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a  b  s  t  r  a  c  t

Morphological  characteristics  of  a fibrous  tissue  engineering  (TE)  scaffold  are  key  parameters  affecting  cell
behavior.  However,  no study  regarding  the  evolution  of morphology  of bacterial  cellulose  (BC)  scaffolds
during  the culture  process  has  been  reported  to date.  In this  work,  BC scaffolds  cultured  for  different  times
starting  from  0.5  h were  characterized.  The  results  demonstrated  that  the  formation  of an  integrated
scaffold  and  its  3D  network  structure,  porosity,  fiber  diameter,  light  transmittance,  and  the morphology
eywords:
acterial cellulose
issue engineering scaffold
orphology
ydroxyapatite

of  hydroxyapatite  (HAp)-deposited  BC  scaffolds  changed  with  culture  time.  However,  the  surface  and
crystal  structure  of  BC  fibers  did not  change  with  culture  time  and  no difference  was  found  in the  crystal
structure  of  HAp  deposited  on  BC  templates  regardless  of  BC culture  time.  The  findings  presented  herein
suggest  that proper  selection  of culture  time  can  potentially  enhance  the  biological  function  of  BC TE
scaffold  by  optimizing  its  morphological  characteristics.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Bacterial cellulose (BC) is a pure form of extracellular cellulose
ecreted by many species of bacteria such as Acetobacter xylinum
Petersen & Gatenholm, 2011). Due to its outstanding properties
ncluding fine three-dimensional (3D) porous network structure,
igh mechanical properties, high water holding capacity, and so on
Chang, Chen, Lin, & Chen, 2012), BC shows a wide variety of appli-
ations in food, paper and textile industry, especially in biomedical
elds such as wound dressings (Fu et al., 2012; Lin, Lien, Yeh, Yu, &
su, 2013; Ul-Islam, Khan, Khattak, & Park, 2013), artificial blood
essels (Andrade et al., 2013; Berti et al., 2011; Wan  et al., 2011),
nd in particular nanofibrous scaffolds for tissue engineering (TE)
Dugan, Gough, & Eichhorn, 2013; Saska et al., 2012; Sundberg
t al., 2012; Svensson et al., 2005; Wang, Gao, Zhang, & Wan, 2010;
ang et al., 2013). It has been well documented that porosity, fiber

ensity (Berti, Rambo, Dias, & Porto, 2013; Petersen & Gatenholm,
011), fiber diameter (Bashur, Dahlgren, & Goldstein, 2006), and

ven thickness and light transmittance (in the case of skin and
ornea TE) of a scaffold have a significant impact on cell-material
nteraction and thus cell behavior. In addition, BC has also been
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
widely considered as an ideal template material for the deposition
of inorganic particles such as hydroxyapatite (HAp) (Wan  et al.,
2006), CaCO3 (Liu, Ma,  Zhou, Pei, & Yin, 2013), SiO2 (Barud et al.,
2008), Cu2O (Liu et al., 2011), and ZnO (Costa, Gonç alves, Zaghete,
Mazon, & Nogueira, 2013). Among these, HAp is considered the
most important material in biomedical field since it is a major
and essential component of normal bone and teeth and HAp/BC
nanocomposites are believed to be a promising scaffold for bone TE
(Wan  et al., 2006). In this case, the surface structure of BC templates
can greatly affect the morphology and structure of deposited parti-
cles (Costa et al., 2013; Liu et al., 2011; Wan  et al., 2006). However,
how the morphology of BC templates affects the characteristics of
deposited products as well as how the culture time of BC affects the
morphological properties of BC pellicles are unclear.

The studies on the applications of BC have been quite exten-
sive but BC was  usually cultured for 7 days or longer. To date,
there is no report on the control of morphology (including fiber
diameter, porosity, fiber network structure) and surface and crys-
tal structure of BC during its growth process, in particular during
its initial growth process within 7 days. For instance, a relevant
study performed by Sheykhnazari, Tabarsa, Ashori, Shakeri, and
Golalipour (2011) confirmed the effect of culture time on the struc-

tural characteristics of BC. However, this research focused on the
BC cultured starting from day 7 and the sampling times are sparse
(7, 14 and 21 days). Very recently, Zhang investigated the develop-
ment of BC fibrils and the formation of BC bundles/ribbons along

dx.doi.org/10.1016/j.carbpol.2014.04.097
http://www.sciencedirect.com/science/journal/01448617
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ith the biosynthesis time ranging from 2 h to 48 h using atomic
orce microscopy and found that the length and diameter of sin-
le BC fibril changed with biosynthesis time (Zhang, 2013). In fact,
he biosynthesis mechanism and the formation of BC nanofibers
ere extensively investigated as early as 1970s (Brown, Willison,

 Richardson, 1976). However, the control of morphology of BC
ellicles and its feasibility as TE scaffolds during the early culture
rocess still remain ambiguous.

Therefore, the aim of this work was to investigate the evolu-
ion of morphology of BC pellicles during its whole culture process
tarting from as early as 0.5 h to 14 days in an attempt to suitably
ontrol the BC scaffolds for various TE applications. To this end,
he BC samples obtained at different culture times were character-
zed and further used as templates for HAp deposition. It is believed
hat this research could enable us to optimize the culture time of BC
caffolds based upon the requirements of various TE applications.

. Experimental

.1. Preparation of BC

A. xylinum X-2 was used in this work to prepare BC samples.
he detailed procedures and treatment methods were reported in
ur previous work (Hong et al., 2006; Wan  et al., 2006). Typically,
he culture medium of BC containing 2.5% glucose (Amerso), 0.75%
east (Oxoid), 1% tryptone (Oxoid) and 1% Na2HPO4 (Alfa Aesar)
as prepared and the pH was adjusted to 4.5 by acetic acid (Acros),

ollowed by sterilizing at 115 ◦C for half an hour. Then the bacteria
train was incubated statically in the culture medium for different
engths of time. At given culture time intervals, the BC samples were
ollected and purified in NaOH solution and deionized water. The
btained BC samples were stored in distilled water until required.

.2. Deposition of HAp on BC cultured for different times

The deposition of HAp on BC cultured for different times was
onducted as described previously (Hong et al., 2006; Wan  et al.,
006). Briefly, all purified BC samples were phosphorylated first
nd immersed in a 0.1 M CaCl2 (Acros) solution at 37 ©C for 3 days
rior to biomineralization. The CaCl2 solution was renewed every
4 h. Then the treated BC samples were immersed in a 1.5 SBF (1.5
imes simulated body fluid solution) at 37 ◦C for 7 days and the
BF solution was replaced every day. Finally, the HAp-deposited
C (namely BC/HAp) samples were rinsed with deionized water
nd freeze-dried.

.3. Characterizations

The thickness of BC pellicles was measured by a vernier caliper
t predetermined time intervals and the growth rate of BC hydrogel
as expressed as thickness increase divided by time interval. The
hotographs of early cultured BC samples in deionized water were
aken by digital camera (Canon PowerShot A800). The BC samples
ultured within 15 h were air-dried at 60 ◦C for 8 h and the BC sam-
les cultured after 15 h and all BC/HAp samples were freeze-dried
or 48 h. For SEM observation, the samples were sputtered with gold
nd were evaluated by a field-emission scanning electron micro-
cope (FE-SEM, FEI, Nanosem 430). The transmittance spectra of
C cultured for different times were recorded using a TU1810PC
pectrophotometer (Beijing Purkinje General Instrument Co.). XRD
as carried out by a Rigaku D/max 2500 to examine the crystalline
tructure. The range of scanning was from 1 to 60◦ at a speed of
.02◦/s. The surface properties of BC and BC/HAp samples were

nvestigated using a Fourier transform infrared spectrometer (FTIR,
io-Rad FTS 6000). The fiber diameter of BC was  measured from
ers 111 (2014) 722–728 723

SEM images. From each image, at least 100 (unless otherwise indi-
cated) different fiber segments were randomly selected and their
diameters were measured to generate an average fiber diameter, as
described in the literature (Bhattarai, Edmondson, Veiseh, Matsen,
& Zhang, 2005).

2.4. Porosity measurement

The porosity of BC scaffolds was measured by water displace-
ment method at room temperature (Nge, Nogi, Yano, & Sugiyama,
2010; Sionkowska & Kozłowska, 2013; Tang, Jia, Jia, & Yang, 2010).
Briefly, a water-impregnated BC sample with a known weight (W1)
was immersed in a graduated cylinder containing a known volume
(V1) of water for 10 min. The total volume of water and the water-
impregnated BC sample was  recorded as V2. The volume difference
(V2 − V1) represented the total volume of the BC sample (including
the volume of BC skeleton and void). Then the water-impregnated
BC sample was  collected and dried in an oven at 70 ◦C. After com-
plete drying, the weight of BC was  measured (W2). Thus the porosity
of BC (P) can be calculated as follows:

P = (W1 − W2) /�

(V2 − V1)
(1)

where � denotes the density of water at room temperature. The
values were expressed as mean ± SD (n = 3).

3. Results and discussions

3.1. Morphology of BC harvested at different time points

It has been well documented that the biosynthesis of BC is a mul-
tistep process that involves two  main mechanisms: the synthesis of
uridine diphosphoglucose (UDPGIc), followed by the polymeriza-
tion of glucose into long and unbranched chains (the �-1,4-glucan
chains) (Brown, 1987; Ross, Mayer, & Benziman, 1991). In this work,
the focus was  laid on the morphology of BC pellicles during the
early growth process. Fig. 1 presents the morphology of BC fibrils
synthesized by A. xylinum at the very first 3-h culture starting from
0.5 h. It was found that, at the beginning of culture, there were a
large number of rodlike A. xylinum strains in the medium with an
average length of 1.6 �m (Fig. 1a). Fig. 1b shows that no microfibril
was extruded from the cell in the first 0.5 h. Zhang (2013) reported
that single BC microfibrils with an average diameter of 5.8 nm were
biosynthesized and microfibrils also began to bind with each other
forming bundles after the first 2-h incubation. However, we found
that a few fibrils with a diameter of 37 nm (averaged from 20 fib-
rils) were observed (Fig. 1c) as the culture time reached 1 h. Fig. 1d
shows that two fibrils were assembled together forming a bigger
fibril with an increased diameter of 90 nm (averaged from 20 fib-
rils). Therefore, it is inferred that the fibrils can be biosynthesized
within the first 1-h incubation under the current culture conditions,
and part of them began to bind with each other forming bigger bun-
dles, which is inconsistent with previous finding by Brown et al.
(1976) who declared that the single microfibril of BC could bind
with each other and form a bundle after 24–48 h. Fig. 1e shows a
larger fibril with a diameter of 102 nm (averaged from 30 fibrils)
indicating a successive increase in diameter (due to fibril binding).
As the culture time extended to 3 h, plenty of fibrils were formed
(Fig. 1f). However, no floating pellicle could be observed until 6-h
incubation.

Fig. 2 presents macrophotographs of the flocculent floating BC

which was incubated for different lengths of time ranging from 6
to 12 h. Notably, after 6 to 12-h incubation, fibrils intertwined with
each other forming a flocculent mesh and the amount of BC pellicles
increased with culture time. However, integrated macroscopic BC
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Fig. 1. FE-SEM images of BC samples prepared within 3 h (a) 0 h, (b) 0.5 h, (c) 1 h, (d) 1.5 h, (e) 2 h, and (f) 3 h.
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Fig. 2. Photographs of BC synthe

lms were not formed within the first 12-h growth. This indicates
hat 12 h is too short to create a practical BC scaffold.

Fig. 3 presents the SEM images of BC films obtained at culture
ime from 15 h to 14 days. In order to maintain the original struc-
ure of BC pellicles, these samples were freeze dried before SEM
bservation. Fig. 3a demonstrates that, at 15-h culture time, BC

bers were distributed unevenly and several fiber-depleted zones
ere observed (as marked by circles). This uneven distibution of
C fibers was caused by the freeze–drying due to the small average
hickness (0.7 mm)  and the observed rugged surface of BC pellicles

ig. 3. SEM images of BC obtained after (a) 15 h, (b) 1 d, (c) 2 d, (d) 3 d, (e) 5 d, (f) 7 d, (g) 1
C  samples).
after (a) 6 h, (b) 8 h, and (c) 12 h.

during the first 15-h culture. The uneven distribution of BC fibers
is not benifical to cell behavior. As the incubation time prolonged
to 1 to 3 days (Fig. 3b–d), the distribution of BC fibers became uni-
form. Furthermore, an obvious 3D porous network structure started
to form when the culture time reached 5 days or longer (insets
in Fig. 3e–h), suggesting a complete 3D scaffold (in freeze dried

state) was obtained. Therefore, to form a homogeneous BC thin film
that can be used as a practical TE scaffold, the minimum culture
time should be 24 h. This thin BC film (2D scaffold) in never-dried
state (<1 mm  in thickness) might be used for cornea TE. However,

0 d, and (h) 14 d (insets showing the cross-sectional SEM images of corresponding



H. Luo et al. / Carbohydrate Polymers 111 (2014) 722–728 725

F
t

l
s
w
w
e
t
b
o
B

i
r
p
r
i
t
7
s
e
T
d
e
m
e

f
e
c
t
w
w
t
d
c
t
(
o
m
n
t
s
t
t
Y
e
o
a
(

ig. 4. Changes of porosity (a) and fiber diameter (b) as a function of BC culture
ime.

onger culture time (≥5days) is needed to obtain a complete 3D
caffold (>3 mm in freeze dried state). Notably, the 3D porous net-
ork structure was relatively stable and large amounts of pores
ere present inside the pellicles, which endowed themselves with

xcellent permeability. The stable fiber network structure is due to
he fact that BC bundles and ribbons were formed through simple
inding of single fibrils and twisting of fibrils (Zhang, 2013), both
f which promoted the formation of structurally stable network of
C fibers.

Porosity measurement result (Fig. 4) reveals that the porosity
ncreased markedly during the culture time of 1 to 3 days but the
ate of increase subsequently slowed down. At 14-day culture, the
orosity reached a maximum value of 95%. Diameter measurement
esult (Fig. 4) shows that the diameter of BC fibers experienced an
ncrease during the first 24 h, followed by a slight decrease from 1
o 2 days, and subsequently plateaued to a relatively stable value of
2 nm.  These results indicate that a suitable culture time should be
elected for a specific TE application since porosity and fiber diam-
ter determine cell behavior (Bashur et al., 2006; Berti et al., 2013).
he observed variation in fiber diameter is probably related to the
egree of clustering on the enzymatic and cytostructural level (Ross
t al., 1991). However, the exact mechanism is still unclear since
any aspects surrounding the nature of the biosynthetic machin-

ry remain unsolved (Ross et al., 1991).
Previous work has confirmed that BC is a promising TE scaf-

old for cornea and skin (Fu, Zhou, Zhang, & Yang, 2013; Wang
t al., 2010) where light transmittance and/or thickness are criti-
al parameters. Fig. 5 shows the changes of light transmittance and
hickness of BC films with the culture time. Note that the BC films (in
et state) maintained high transparency during their early growth
ithin 24 h (Fig. 5a and b). As the incubation time further increased,

he light transmittance displayed a rapid decrease from day 1 to
ay 5 and subsequently reached a plateau. Fig. 5b reveals that, for a
ornea TE scaffold, the culture time should be 24 h or less since
he percentage transmission should be at least 80% (at 450 nm)
Beems & Van Best, 1990). By combining Fig. 5b with Fig. 4, the
ptimal culture time should be 24 h in order to meet the require-
ents for both integrated structure and light transmittance. It is

oted that the evolution of transparency of BC films was consis-
ent with the change in their thickness shown in Fig. 5c. As can be
een from Fig. 5c, the growth of BC pellicles could be divided into
hree stages and the growth data at these three stages could be fit-
ed into three linear plots (Iguchi, Yamanaka, & Budhiono, 2000;
amanaka et al., 1989), which suggests that the growth of BC at

ach stage showed first-order kinetics. Note that the growth rate
f the second stage (15 h to 5 days) was 1.82 mm/d, which was
bout 2.3 and 2.5 times that of the first (0 to 15 h) and third stages
5 to 14 days), respectively. The change of BC growth rate could be
Fig. 5. Photographs (a), light transmittance (b), and thickness (c) of BC films cultured
for different times.

explained as follows. At the first stage of BC growth, though the
nutrient in the culture medium was adequate, the population of
A. xylinum strains was very small, and thus the BC pellicles grew
slowly. At the second stage, not only could the culture medium
provide adequate nutrient, but also the bacteria population was
significantly increased due to the rapid multiplication. Therefore, a
high growth rate of BC pellicles was  achieved. As the culture time
increased to 5 days, most nutrients in the medium were consumed
and the increase of BC pellicle thickness may  also have a negative

impact on the oxygen supply for A. xylinum strains, suppressing the
formation of BC fibrils. Additionally, it was believed that, during the
incubation process, A. xylinum strains would actively and continu-
ously convert glucose into gluconic acid. This process lowered the
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Fig. 6. XRD (A) and FTIR (B) patterns of BC at

H of the medium to suboptimal levels for A. xylinum growth and
C biosynthesis (Vandamme, De Baets, Vanbaelen, Joris, & De Wulf,
998).

.2. Structure of BC harvested at different time points

In addition to morphological characteristics, we  also evaluated
he surface and crystal structure stability of BC during its growth
rocess. Fig. 6 shows the XRD and FTIR spectra of BC samples col-

ected at three different culture times (4 h, 15 h and 5 days). Fig. 6A
eveals that no difference can be detected among these three spec-
ra which showed three characteristic peaks located at 14.8, 16.6,
nd 22.4◦, corresponding to (1 1̄ 0), (1 1 0), and (0 2 0) diffrac-
ion of cellulose I, respectively (Watanabe, Tabuchi, Morinaga, &
oshinaga, 1998). Moreover, these three BC samples had an identi-
al crystallinity index (89%) which was calculated according to the
ethod reported by Sottys, Lisowski, and Knapczyk (1984).
Fig. 6B reveals that the three BC samples harvested at 4 h,
5 h, and 5 days had identical FTIR spectra. These FTIR patterns
ere typical spectra of BC where the absorption band assigned

o the hydroxyl group and hydrogen bond was  observed at
200–3500 cm−1 and were consistent with our previous findings

ig. 7. FE-SEM images of BC/HAp samples with BC templates cultured for different times (
EM  images of corresponding BC/HAp samples).
ent culture times (a) 4 h, (b) 15 h, and (c) 5 d.

for 7-day cultured BC (Wan  et al., 2006) and those reported in the
literature (Kim, Nishiyama, & Kuga, 2002).

XRD and FTIR findings indicate that the crystal structure and
surface chemistry of BC remained unchanged irrespective of culture
time, which is beneficial to the potential applications of early grown
BC in various TE applications as a potential substitute for long-time
cultured BC at a reduced time and cost.

3.3. Morphology of HAp deposited on BC cultured at different
times

The studies on biomineralization can not only help understand
the process happened in vivo, but also find a biomimetic route to
develop man-made mineralized nanofibers for bone TE scaffolds. In
this work, the influence of BC morphology on the deposition of HAp
on BC (i.e. biomineralization) was investigated. Fig. 7 displays the
FE-SEM images of BC/HAp nanocomposites prepared by using BC
templates cultured for different lengths of time. SEM observation

reveals that all the surfaces of BC fibers on the surface layer were
densely deposited by HAp particles. Obviously, the distribution and
morphology of HAp particles did not present apparent difference
among different BC templates used. However, the insets in Fig. 7

a) 18 h, (b) 1 d, (c) 3 d, (d) 5 d, (e) 7 d, and (f) 10 d (insets showing the cross-sectional
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ig. 8. XRD (A) and FTIR (B) patterns of various BC/HAp samples with BC templates
ultured for different times (a) 1 d, (b) 5 d, and (c) 10 d.

videnced the difference in the distribution of HAp particles on the
ross-sections of corresponding BC templates. The inset in Fig. 7b
eveals that sparsely distributed HAp particles were found on the
bers inside BC membranes. This could be attributed to the tight
etwork structure of BC membranes that hindered the transporta-
ion of ions from 1.5 SBF solution to the inside of BC membranes,
greeing well with the porosity result. More and more HAp parti-
les were observed on the fibrils inside BC membranes when BC
embranes cultured at longer time were used as templates (insets

f Fig. 7c–f), and finally, all the BC fibrils inside BC membranes were
ully coated by HAp particles as shown in the insets of Fig. 7e and f,
hich is consistent with our previous results (Wan  et al., 2007). This
nding indicates that porosity, rather than thickness of BC mem-
ranes, determines the extent of HAp deposition on fibrils inside
C membranes. It also suggests that BC should be cultured for at

east 7 days when fully HAp-covered BC fibers are requested.

.4. Structure of HAp deposited on BC cultured at different times

Fig. 8A presents XRD patterns of various BC/HAp samples
btained in this work. Notably, the characteristic peaks located at
4.8, 16.6, and 22.4◦ could be assigned to BC. In addition, there are
wo diffraction peaks detected at 25.9 and 31.7◦ which were due
o the (0 0 2) and (2 1 1) crystal planes of HAp, respectively. Mean-
hile, in these three patterns, the major peaks of HAp are broad and

eak, indicating its poor crystallinity, consistent with our previous

esults (Wan  et al., 2006). This XRD finding reveals that, although
he BC templates were prepared under different lengths of culture
ers 111 (2014) 722–728 727

time, no apparent difference was  detected in the crystal structure
of HAp among these BC/HAp nanocomposites.

The FTIR spectra of various BC/HAp samples are shown in Fig. 8B.
It can be seen that the locations of characteristic peaks were con-
sistent with each other and were identical to the FTIR spectra of
BC/HAp reported in our previous work (Wan  et al., 2006), indicat-
ing the chemical structure of these samples is identical even though
the morphology of BC/HAp is changed with the culture time of BC
templates.

4. Conclusions

The changes of morphology and structure of BC fiber network
during the culture process starting from 0.5 h were assessed and
HAp deposition on the obtained BC templates was  investigated,
upon which the feasibility of these BC pellicles as TE scaffolds was
determined. It was  found that porosity, fiber diameter, fiber net-
work structure, light transmittance, and thickness of BC pellicles
changed during the culture process while the surface and crystal
structure of BC remained unchanged during the whole culture pro-
cess. Furthermore, no difference was  found in the crystal structure
of HAp deposited on BC templates regardless of culture time. How-
ever, significant difference was  observed in the distribution of HAp
particles on the surface of nanofibers inside BC membranes due to
the difference in the compactness of BC network. It was  also found
that a homogeneous integrated BC network was formed at 24-h
incubation and a complete 3D porous network structure of BC was
formed at day 5. In addition, homogeneous BC/HAp nanocompos-
ites can be obtained as the culture time of BC templates reached 7
days. It can be concluded that the morphology of BC and BC/HAp
scaffolds can be controlled by adjusting culture time to meet vari-
ous TE requirement. The results presented in this work might help
to select appropriate BC scaffolds for TE and proper BC templates
for the deposition of HAp and other inorganics.
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