a 250 mL
ask, shaken at 150 rpm and cultured at 30 ◦C for 24 h.

.2. BC production

Pure BC was  produced by inoculating 5.0% of G. hansenii PJK cul-
ure into MAE  medium and kept under static conditions at 30 ◦C and
H 5 for 10 days in Erlenmeyer flasks (Ha, Shah, Ul-Islam, Khan, and
ark, 2011). The SSGO, a by-product obtained during the BC pro-
uction, was produced according to the method described by Khan,
han, & Park (2008).  BC with the addition of SSGO was prepared by
dding 1, 2, and 4% SSGO to MAE  medium, cultured under simi-
ar conditions and harvested by following the same procedure as
or the BC. Similarly, BC sheets for the preparation of composites
ere produced in sterilized rectangular containers under the same

ulture conditions as the pure BC for 7 days. All the BC sheets were
reated with 0.3 M NaOH at 121 ◦C for 15 min  in order to disrupt and

issolve the microbial cells. The BC was then washed thoroughly
ith distilled water until the pH of the water became neutral. The
repared BC sheets were then stored in distilled water at 4 ◦C until
urther use.
olymers 88 (2012) 596– 603 597

2.3. Preparation of BC composites

The composites of BC were prepared by treating the BC sheets
with Ch (Aldrich, St. Louis, USA) (BC–Ch) or MMT  powder (Aldrich,
St. Louis, USA) (BC–MMT). BC–Ch composites were prepared by
immersing the BC sheets in 1% Ch prepared in 1% acetic acid solu-
tion under shaking conditions at 150 rpm and at 50 ◦C for 20 h as
reported earlier (Ul-Islam et al., 2011). The solution on the surface
of the BC–Ch composite sheets was removed with filter paper and
finally freeze-dried at −40 ◦C for 2 days. BC–MMT composites were
also prepared by following a similar procedure as that adopted for
the BC–Ch composites. For this purpose, BC sheets were immersed
in 2% aqueous suspension of MMT  under shaking conditions at
150 rpm and 50 ◦C for 20 h followed by the removal of surface MMT
suspensions and freeze-drying.

2.4. FE-SEM analysis

FE-SEM analysis was  carried out in order to analyze the topogra-
phy of the surface and the matrix of BC sheets. Microphotographs
of the freeze-dried samples were taken using a Hitachi S-4800 &
EDX-350 (Horiba) FE-SEM (Tokyo Japan). Samples were fixed on the
brass holder and coated with osmic acid (OsO4) by a VD HPC-ISW
osmium coater (Tokyo Japan) prior to FE-SEM observation.

2.5. Brunauer–Emmett–Teller (BET) surface area and pore size
analysis

The surface area and pore size of the various BC sheets were
determined with the ASAP-2020 Surface Area and Porosity Ana-
lyzer (Micromeritics, Atlanta, GA). The samples were placed in
sample cells and heated up to 348 K for 3 h in order to remove the
moisture and then cooled to room temperature before the BET anal-
ysis. The BET surface area and pore size were determined through
N2 adsorption at 77 K.

2.6. Water holding capacity and water release rate

The WHC  of the samples was measured by the sieve shake
method. The dried BC sample sheets were immersed in distilled
water for a sufficient time to completely swell up. The sheets were
then taken out of the storage container using tweezers. The sam-
ples were put in a sieve and were quickly shaken twice to remove
the surface water and then weighed. These samples were allowed
to dry at ambient temperature and their weights were measured at
different time intervals. Samples were then dried at 50 ◦C for 24 h
in order to completely remove the water. The WHC  of the different
samples were calculated using the following formula (Shezad et al.,
2010):

Water holding capacity = Mass of water removed during drying (g
Dry weight of BC sample (g)

For determining the WRR, the wet  weights of the BC samples
were measured followed by continuously weighing the samples
stored under ambient conditions at different time intervals until a
constant dried weight was  achieved. The weights of the BC samples
at different time intervals were plotted against time (Shezad et al.,
2010).

3. Results and discussions

In the present study, the structure of BC produced by G. hansenii

PJK in MAE  medium was modified by two different techniques, i.e.,
in situ (during synthesis) modification by the addition of various
concentrations of SSGO to the culture media and ex situ (post-
production) modification by preparing its composites. During the
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Table 1
Surface area, pore diameter, pore volume and water holding capacity of in situ modified BC samples synthesized with various concentrations of SSGO and ex situ modified
BC  samples obtained by preparation of composites of BC with Ch and MMT.

Nature of modification Sample Total surface
area (m2/g)

Total pore
volume (cc/g)

Average pore
diameter (Å)

WHC  (g water/g sample)a

In situ BC0b 178 0.505 309 106.43 (±5.23)
BC1b 168 0.144 57.12 100.36 (±4.67)
BC2b 135 0.124 58.06 91.84 (±4.62)
BC4b 104 0.091 49.48 85.31 (±2.23)

Ex  situ BC 285 0.728 191 121.21 (±7.81)
BC–MMTc 370 0.613 74.8 84.36 (±5.04)
BC–Chc 223 0.314 116 125.84 (±6.35)
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a Data obtained from triplicate experiments and is presented as mean ± S.D.
b BC0, BC1, BC2, and BC4 are the BC sheets produced with the addition of 0, 1, 2, a
c BC–MMT and BC–Ch are the BC composites prepared with 2% montmorillonite 

n situ modifications, BC samples were produced with the addition
f 1% SSGO (BC1), 2% SSGO (BC2) and 4% SSGO (BC4) to the cul-
ure medium and their morphologies, porosity, surface areas, WHC
nd WRR  were compared to the BC produced without any addi-
ion of SSGO (BC0). Similarly, the ex situ modification included the
reparation of composites of BC with Ch and MMT  and their mor-
hologies, surface properties, WHC  and WRR  were compared to
hose of the pure BC.

.1. Effects of in situ and ex situ modifications on the
orphological characteristics of BC

The effects of in situ and ex situ modifications on the morphol-
gy of the surface and inner matrix of BC sheets were determined
hrough FE-SEM analysis and the results have been compiled in
igs. 1 and 2. The SEM micrographs revealed that all samples have
eticulated fibril arrangements with distinct variation in the mor-
hologies of the surface and internal matrix. Fig. 1A,C,E and G shows
he surface morphology of the in situ modified BC. The thickness of
he micro-fibrils increased with increasing SSGO concentration in
he culture medium. More details of the structural variations can
e observed from the cross sectional analysis of the in situ modi-
ed BC (Fig. 1B,D,F and H). The micrographs of cross sections show
hat the fibrils are loosely arranged with larger pores in the case
f BC0 (Fig. 1A and B) compared to the modified BC samples. The
hickness, density and compactness of micro-fibrils increased with
ncreasing SSGO concentration in the culture medium. The BC4 has
he highest compactness of fibrils (Fig. 1G and H). This increase
n the fibril compactness ultimately affected the pore dimensions
nd resulted in a decrease in porosity of the BC sheets as shown
n Fig. 1 and Table 1. The fibril thickness and density are affected
y various factors including culture time, culture conditions, car-
on source, inoculums amount, treatment and drying method (Guo

 Catchmark, 2012; Tang et al., 2010). Cellulose chains forming
ub-elementary fibrils are extruded out through small pores on the
urface of the bacterial cell into the culture medium. These sub-
brils aggregate together resulting in compact micro-fibrils (Horii,
amamoto, & Hirai, 1997). The compactness of fibrils increases with
ulture time due to the secretion of more fibrils with the passage
f time (Tang et al., 2010). SSGO has been shown to supplement
he primary carbon source (glucose) for BC production (Ha et al.,
011). Thus the BC production continues even after the glucose is
xhausted in the culture broth. This means that the BC production
asts for a relatively longer time, which causes the secretion of more

icro-fibrils compared to the control. This enhanced micro-fibrils
ecretion increases the thickness of the BC mat  and the compact-
ess of the fibrils compared to the control. Similarly, the nature

f the carbon source can also bring about structural variations in
C (Shezad et al., 2010; Tang et al., 2010) due to the production
f side products that change the culture conditions, including the
H (Tang et al., 2010). SSGO is also a by-product produced during
 SSGO, respectively, to the culture medium.
 chitosan, respectively.

the BC synthesis by G. hansenii PJK (Park, Khan, & Jung, 2006; Khan
et al., 2008). The addition of SSGO to the culture medium at the
beginning of fermentation inhibits its self-production (Ha et al.,
2011), which can ultimately affect the culture conditions and in
turn brings about some variations in the physical structure of the
final product. Moreover, it has also been previously reported that
the addition of certain additives including agar, carboxymethyl-
cellulose, microcrystalline cellulose, and sodium alginate to the
culture medium causes variation in the structural properties of BC
(Cheng et al., 2009). The current study also demonstrated that the
addition of various concentrations of SSGO causes modifications in
the topography of the surfaces and inner matrices of the BC sheets.
Pores of various sizes and dimensions are present on the surfaces
and inner matrices of different BC samples (Fig. 1). The diversity of
pore sizes and shapes exists even within a single sample. However,
the pore diameters cannot be determined directly from the SEM
pictures.

The structure of BC was  also modified ex situ (post-production)
by preparing its composites with two  different materials, i.e. water
soluble chitosan (BC–Ch) and water suspendable MMT  (BC–MMT).
The FE-SEM images of pure BC as well as BC–Ch and BC–MMT
composites are shown in Fig. 2, which gives details of the surface
topology and the internal anatomy of these samples. These SEM
micrographs revealed the effect of composite materials (Ch and
MMT)  on the physical structure of BC. It is worth mentioning that
the BC sheets used as scaffolds for the composites and as the control
were produced in the same batch. This means that the structural
modifications were carried out only by the incorporation of Ch and
MMT.  The SEM image of pure BC (Fig. 2A) shows that the micro-
fibrils are randomly arranged with plenty of spaces among them.
This arrangement of fibrils results in the formation of pores with
different diameters on the surface and through the entire matrix
of the BC sheets. The SEM images for the cross section of the pure
BC (Fig. 2B) also revealed loosely arranged micro-fibrils with abun-
dant empty spaces throughout the entire BC matrix. Similarly, the
SEM micrograph of BC–Ch (Fig. 2C) showed that the pores present
on the surface of the BC sheet are almost completely filled with Ch
molecules. The cross section of the BC–Ch (Fig. 2D) showed that Ch
is present in the form of distinct layers or sheets in the entire BC
matrix. Ch forms a strong interaction with the glucon chains of BC
because both BC and Ch are organic and hydrophilic in nature (Kim
et al., 2011). The BC sheets were treated with Ch present in the form
of a solution; therefore, it penetrates deep into the BC matrix. The
strong interactions between the Ch and BC result in modification of
the physical structure of the BC, which may  also lead to the changes
in its physical properties (Kim et al., 2011). Moreover, the filling of
empty spaces by the Ch layers ultimately results in a reduction of

the total pore volume of the BC matrix as shown in Fig. 2C and D
and Table 1.

The surface topology and cross section morphology of the
BC–MMT  composite sheets (Fig. 2E and F) are different from those
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Fig. 1. FE-SEM images showing surface and cross section morph

f BC–Ch composites. BC–MMT  composites were prepared by
reating the BC sheets with MMT  in a suspension form, while Ch

as present in a completely dissolved form during the preparation

f BC–Ch composites. Therefore, the final composites have differ-
nt surface and matrix topographies. The surface micrographs of
C–MMT  confirm the attachment of MMT  particles to the surfaces
s, respectively, for: (A, B) BC0; (C, D) BC1; (E, F) BC2; (G, H)  BC4.

of BC sheets. The attached particles do not have a uniform size
and some large particles can also be seen that may be formed by

agglomeration of small MMT  particles on the surfaces of BC sheets.
The cross section (Fig. 2F) clearly shows the penetration of the
MMT  particles inside the BC matrix. In BC–MMT  composites, the
MMT  particles penetrated into the BC matrix through the pores.
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Fig. 2. FE-SEM images showing surface and cross section morpho

he presence of hydroxyl groups in both MMT  and BC can lead to
rganic-inorganic hydrogen bonding interactions (Darder, Colilla, &
uiz-Hitzky, 2003; Theng, 1970). The total energy adsorbed during

nteractions between the individual polymer chain and clay par-
icles is high due to the numerous points of interaction, although
uch interactions are weak (Theng, 1970).

.2. Effect of in situ and ex situ modifications on pore size, pore
olume and surface area of BC sheets

The overall results for the morphological characteristics of the
urface and matrices of BC sheets (Figs. 1 and 2) showed that both
n situ and ex situ modifications reduced the pore size and pore
olume of the BC sheets. However, the pore size, pore volume and
urface area could not be clearly determined from the SEM images.
herefore, these parameters were analyzed using the BET technique

n order to verify the FE-SEM results and to get further informa-
ion about the anatomy of the BC samples. BET is an important
ool to study the surface and internal variations in physical struc-
ure by determining the surface area, total pore volume, and pore
, respectively, for: (A, B) control BC; (C, D) BC–Ch; (E, F) BC–MMT.

size (micro, meso and macro pores) of a sample (Guo & Catchmark,
2012).

The pore size distributions of the pure BC and BC produced
in the presence of various concentrations of SSGO in the culture
medium are shown in Fig. 3. It can be seen that the pore diameter
and pore volume of the pure BC are much higher than those of the
other BC samples. Moreover, both the pore size and pore volume
decreased with increasing SSGO concentration. Table 1 shows the
total surface area (m2/g), total pore volume (cc/g), and average pore
diameter (Å) of the BC samples. The total surface area for BC0 is 178
(m2/g) which decreased to 168 (m2/g) for BC1, 135 (m2/g) for BC2
and 104 (m2/g) for BC4. Similarly, the total pore volume is high-
est (0.505 cc/g) for BC0 among all the samples. The pore volume
drastically decreased for BC1 to 0.144 (cc/g) followed by a grad-
ual decrease for the samples prepared with higher concentrations
of SSGO. The pore volumes for BC2 and BC4 were 0.124 and 0.091

(cc/g), respectively. The average pore diameter was  found to be
309 (Å) for BC0, which was  highest among all the BC samples. It
decreased to 57.12 (Å) for BC1, 58.06 (Å) for BC2 and 49.48 (Å) for
BC4. The overall results for total surface area, total pore volume and
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ig. 3. Pore size distribution of control BC (BC0) and in situ modified BC (BC1, BC2
nd  BC4) from desorption pore volume plot by BET.

verage pore diameter follow a decreasing trend with increasing
SGO concentration in the order of BC0 > BC1 > BC2 > BC4, although
here was a minor deviation from this trend for the pore diameters
n the cases of BC1 and BC2, as shown in Table 1. Similar trends for
hese parameters are also evident from the FE-SEM micrographs
Fig. 1). The results showed that the surface areas of BC sheets vary
ccording to their porosity (Table 1). The increases in the number
nd size of the surface pores result in the extension of the surface
rea (Gao et al., 2011; Guo & Catchmark, 2012). The pore size and
ore volume in the present study decreased with increasing SSGO
oncentration in the culture medium (Table 1). The surface area
nd the porosity both depend on the arrangement of fibrils. Closely
rranged fibrils have lower porosity, which also decreases the total
urface area (Gao et al., 2011; Guo & Catchmark, 2012). The fibrils
ecome compact and dense with the addition of SSGO to the growth
edium. This dense and compact cellulose structure results in a

ow surface area and porosity, as reported previously (Gao et al.,
011; Guo and Catchmark, 2012). The results also show that the BC
urface and internal matrix are almost completely saturated with
eso- and macropores (20–1000 Å) while only a few micropores

below 20 Å) are present in the BC matrix (Fig. 3). The total pore
olume of the pure BC is higher than the rest of the samples due to
he presence of pores with larger diameters (Fig. 3).

BET surface area analysis for the ex situ modified BC was car-
ied out to determine the effects of composite preparation on the
tructure of BC. The results for the surface area, pore size and total
ore volume of all the samples are shown in Table 1, while the pore
ize distribution is shown in Fig. 4. It can be seen from Table 1 that
he total pore volume of the unmodified BC is 0.728 (cc/g), which
s higher than the values of both the BC composites. The pore vol-
me  decreased to 0.613 (cc/g) in case of the BC–MMT composites,
hile it drastically decreased to 0.314 (cc/g) in the BC–Ch com-
osites. Similarly, the average pore diameter was  also lower in BC
omposites than in pure BC. The main reason for this decrease in
he pore size and pore diameter is that the Ch and MMT  penetrate
nside the pores and are also attached to the surface of the BC. The
ature of the penetration and surface attachments of MMT  and Ch
olecules to BC fibres are different from each other. The Ch, being

n solution form, penetrates easily into the empty pores of the BC,
esulting in uniform filling of the pores from all sides in a similar
ay to that reported previously (Kim et al., 2011; Ul-Islam et al.,
011). This type of compact filling in the pores leads to a significant
eduction in pore size and volume. The pore filling and subsequent
ecrease in the pore size in BC–Ch composites can also be clearly
een in the SEM micrographs in Fig. 2C and D. On the other hand,
Fig. 4. Pore size distribution of control BC and the ex situ modified BC composites
(BC–MMT and BC–Ch) from desorption pore volume plot by BET.

the MMT,  being insoluble in water, is present as suspended par-
ticles. These solid particles cannot easily penetrate into the pores
of the BC matrix, which results in a less homogenous packing than
for the Ch molecules. In a nutshell, the internal pores in the case of
BC–MMT  composites are not completely filled and thus they have a
relatively larger total pore volume as compared to BC–Ch compos-
ites. The composite formation, however, leads to a decrease in pore
size in both the BC–Ch and BC–MMT  as compared to the pure BC
(Table 1), which is also evident from the SEM microphotographs in
Fig. 2. Table 1 also shows the variation in total surface area with the
formation of BC composites. The total surface area for the control BC
was 285 m2/g. The surface area was  higher (370 m2/g) for BC–MMT
and lower (223 m2/g) for BC–Ch composites than it was  for the con-
trol BC. The lower surface area in the case of BC–Ch composites is
probably due to the strong interactions between the BC chains and
Ch molecules (Kim et al., 2011; Ul-Islam et al., 2011), which ulti-
mately lead to a more compact filling of the pores in the BC matrix
and thus a reduction of the empty spaces. Moreover, these stronger
interactions may  bring the fibres closer and reduce the volume per
unit mass of the samples, which ultimately results in a decrease
in surface area of the BC–Ch composites. On  the other hand, the
surface area of the BC–MMT  composites was higher than that of
the pure BC (Table 1), which may  be due to the irregular arrrange-
ment of MMT  particles on the surfaces of BC sheets. The adsorption
of these particles forms a rough coating on the surfaces of the BC
sheet which results in an increase of the surface area similar to that
reported for Aloe vera-BC composites (Saibuatong & Phisalaphong,
2010). MMT  particles cover the surface of the BC sheet from all sides
and increase the exposed surface. The pore size distributions for all
three samples have been shown in Fig. 4 and are in agreement with
the results given in Table 1.

3.3. Water holding capacity and water release rate analysis of
pure and modified BC

The modifications in the physical structure of BC are likely to
bring changes to its physical characteristics. The WHC  and WRR
are the most important properties which are directly involved in
the biomedical applications of BC as a dressing material. The proper
moisture content of a dressing material accelerates the wound heal-
ing process and protects it against contamination (Cienchanska,

2004; Ul-Islam et al., 2011), as well as facilitating the penetration of
active substances into the wound and enabling an easy and painless
dressing change without damage to the newly formed skin (Shezad
et al., 2010). Therefore, the determination of the effects of in situ
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ig. 5. Water retention rate of bacterial cellulose samples of control BC (BC0) and
n  situ modified BC (BC1, BC2 and BC4).

nd ex situ modifications of BC structure on the WHC  and WRR  was
 major aim of the present study.

Table 1 shows the WHC  of pure BC and in situ modified BC pre-
ared with the addition of various concentrations of SSGO. The
HC  of BC0 is 106.43 times its dry weight, which is higher than

ll the in situ modified BC samples. The WHC  for BC1 was 100.36,
hile it was 91.84 for BC2 and for BC4 it was 85.31 times its dry
eight. From Table 1, it can be deduced that WHC  decreases with

ncreasing SSGO concentration in the culture medium. The WHC
or the BC samples were in the order BC0 > BC1 > BC2 > BC4. The
ariation in the WHC  of these BC samples can be attributed to
heir respective porosity and surface areas. The water molecules
re trapped physically on the surface and inside the BC matrix
onsisting of reticulated fibrils (Watanabe, Tabuchi, Morinaga, &
oshinaga, 1998). If there are plenty of empty spaces among the BC
brils then more water can penetrate and adsorb onto the mate-
ial. Thus, the greater the surface area and the larger the pore size,
he greater will be the WHC  of the BC sample (Guo & Catchmark,
012; Meftahi et al., 2010). The results obtained in the present study
howed that the surface area, pore size and pore volume decrease
ith increasing SSGO concentration in the medium (Table 1). The
ecrease in the WHC  also follows the same trend. The trend of the
RR  for pure and in situ modified BC samples is different from

hat of their WHC. The WRR  was determined for all the BC sam-
les until 90 h and the results have been displayed in Fig. 5. It was
evealed that initially the evaporation rates of water molecules
rom all the samples were similar because the water on the sur-
ace of the BC sheets escapes at similar rates from these samples.
owever, with the passage of time the WRR  slows down for the

n situ modified BC prepared with different concentrations of SSGO,
ompared to the pure BC for which the WRR  remained nearly con-
tant until the end of the experiment (Fig. 5). The absorbed water
lmost completely evaporated in 90 h from the control BC while
he modified BC samples contained a reasonable amount of water
t this time period. The final water content was dependent on the
oncentration of SSGO added to the culture medium although the
ifferences were not very significant. The higher the concentration
f SSGO the larger was the final water content after 90 h, as shown
n Fig. 5. However, the reverse of this trend was true for the WHC
f these samples (Table 1). These results can be explained on the
asis of FE-SEM (Fig. 1) and pore size (Table 1) analysis of these

amples. The escape of the water molecules from the BC matrix to
he environment mainly depends on the arrangement of its micro-
brils (Shezad et al., 2010). Closely arranged micro-fibrils bind the
ater molecules more efficiently due to the stronger hydrogen
Fig. 6. Water retention rate of bacterial cellulose samples of control BC and in situ
modified BC composites (BC–MMT and BC–Ch).

bonding interactions, as compared to the loosely arranged micro-
fibrils, which are relatively ineffective at protecting the water from
evaporation (Ougiya, Watanabe, Matsumura, & Yoshinaga, 1998;
Shah, Ha, & Park, 2010). The micro-fibrils in BC0 are expanded with
plenty of gaps between them as shown in Fig. 1, which leads to a
higher pore size (Table 1) and thus a higher WRR  (Fig. 5). On the
other hand, the micro-fibrils in BC4 are more crowded (Fig. 1G and
H) which leads to a smaller pore volume and pore size (Table 1). This
means that BC4 can protect the water molecules more efficiently
from evaporation, which results in a slow WRR  (Fig. 5) and thus BC4
has the highest water content after 90 h. The overall order of water
retention for the tested samples is BC4 > BC2 > BC1 > BC0. In conclu-
sion, both the WHC  and WRR  for the in situ modified BC are highly
dependent on the structural features of the BC, especially the pore
size and total pore volume. BC samples with smaller pore sizes can
retain water in the matrix for longer times, but a high pore volume
means that a sample can accumulate more water, increasing the
WHC of the sample.

The results for the WHC  and WRR  of the ex situ modified
BC samples through the preparation of composites are shown in
Table 1 and Fig. 6, respectively. The results showed that the pure
BC absorbed 121.21 times its dry weight of water. The WHC  slightly
increased to 125.84 in BC–Ch composites compared to pure BC, as
shown in Table 1. The pore size of BC–Ch was  smaller compared
to that of the pure BC. However, Ch being a highly hydrophilic
compound interacts with the water molecules and BC chains simul-
taneously. These interactions increase the adsorption of water
molecules into the composite matrix (Kim et al., 2011; Ul-Islam
et al., 2011) and thus the WHC  of the BC–Ch composite is slightly
higher than that of the pure BC. In contast to BC–Ch composites, the
WHC  of the BC–MMT  composite is 84.36 which is quite a lot lower
than that of the pure BC. This may  be due to the presence of MMT
particles on the surface and inside the BC matrix, which reduces
the space for penetration and adsorption of water molecules. MMT
particles have the ability to absorb water and thus swell up sev-
eral times (Ikari, Saffer, & Marone, 2007) but the ratio of water
absorption by the MMT  particles to the increase in the dry weight
of BC–MMT  composites is much lower and thus the WHC  of the
composite is also lower compared to the pure BC. Furthermore, the
total pore volume of the BC–MMT  is smaller than that of pure BC
(Table 1), which leads to the adsorption of a smaller quantity of

water. The results for the WRR  of the pure BC and ex situ mod-
ified BC samples are given in Fig. 6. The WRR  for these samples
were determined over a time of 90 h. It can be seen from Fig. 6 that
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he water molecules escaped very rapidly from the surface of the
ure BC and the evaporation was almost finished (more than 97%)

n 70 h. In contrast to the pure BC, it took about 90 h for the com-
lete evaporation of water from the surfaces of both BC–Ch and
C–MMT  composites. The pore size is smaller in these composites
Table 1 and Fig. 2) and thus the penetrated water molecules are

ore tightly sandwiched between the micro-fibrils. Furthermore,
he surface covering of the BC by Ch or MMT  provides a hurdle
or the escape of water molecules from these composites (Ul-Islam
t al., 2011). All these factors collectively result in the retardation of
ater evaporation from the BC matrix and thus decrease the WRR.

his means that the water molecules will reside for a longer time in
he BC matrices of composites (Fig. 6). It can be concluded that both
he WHC  and WRR  for the ex situ modified BC are highly dependent
n the nature and arrangement of the composite material on the
urface and inside the matrix rather than the structural features of
he BC.

. Conclusion

In the present study, the variations in the physical properties of
C such as WHC  and WRR  were correlated to the changes in dif-

erent parameters, including micro-fibril arrangements, pore size,
ore volume and surface area after structural modification. The fib-
il arrangement became denser while the pore size and pore volume
ecreased with increasing SSGO concentration. The pore size and
olume also decreased in BC composites due to the filling of pores
y MMT  and Ch. The WHC  and WRR  increased with increases in
ore volume and pore size in in situ modified BC, while in ex situ
odified BC the WHC  and WRR  were dependent on the nature and

rrangement of the composite material on the surface and inside
he matrix of the BC sheets.
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