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Bacterial  cellulose  (BC) has  been  proposed  as  a biomaterial  applied  in  biomedical  scope  due  to  its  good
biocompatibility.  Recent  reports  showed  that  human  adipose-derived  stem  cells  (HASCs)  have  become  a
new choice  to be used  as  seeding  cells in tissue  engineering.  The  objective  of  this  study  is to  explore  the
potential  of using  BC and  HASCs  as  scaffold  and  seeding  cells  in  bone  tissue  engineering.  The  osteogenic
differentiation  was  investigated  by Von  Kossa,  Alizarin  Red,  ALP  cellular  staining  and  RT-PCR.  The  results
eywords:
acterial cellulose
uman adipose-derived stem cells
one tissue engineering

showed  that HASCs  took  a successful  osteogenic  differentiation  on  BC.  Moreover,  the  in vivo  animal  test
also provided  the  confirmation  of the  repair  ability  of  BC  on damaged  bone.  In  conclusion,  the  author
demonstrates  the  osteogenic  differentiation  of  HASCs  on BC and  the  feasibility  of using  BC  and  HASCs  as
scaffold  and  seeding  cells  in  bone  tissue  engineering.
iomaterials
rtificial scaffold

. Introduction

Bone tissue engineering has become an important new field
f research, the aim of which is the formation and regenera-
ion of injured organs resulted from trauma, surgical resection
nd congenital deformity corrections (Rodan, 1992; Sommerfeldt

 Rubin, 2001). In addition, damages of cartilage such as acute
echanical damage (AMD), affect the structural integrity of the

artilage and cause chondrocyte metabolic dysfunction and death
Schlichting et al., 2011). Tissue engineering has three fundamental
omponents: cells, scaffold and growth factors (Reddi, 1998). Con-
equently, interests in this research field mainly focus on seed cells
nd biodegradable scaffold as well as cytokines and microenviron-
ent, which contribute to osteogenesis.
Firstly, the regeneration of mesenchymal tissue needs large

umbers of stem cells to serve for tissue engineering (Salgado,
outinho, & Reis, 2004). Bone marrow mesenchymal stem cells
BMCs) are used for tissue regeneration, but they are not widely

pplied due to the limited proliferative capacity of terminally dif-
erentiated osteoblasts and the morbidity of donor sites (De Ugarte
t al., 2003), also their supply is very limited (Bruder, Fink, &
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Caplan, 1994). However, the recent development in the field of stem
cells suggests that human adipose-derived mesenchymal stem cells
(HASCs) are the most ideal cell source for tissue engineering appli-
cations due to their capability to proliferate and differentiate into
adipogenic, osteogenic, chondrogenic and myogenic lineages under
appropriate conditions (Gimble, Katz, & Bunnell, 2007; Halvorsen
et al., 2001; Huang et al., 2002; Zuk et al., 2001, 2002). The
abundance in adipose tissue makes HASCs can be easily obtained
through liposuction and expanded (Izadpanah et al., 2006; Mitchell
et al., 2006; Mizuno et al., 2002; Nuttall, Patton, Olivera, Nadeau, &
Gowen, 1998; Owen & Friedenstein, 1988; Owen et al., 1990). All
these advantages make HASCs a major research focus.

Besides the desirable cells, the scaffold is also very important
for tissue engineering (Hutmacher, 2000). Organic polymeric mate-
rials, such as polylactic acid (PLA), polyglycolic acid (PGA) and
poly(lactic-co-glycolic acid) (PLGA) are most widely used, but all
of them have serious disadvantages. They show low hydrophilicity,
low cell adhesion ability and low mechanical strength. In addition,
their acid degradation causes aseptic inflammation easily. Others
like natural organic scaffold material have major disadvantages
such as low strength, uncontrollable degradation, poor mechanical
properties and poor processability. Furthermore, the durability of
inorganic synthetic scaffolds is unpredictable and their implanta-
tion inhuman body frequently causes rejection (Peter, Miller, Yasko,

Yaszemski, & Mikos, 1998; Puppi, Chiellini, Piras, & Chiellini, 2010).

Nanomaterials can combine advantages of different com-
ponents, so they will attract wide attention as biomaterial in
the future (Stylios, Wan, & Giannoudis, 2007). Scaffolds derived

ghts reserved.
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S. Zang et al. / Carbohydrat

rom natural polymers offer greater bioactivity and biocompat-
bility with mammalian tissues to favor tissue healing, due to
heir similarity to native extracellular matrix (ECM) components
Aravamudhan et al., 2013). The natural polymers chitosan and
lginate represent an attractive material choice for biodegradable
mplants (Wang, Jamal, Detamore, & Berkland, 2011). Bacterial cel-
ulose (BC) is a nanofiber material built up by Acetobacter xylinum
Brown, Willison, & Richardson, 1976). Although its structure is
imilar, properties of BC are quite different from those of plant
ellulose. BC has some unique properties as a novel biomaterial,
uch as ultrafine structure, high crystallinity and chemical purity,
igh tensile strength and elastic modulus, high biocompatibility
nd good biodegradability (Czaja, Young, Kawechi, & Brown, 2007;
elenius et al., 2006; Yamamoto, Horii, & Hirai, 1996). Due to its
nique structure and specific properties, as nanofiber scaffold for
issue engineering, BC attracts extensive attention all over the
orld (Iguchi, Yamanaka, & Budhiono, 2000) and has been used in

issue engineering of cartilage (Svensson et al., 2005), replacements
f blood vessels and wound healing process (Czaja, Krystynowicz,
ielecki, & Brown, 2006; Klemm,  Schumann, Udhardt, & Marsch,
001). Besides, BC has excellent physical and chemical properties
nd biocompatibility. The fiber structure and the composition of
one collagen are consistent in terms of morphology. The micro-
ber surface modification induces the crystals in a way similar to
rowth process in bone tissue. These excellent properties make
C a potential scaffold for bone tissue engineering (Burg, Porter, &
ellam, 2000; Hutmacher, 2000; Yasuda et al., 2005).

Here, we show that HASCs and BC can be together used in bone
issue engineering. We  investigated the attachment, proliferation
nd osteogenic differentiation ability of HASCs on BC to evalu-
te their feasibility for using as seeding cells. Furthermore, BC is
hown to be a replacement on damaged bone which exhibits its
iocompatibility.

. Materials and methods

.1. Preparation of BC

The strain ATCC 53582 of Acetobacter xylinum (American Type
ulture Collection, Manassas, VA, USA) was cultured in a tray con-
aining Hestrin and Schramm medium in a static culture at 30 ◦C
or 7 days. The optimum medium consisted of (g/L): d-glucose
0, peptone 5, yeast extract 5, Na2HPO4 2.7, and citric acid 1.5.
C hydrogel obtained from the medium was soaked in distilled
ater for 48 h, boiled in 1% NaOH for 30 min  and washed by dis-

illed water to a neutral PH. The yeast and peptone were purchased
rom Beijing Shuangxuan Microbe Culture Medium Products Fac-
oty, PR China, and the reagents were purchased from Sinopharm
hemical Reagent Beijing Co. Ltd., PR China. The resultant BC mem-
rane was placed in NS (Cell Culture Center, CAMS, PR China) and
isinfected under damp-heat and high pressure for 20 min. Then,
he BC membrane was soaked in a PBS solution (PH 7.4, Cell Cul-
ure Center, CAMS, PR China) for 24 h and then in a HASCs medium
Cyagen Bioscience, Inc., USA) for 24 h. SEM (S-3000 N, Hitachi Ltd.,
apan) observation was taken to check the ultrafine structure of
C.

.2. Subculture of HASCs

HASCs were isolated, cultured and characterized by the Insti-
ute of Microcirculation, Chinese Academy of Medical Science.

rocedures of subculture conform to methods reported previously
Gimble, Katz, & Bunnell, 2007). The adhesion of HASCs was inves-
igated by frozen sectioning/HE staining. The growth pattern and

orphology of HASCs on BC was observed by invert phase contrast
mers 104 (2014) 158–165 159

light microscopy (XDS-1B, Chongqing Optical Instruments Com-
pany, PR China).

2.3. Study of osteogenic differentiation and cell evaluation of
HASCs on BC

The cultivation of HASCs was divided into four groups (A, B, C
and D):

Group A: The HASCs was planted on a BC membrane with an
osteogenic induction medium.

Group B: The HASCs was  planted on a normal 6-well plate with
osteogenic induction medium.

Group C: The HASCs was planted on a BC membrane with a normal
HASCs medium.

Group D: The HASCs was planted on a normal 6-well plate with a
normal HASCs medium.

After counting, the second or third passage of the cells was  inoc-
ulated into the four groups as described above. After 24 h, the cells
attached to the well. 2 ml  of a complete adipose stem cells medium
or osteogenic induction medium (consisting of dexamethasone, �-
glycerophosphate, and ascorbic acid) was  added. The reagents were
purchased from Sinopharm Chemical Reagent Beijing Co. Ltd., PR
China. Then the cell culture plates were put into the incubator (5%
CO2 at 37 ◦C), and the medium was  changed every 3 days. The
growth morphology of HASCs was observed during the process of
osteogenic differentiation by an optical microscope on the 1st, 10th
and 21st day.

The cultivation was  over after 4 weeks, and then the osteogenic
differentiation of cells of the four groups (A, B, C, and D) were
observed respectively by staining of the following three methods
(A, B and C):

A: Von Kossa staining of cells to detect osteogenic differentiation

Samples in each group were rinsed with PBS and fixed in 4%
paraformaldehyde (Cell Culture Center, CAMS, PR China) for 1 h
at room temperature. Samples were then incubated in 5% silver
nitrate (Cell Culture Center, CAMS, PR China) for 30 min  in the dark-
ness, rinsed with distilled water and exposed to ultraviolet light for
1 h.

B: Alizarin Red staining of cells to detect osteogenic differentiation

Samples in each group were rinsed with PBS and fixed in
4% paraformaldehyde for 1 h. Samples were incubated with 1%
alizarinered S solution (Cell Culture Center, CAMS, PR China) for
10 min  at room temperature, then washed with running tap water
for 5 min  and left to dry.

C: Alkaline Phosphatase staining of cells to detect osteogenic dif-
ferentiation

Samples in each group were rinsed with PBS and fixed in 4%
paraformaldehyde for 2 min, and rinsed twice by TBST (20 mM
Tris–HCl, 0.15 mM NaCl, 0.05% Tween-20, pH 7.4, Sinopharm Chem-

ical Reagent Beijing Co. Ltd., PR China). Then, they were incubated
in the NBT/BCIP (Cell Culture Center, CAMS, PR China) ready-to-use
solution in the darkness at room temperature for 20 min  according
to the manufacturer’s instruction.
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Fig. 1. Animal surgery.

.4. Osteogenic differentiation and gene expression of HASCs on
C

The cultivation of HASCs was divided into four groups (A, B, C and
) and the methodology of culturing was the same as mentioned
bove in Section 2.3.

Total RNA was extracted from cells cultured on BC discs for
4 and 28 days after seeding respectively, using a TRIzol Reagent
Cyagen Bioscience, Inc., USA) according to the manufacturer’s
nstruction. The concentration of RNA was determined from the
ptical absorbance at 260 nm of the extract. Complementary DNA
cDNA) was synthesized using Reverse Transcriptase System. Real-
ime PCR was performed using PTC DNA Engine Systems (BioTek
nstruments, Inc., USA). PCR Mix  was used in each reaction. Reac-
ions were performed with 40 cycles as follows: 94 ◦C for 30 s,
nnealing temperature for 30 sand 72 ◦C for 30 s. Markers for
steogenic differentiation: Osteopontin, Osteocalcin and Alkaline
hosphatase were evaluated, while GAPDH gene served as the
ontrol (sequences of primers, individual annealing temperature
nd amplicon lengths were shown in Table 1). PCR products were
esolved using conventional agarose gel electrophoresis. Images
ere processed with Quantity One-Version 4.0 software, under

he same parameters. Gray-scale measurement of the target bands
optical density of target gene) was divided by the measure-

ent of internal reference electrophoresis band (optical density of
APDH). The ratio was used as semi-quantitative detection value
f amplified fragment (light density of target gene/optical density
f GAPDH).

.5. Animal test

All surgeries were performed under a protocol approved by the
eking Union Medical College Hospital Animal Care Committee. An
lna damaged rabbit model in vivo was employed in the current
tudy (Fig. 1). The test was  divided into two groups: ulna defects
ith no implants were chosen as control while ulna defects with

caffold and seeding cells were in the experimental group. Two
ircular defects, 3 mm in diameter, were created at the ulna on
ach rabbit. Animals were anesthetized with a ketamine/xylazine
ixture (135 mg/kg and 15 mg/kg, Sinopharm Chemical Reagent

eijing Co. Ltd., PR China). Briefly, an 8–10 mm incision was made

long the sagittal suture by scalpel blade. A skin flap was then
aised to expose the underlying bone and two holes with 3 mm
iameter were drilled. The defect was filled with a scaffold loaded
ith cells based on the experimental design. HASCs at a density of
mers 104 (2014) 158–165

1.0 × 106 cells/scaffold were loaded into each pre-hydrated scaffold
5 min  before implantation. After the surgery, the rabbit was raised
for 8 weeks and then imaged using a microradiography unit (Fax-
itron X-ray LX 60, USA). X-ray photographs were taken at 24 kV for
8 s.

2.6. Statistical analysis

All PCR experiments were repeated 3 times and the scanning
images of the electrophoresis gel were measured. Ratio of the
obtained gray-scale of target band to that of the internal reference
electrophoretic band was  regarded as the semi-quantitative mea-
surement value of the target fragment, and the average value of
three times was taken as the final. Experimental data were ana-
lyzed with SPSS15.0 software. To determine whether the data were
normally distributed, t test and rank sum test were conducted and
correlation was analyzed for the data. If P < 0.05, data were statis-
tically plain; if P < 0.01, data were statistically significant.

3. Results

3.1. Process of cellulose formation

According to our previous research (Shi et al., 2012),
sub-elementary fibrils were firstly assembled to form microfib-
rils (d = 3–4 nm)  and further polymerized to form ribbons
(d = 30–50 nm), which finally developed into a hyperfine network
structure through interactive interweaving. ESEM images of the
dried BC membrane showed that they formed densely and finely
branched nanolevel networks in the planar direction and microfib-
rils were 40 nm in diameter (Fig. 2).

3.2. Study of osteogenic differentiation and cell evaluation of
HASCs in BC

According to our previous research (Fu et al., 2012), through
the measurement of culture HASCs on BC to study the proliferation
of HASCs on BC, the cells formed a coherent layer on BC; HASCs
grew well on BC and BC showed a good biocompatibility to HASCs.
HASCs proliferated fast. Nine days later, the proliferation showed
a plateau phase. HASCs were fibroblast-shaped on the BC film and
formed a single layer. The frozen section/HE staining of HASCs–BC
complex exhibited a continuous layer, which demonstrated a nice
proliferation of the stem cells on the BC film. The adhesion of HASCs
to the BC film was also good (Fig. 3).

3.2.1. Morphological changes during the osteogenic
differentiation of HASCs

During osteogenic induction, HASCs attached to the well pris-
matically and ovally for a long time, and the cytoplasm could be
barely seen. In later stages, the cells grew quickly and covered the
bottom in 10 days, their sizes were short spindle-like and polygonal.
On prolonging the induction time, the cells aggregated and formed
colonies and the morphology of the cells changed clearly into cubi-
cal and conical with visible cytoplasm. Osteogenic cells appeared
till the 21st day. The color of the cytoplast turned dark with visi-
ble coarse particles. The nuclear of HASCs was clear, and secretion
of extracellular matrix increased gradually. Many filopodias pro-
truded from the cytoplasm and opaque mineralized nodules could
be seen clearly (Fig. 4).
3.2.2. Von Kossa staining to detect osteogenic differentiation
With a silver reduction technology, Von Kossa staining analyzes

calcium deposition in the fixed cell samples. Stained by argy-
rophilic dye, calcium ions are replaced by silver ions. Under strong
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Table  1
Sequences of primers and real-time PCR conditions.

Gene Primers (F = forward, R = reverse) Amplicon size (bp) Annealing temperature (◦C)

Osteopontin F: 5′-TGGCTAAACCCTGACCCATCTC-3′ R: 5′-CTTCCCACGGCTGTCCCAATC-3′ 498 60
Osteocalcin F: 5′-GCCACCGAGACACCATGAGA-3′ R: 5′-AGCAGAGCGACACCCTAGACC-3′ 331 54
Alkaline Phosphatase F: 5′-ACGGCGTCCACGAGCAGAACT-3′ R: 5′-GCCTCTGGGTCTGGAGAAATACG-3′ 492 60
GAPDH F: 5′-CATGAGAAGTATGACAACAGCCT-3′R: 5′-AGTCCTTCCACGATACCAAAGT-3′ 113 54

Fig. 2. SEM pictures of BC: (A) the scale bar equals to 10 �m;  (B) the scale bar equals to 5 �m.
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ig. 3. Microphotographs of HASCs culturing on BC: (A) after cultured for 9 days, th
rozen  section of HASCs–BC complex. The scale bar equals to 200 �m.

ight, silver ions are reduced and the sedimentation is displayed
n black. The result showed that groups A and B had a signifi-
ant positive reaction, demonstrating that a large number of black
ells contained mineralized material. But, there were no signifi-
ant differences between the two groups. With an ordinary culture
edium, HASCs of groups C and D showed a negative reaction, but

mall black particles were barely visible in group C (Fig. 5I).
.2.3. Alizarin Red staining to detect osteogenic differentiation
Alizarin Red staining is achieved by the formation of a colored

omplex between an Alizarin Red and calcium; this complex iden-
ifies the calcium component in cells. The result showed that, with

Fig. 4. Morphologic changes during osteogenic differentiation of HA
 formed a layer on the BC surface. The scale bar equals to 50 �m; (B) HE staining of

Alizarin Red staining, groups A and B witnessed a large number
of calcium deposits in positive cells without significant differences
between the two groups. However, there was no positive reaction
in group C or D (Fig. 5II).

3.2.4. Alkaline Phosphatase staining to detect osteogenic
differentiation

Alkaline Phosphatase staining is a technique with which Tolu-

idine blue bromochloromethane indole phosphate is catalyzed by
Alkaline Phosphatase; the former then reduces N-nitro-blue tetra-
zolium to a purple or blue-black precipitate. Alkaline Phosphatase
is a specific enzyme of osteoblasts, so its expression can indicate

SCs: (A) 24 h; (B) 10 d; (C) 21 d (the scale bar equals to 50 �m).
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Fig. 5. Results of different staining: (group A) the HASCs was planted on a BC membrane with an osteogenic induction medium; (group B) the HASCs was planted on a normal
6-well plate with osteogenic induction medium; (group C) the HASCs was planted on a BC membrane with a normal HASCs medium; (group D) the HASCs was planted on a
normal  6-well plate with a normal HASCs medium. Von Kossa staining of HASCs (I) was  cultured in osteogenic and control media at 4 w (the scale bar equals to 50 �m):  (A)
g  osteo
e  HASC
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roup  A; (B) group B; (C) group C; (D) group D. Alizarin Red staining of HASCs (II) in
quals  to 50 �m):  (A) group A; (B) group B; (C) group C; (D) group D. ALP staining of
the  scale bar equals to 50 �m): (A) group A; (B) group B; (C) group C; (D) group D.

steogenic differentiation. The result showed that there were blue-
lack stained cytoplasm and dark blue nucleus in groups A and B
nd there were no significant differences. The cytoplasm of group

 was light blue, but group D showed a negative reaction (Fig. 5III).

.3. Osteogenic differentiation and gene expression of HASCs on
C

The average ratio of three times of each gene gray scale to
nternal reference GAPDH was taken as the final semi-quantitative

easurement of fragment values, and we compared to each gene
xpression in different tissues.

.3.1. Expression of Osteopontin mRNA in cells

.3.1.1. Comparison of Osteopontin mRNA expression in different cells.
n the first two  weeks, there was no obvious Osteopontin mRNA
and indicating intracellular expression among four groups. There-
ore, there was no statistical significance in gray level differences.
owever, 4 weeks later, there was clear Osteopontin expression
f osteogenic HASCs growing in BC membrane and in normal 6-
ell plates, and statistical significance of the gray-scale difference
as obvious (P < 0.05). However, there was no clear expression of
steopontin in the two groups of cells cultured in normal medium.

.3.1.2. Comparison of expression of Osteopontin mRNA at different
imes. In the 2nd week, two kinds of osteogenic cells did not have
steopontin mRNA. However, in the 4th week, there was  obvious
steopontin gene expression, but there was no clear Osteopontin
ene expression of cells in normal medium (Fig. 6A).

.3.2. Expression of Osteocalcin mRNA in cells

.3.2.1. Comparison of Osteocalcin mRNA expression in different cells.
n first two weeks, there was no obvious Osteocalcin mRNA band

ndicating intracellular expression among four groups. Therefore,
here was no statistical significance in gray level differences. How-
ver, 4 weeks later, there was a little Osteocalcin expression of
steogenic HASCs growing in BC membrane and in normal 6-well
genic or control medium and on BC membrane on plastic plate at 4 w (the scale bar
s (III) in osteogenic or control medium and on BC membrane on plastic plate at 4 w

plates, so statistical significance of the gray-scale difference was
plain (P > 0.05). However, there was no obvious expression of Osteo-
calcin in the two  groups of cells cultured in normal medium.

3.3.2.2. Comparison of expression of Osteocalcin mRNA at different
times. In the 2nd week, two kinds of osteogenic cells did not have
Osteocalcin mRNA. However, in the 4th week, there was tiny Osteo-
calcin gene expression, but there was no obvious Osteocalcin gene
expression of cells in normal medium (Fig. 6B).

3.3.3. Expression of Alkaline Phosphatase mRNA in cells
3.3.3.1. Comparison of Alkaline Phosphatase mRNA expression in
different cells. In the 2nd week, there were obvious Alkaline Phos-
phatase bands indicating intracellular expression in four groups.
There was  statistical significance (P < 0.05) between osteogenic
HASCs growing in BC membrane and in normal 6-well plates. How-
ever, there was no statistical significance (P > 0.05) between normal
HASCs growing in BC membrane and in normal 6-well plates. In the
2nd week, there were statistically significant differences (P < 0.001)
in Alkaline Phosphatase expression among all groups growing in
the same vector but in different cell culture mediums.

In the 4th week, there was no statistical significance (P > 0.05)
between osteogenic HASCs growing in BC membrane and in nor-
mal  6-well plates. There was no statistical significance (P > 0.05)
between normal HASCs growing in BC membrane and in normal
6-well plates. At the same time, statistically significant differences
(P < 0.001) in Alkaline Phosphatase expression among all groups
growing in the same vector but in different cell culture mediums
still existed.

3.3.3.2. Comparison of expression of Alkaline Phosphatase mRNA at

different times. Alkaline Phosphatase mRNA expressions in the four
experimental cells decreased from the 2nd week to the 4th week.
There were significant differences (P < 0.001) before and after the
change in each group (Fig. 6C).
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Fig. 6. Comparison of mRNA of different genes at different times: (group A) the
HASCs was planted on a BC membrane with an osteogenic induction medium;
(group B) the HASCs was planted on a normal 6-well plate with osteogenic induction
medium; (group C) the HASCs was planted on a BC membrane with a normal HASCs
medium; (group D) the HASCs was planted on a normal 6-well plate with a normal
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Fig. 7. Correlation of expression between two genes: (the red line) correlation of
Osteopontin and Osteocalcin expression in the 4th week; (the black line) correlation
of  Osteopontin and Alkaline Phosphatase expression in the 4th week; (the blue line)
ASCs medium: (A) Osteopontin in the 2nd and 4th weeks; (B) Osteocalcin at 2nd
nd  4th weeks; (C) Alkaline Phosphatase at 2nd and 4th weeks.

.3.4. Correlation of Osteopontin, Osteocalcin and Alkaline
hosphatase expression

In the 4th week, three genes mentioned above in the cells had
tatistically positive correlation. Osteopontin and Osteocalcin were
ositively correlated in expression (r = 0.998, P = 0.002) (Fig. 7, the
ed line). Osteopontin and Alkaline Phosphatase were correlated in
xpression (r = 0.959, P = 0.04) (Fig. 7, the black line). Osteocalcin
nd Alkaline Phosphatase were correlated in expression (r = 0.965,

 = 0.04) (Fig. 7, the blue line).

.4. Animal test
New bone formation at the ulna defect site was evaluated by X-
ay radiological examination 8 weeks after the surgery. The defects
lled with scaffold and cells showed scattered mineralized spots,
hile less self-repair mineralization was observed in the control
correlation of Osteocalcin and Alkaline Phosphatase expression in the 4th week. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web  version of the article.)

group. No obvious difference of mineralized tissue in quantity
between the experiment group and control group (Fig. 8).

4. Discussions

Reconstruction of bone defect caused by trauma, infection,
tumor resection and abnormal growth has always been a problem
in the orthopedic field. So it is very necessary to explore substitutes
for bone tissue engineering, including filling material used for
large bone reconstruction. Traditional treatments for bone defects
include autogenous bone graft, allogenous bone graft and artificial
bone graft. Supply source of autologous bone is limited, and the
taking of bone surgery will bring additional pain to the patient;
heterologous bone is with antigenicity, and severe immune rejec-
tion leads to implant failure and risk of cross infection; although
regenerative medicine research has made significant progress in
orthopedics in recent years, current treatments, including bone
graft, still has many limitations. In addition, although great progress
in bone substitutes, the materials science has still not developed
a mature and complete bone substitute. Most injuries associated
with bone are difficult to heal or cannot be completely treated.

Results of the experiment showed that statically cultured BC
formed a pellicle. This pellicle with fine, highly entangled nano-
fibrils was composed of about 99% water which allowed room for
cell ingrowth and proliferation. And adding a certain concentration
of dexamethasone, �-glycerophosphate and ascorbic acid medium
could induce HASCs to osteogenic cell differentiation. Induction
presented significant changes in cell morphology and extracellular
matrix deposition.

In the 4th week, cells in each group were stained to detect cal-
cium deposition and ALP matrix expression. Results of groups A and
B in Von Kossa, Alizarin Red and ALP staining showed a significant
positive reaction. However, in group C in ALP staining, cytoplasm
seemed to be weak blue. Groups C and D were negative staining.

Bone-related gene expression was detected by RT-PCR: in the
2nd and 4th weeks, positive ALP was  expressed in the cells of all
four groups, but osteogenic differentiation in groups A and B was
significantly higher than that of ordinary media groups C and D.
For groups A and B, whether planted in BC membrane or in the

common culture, ALP expression was not significantly different. In
the 2nd week, ALP expression of group A was higher than that of
group B, which was  statistically significant. This conclusion was
adequate for the expression of OP and OC. In the 2nd week, OC  and
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Fig. 8. X-ray test of surgery in vivo: (A) 

P had no significant expression in all four experimental groups,
ut a visible expression of OP bands appeared in the 4th week, and
C band appeared relatively indistinct. In the 4th week, OC and OP
ad no significant difference between groups A and B, though the
ray value of OP bands had some significant differences between
roups A and B. In addition, related studies on expression sug-
ested that the expression of OC, OP and ALP had strong positive
orrelation.

Osteogenic supplements include a certain proportion of dexa-
ethasone, ascorbic acid and �-glycerophosphate. This classical

rogram of osteogenic supplements induct bone formation quickly,
sually manifested at changes in cell morphology, the increase
f ALP, OP and OC expression and the formation of mineral-
zed extracellular matrix (Jaiswal, Haynesworth, Caplan, & Bruder,
997). The presence of dexamethasone not only promotes the
rowth and differentiation of stromal cells, but also impels
one cells to adjust insulin-like growth factor and the syn-
hesis of extracellular matrix. Ascorbic acid helps extracellular

atrix deposition. �-glycerophosphate guides bone osteoblasts
nd improves the deposition of calcium phosphate (Coelho &
ernandes, 2000).

The development of cells to form bone can be divided into three
tages: cell proliferation phase; extracellular matrix secretion,
eposition and maturation; and mineralization of the extracellular
atrix (Owen et al., 1990). In the process of osteogenic differenti-

tion, different states of cells are highly related to gene expression
n different stages. ALP is the early sign in the process of osteogenic
ifferentiation. The increase of mRNA expression promotes secre-
ion of phosphate in local content, further promoting extracellular

atrix maturation and mineralization (Zuk et al., 2001). OP is a
hosphorylated glycoprotein secreted by osteoblasts which exer-
ises the function of extracellular matrix mineralization during
one formation (Beck, Zerler, & Moran, 2000). OC is an osteoblast-
pecific gene. It is generally believed that it has expression at the
nd of osteogenic differentiation (Lee et al., 2007).

With the program of dexamethasone, ascorbic acid and
-glycerophosphate in present study, stem cells induced differen-

iation into bone successfully in the general cell culture and BC
embrane. Obvious morphological changes were observed at the

0th day in the osteogenic induction medium. On the 21st day,
eposition of extracellular matrix and bright calcium phosphate
ould be seen. HASCs changed from long spindle shape into square
r polygon. RT-PCR results showed ALP expression was  significant
ver 2 weeks and declined in the 4th week. OC and OP expression
as not obvious over two weeks, while there was a certain expres-

ion in the 4th week. In the 4th week, Von Kossa and Alizarin Red

taining of calcium nodules and ALP staining cells were significantly
ositive. It was consistent with the time pattern of gene expression
uring bone formation mentioned in the same literature: enzyme
ctivity of ALP causing the increase of substrate phosphorylation
s of self-repair; (B) photos of BC repair.

may  induce transcription and expression of OP and OC, which may
be the adjusting mechanism in the process of bone formation.

Although expression of ALP, OP had some significant differences
between the BC membrane and normal cell cultures during the
HASCs osteogenic differentiation, the difference was  not stable.
Maybe the structure of BC itself could not provide additional advan-
tage of HASCs differentiation, though the experiment showed that
it had excellent biocompatibility. Another possible reason is that
the BC membrane had strong ability of water retention. All exper-
imental films were immersed in PBS for 24 h and soaked in HASCs
basic medium for 24 h before the experiment. When HASCs were
planted on its surface and induced transformation medium was
added, cells planted in BC could not be guaranteed to fully access
effective differentiation microenvironment. This is an overlooked
detail and will be improved in future experimental studies. In spite
of this, results show the excellent biocompatibility of BC membrane
and the great differentiation potential of HASCs in this new type
of biological material. Moreover, through the basic animal test, it
could be seen that using BC and HASCs as scaffold and seeding cells
could improve the repair of damaged bone in vivo compared to the
result of self-repair without causing inflammation response.

In addition, composite material of BC and hydroxyapatite (HAp)
is synthesized and characterized (Grande, Torres, Gomez, & Bañó,
2009; Hong et al., 2006; Hutchens, Benson, Evans, O’Neill, & Rawn,
2006; Wan  et al., 2006). HAp crystals are very similar to natural
bone, which has been proved by researches. With citrate concen-
trations comparable to those in body fluids, HAp nanocrystals with
sizes and morphologies similar to those in avian and bovine bones
have been produced (Hu et al., 2011). When combined with BC,
HAp used for the artificial bone tissue engineering and develop-
ment of scaffold is very attractive in the future. It also provides
the direction to use BC membranes in the future. It means mak-
ing full use of advantages of different materials to develop bone
tissue engineering materials in possession of the ideal bone induc-
tion, conduction, and the similarity to natural bone in strength,
mechanical and processing properties.

5. Conclusions

There is a definite need for specific design of scaffold archi-
tecture that can better match the structural organization of
surrounding tissues. A well-supported seed cell is also needed to
improve the growth of new cells in the damaged tissue. In sum-
mary, through the cell test, the biocompatibility of BC with fine 3D
nanonetwork leads to good adhesion, growth and proliferation of
HASCs and HASCs can be differentiated into an osteogenic lineage,

which is the key factor of regeneration of new bone in a three-
dimensional BC scaffold. Furthermore, with BC and HASCs used as
scaffold and seed cells, their combination can be well implanted
into a damaged bone model. Application of these results to in vivo
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odels may  result in the development of a useful tool in the field
f bone tissue engineering.

cknowledgments

This work was supported by the National Natural Science Foun-
ation of P.R. China (21074041, 81201404).

eferences

ravamudhan, A., Ramos, D. M.,  Nip, J., Harmon, M.  D., James, R., Deng, M.,  et al.
(2013). Cellulose and collagen derived micro-nano structured scaffolds for bone
tissue engineering. Journal of Biomedical Nanotechnology, 9(4), 719–731.

eck, G. R., Zerler, B., & Moran, E. (2000). Phosphate is a specific signal for induction
of  osteopontin gene expression. Proceedings of the National Academy of Science,
97(15), 8352–8357.

rown, R. M.,  Willison, J. H., & Richardson, C. L. (1976). Cellulose biosynthesis in Ace-
tobacter xylinum: Visualization of the site of synthesis and direct measurement
of  the in vivo process. Proceedings of the National Academy of Science, 73(12),
4565–4569.

ruder, S. P., Fink, D. J., & Caplan, A. I. (1994). Mesenchymal stem cells in bone
development, bone repair, and skeletal regeneration therapy. Journal of Cellular
Biochemistry,  56(3), 283–294.

urg, K. J. L., Porter, S., & Kellam, J. F. (2000). Biomaterial developments for bone
tissue engineering. Biomaterials, 21(23), 2347–2359.

oelho, M.  J., & Fernandes, M.  H. (2000). Human bone cell cultures in biocompatibility
testing. Part II: Effect of ascorbic acid, �-glycerophosphate and dexamethasone
on  osteoblastic differentiation. Biomaterials, 21(11), 1095–1102.

zaja, W.,  Krystynowicz, A., Bielecki, S., & Brown, R. M.  (2006). Microbial
cellulose—The natural power to heal wounds. Biomaterials, 27(2), 145–151.

zaja, W.  K., Young, D. J., Kawecki, M.,  & Brown, R. M.  (2007). The future prospects of
microbial cellulose in biomedical applications. Biomacromolecules, 8(1), 1–12.

e Ugarte, D. A., Morizono, K., Elbarbary, A., Alfonso, Z., Zuk, P. A., Zhu, M.,  et al.
(2003). Comparison of multi-lineage cells from human adipose tissue and bone
marrow. Cells Tissues Organs,  174(3), 101–109.

u, L. N., Zhang, Y., Li, C., Wu,  Z. H., Zhuo, Q., Huang, X., et al. (2012). Skin tissue repair
materials from bacterial cellulose by a multilayer fermentation method. Journal
of  Materials Chemistry,  22(24), 12349–12357.

imble, J. M.,  Katz, A. J., & Bunnell, B. A. (2007). Adipose-derived stem cells for
regenerative medicine. Circulation Research, 100(9), 1249–1260.

rande, C. J., Torres, F. G., Gomez, C. M.,  & Bañó, M. C. (2009). Nanocomposites of bac-
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