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Abstract Bacterial cellulose (BC) is believed to be a

promising and cost-efficient nano-scaffold for tissue engi-

neering. However, the pore size of BC is not big enough for

cell ingrowth, which restricts its practical usage as tissue

engineering scaffold. In this work, novel porous BC spon-

ges were obtained through emulsion freeze-drying tech-

nique. Results of scanning electron microscopy (SEM) and

mercury intrusion porosimeter showed that the resulted BC

sponges were composed of nanofibrills with hierarchical

pore structure consisting of large pores (from 20 to

*1,000 lm in diameter) and nano pores (down to *4 nm

in diameter). BC sponges possessed high surface area

(92.81 ± 2.02 m2/g) and sufficient porosity (90.42 ±

0.24%). Additionally, the size and shape of BC sponges

could be easily controlled by using appropriate molds. We

also demonstrated that BC sponges had excellent cell

compatibility as fibrous synovium-derived mesenchymal

stem cells (MSCs) could proliferate well on and inside the

BC sponges and the maximum ingrowth distance was

150 lm after cultured for 7 days.
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1 Introduction

As an emerging multidisciplinary field, tissue engineering

is revolutionizing the ways to improve the health and

quality of life for people by restoring, maintaining or

enhancing tissue and organ function [1, 2]. Tissue engi-

neering approaches typically employ exogenous three-

dimensional (3-D) extracellular matrices (ECMs) which act

as scaffolds to bring cells together in a tissue, to control the

tissue structure and to regulate the cell phenotype [3]. As

the main component of ECMs, the collagen fibrous struc-

ture in connective tissue is organized into 3-D network

composed of nanoscale multifibrils with spaces for nutrient

and metabolite diffusion [3, 4]. The nanofibrils (*20 to

100 nm in diameter) positioned in a precise orthogonal

nano-pore array pattern in the cornea are responsible of

optical transparency and influence the fundamental cell

behavior [5, 6]. Hence, the organization of ECMs in natural

tissue is hierarchical arrangement of collagen fibrils and

many properties of tissue depend on this unique hierar-

chical organization [6]. One obvious challenge of tissue

engineering is the design and fabrication of the 3-D poly-

mer scaffolds composed of refined nanofibrils with hier-

archical pore structure including large pores and nano

pores to mimic the organization of ECMs [3, 7].

Porous 3-D scaffolds fabricated from synthetic and

naturally derived biodegradable polymers including poly
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(glycolic acid) (PGA), poly (lactic acid) (PLA), poly

[lactic-co-(glycolic acid)] (PLGA) and collagen have been

widely used in the tissue engineering of cartilage, bone,

skin, and ligament, etc. [8]. Distinguished from these usual

scaffolds, bacterial cellulose (BC) possesses natural refined

3-D nanofibrils network which has a shape similar to that

of the collagen nanofibrils in natural tissue such as um-

bilicao cord [9] and basement membrane in cornea [5].

Meanwhile, it exhibits properties of high porosity, excel-

lent biocompatibility, low cost [10–12] and degradation

rate commensurate with new tissue formation [13], all

these make BC an excellent scaffold candidate in tissue

engineering applications [10, 13]. However, BC has only

small pores (100–300 nm in diameter) according to the

scanning electron microscopy observation by Hutchens

et al. [14] and its lack of large pores restricts its application

as tissue engineering scaffold [15]. In this work, BC

sponges composed of refined nanofibrils with hierarchical

pore structure (including large pores and nano pores) were

fabricated through emulsion freeze-drying technique.

Without affecting the high surface area and sufficient

porosity of the resultant BC sponges, the improved pore

size of BC nanofibrils will certainly increase its potential

for biomedical applications. In addition, the cell compati-

bility of the resultant BC sponges was assessed by in vitro

culturing of fibrous synovium–derived mesenchymal stem

cells (MSCs).

2 Experimental

2.1 Materials

The agents used in this work for the preparation of BC

fabrics were the same as previously described [10]. Poly-

ethylene glycol 400 (PEG400) was purchased from Tianjin

Tianda Tianlong Sci. & Tech. Co., Ltd., Tianjin, China. All

agents were analytical grade and used as received without

further purification.

2.2 Preparation of BC fabrics

The preparation and purification procedures of BC fabrics

were described previously [10]. In brief, the bacterial

strain, Acetobacter xylinum X-2, secreted the BC fabrics

during its static growth in culture media containing 0.3

wt% green tea powder (analytical grade) and 5 wt%

sucrose (analytical grade) for 7 days. The pH of the med-

ium was adjusted to 4.5 by acetic acid. BC fabrics were

purified by soaking in deionized water at 90 �C for 2 h and

then boiled in a 0.5 M NaOH solution for 15 min. The

fabrics were then washed with deionized water for several

times and soaked in 1 wt% NaOH for 2 days. After rinsing

with deionized water until neutral pH, the BC fabrics were

pre-frozen in liquid nitrogen and then lyophilized at

-50 �C for 2 days until further analysis.

Fig. 1 Photos of side views of a columned BC sponge, b cuboid BC sponge and top views of c columned BC sponge, d cuboid BC sponge
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2.3 Preparation of BC sponges

BC sponges were prepared via emulsion freeze-drying

technique which was considered as an important method to

prepare 3-D scaffolds for tissue engineering [8, 16, 17]. BC

fabrics were crushed and mixed with distilled water to

prepare 0.25 wt% BC emulsion. The BC emulsion was then

poured into appropriate molds (cubic and columned molds

were used here) and freeze-dried at -50 �C for 1 day. In

order to enhance the stability and biocompatibility of BC

sponge, the samples were then immersed in PEG400 for

1 day as PEG had the unique properties including its

flexibility, nontoxicity, and nonimmunogenicity and then

soaked in deionized water for exchanging the excess

PEG400. Water was changed several times in the following

2 days and samples were then freeze-dried at -50 �C for

another 2 days. The resultant porous BC sponges were

used in further analysis.

2.4 Surface property characterization

Photos were taken by digital camera (Nikon, COOLPIX

P5100). The surface structures of BC sponges and BC

fabrics were observed by scanning electron microscopy

(SEM, Philips XL-30). The pore size distribution, porosity

and surface area of BC fabrics and BC sponges were

determined by mercury intrusion porosimeter (PoreMaster

60GT, Quantachrome Instruments) that could measure pore

size ranging from 3.6 nm up to 950 lm.

2.5 Cell compatibility assessment

Tissues were harvested from a human donor who was an

elderly patient with osteoarthritis during the knee operation

following the method described by Tomoyuki Mochizuki

[18] under the institutional ethical guidelines. Cells were

grown as monolayer in the high-glucose Dulbecco’s

modified Eagle’s medium (Invitrogen; Carlsbad, CA)

containing 10% fetal bovine serum (FBS, PAA), 100 U/mL

penicillin and 100 mg/L streptomycin (Invitrogen; Carls-

bad, CA) and incubated in a humidified air with 5% CO2 at

37 �C. The synovium derived MSCs of passage 4 were

harvested and resuspended to a cell concentration of

2 9 106 cells/mL. Then 1 9 106 cells were seeded on

every BC sponge (diameter: 15 mm, height: 1 mm) and

incubated in culture medium aforementioned.

The morphology of the cells during their proliferation

was observed under inverted microscope (Olympus,

Japan). The cell proliferation was evaluated by MTT assay

as well. The cells were seeded onto scaffold and after 1, 3,

5 and 7 days of culture, the cell-scaffold constructs were

rinsed with PBS to remove non-adhering cells, followed by

Fig. 2 SEM images of the surface of [(a) and (b)] BC sponges and [(c) and (d)] BC fabrics
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incubation in 5 mg/mL MTT reagent in Hank’s balanced

salt solution (100 lL) for 4 h under the same conditions

described. After removal of the medium, the converted dye

was dissolved in 500 lL/well dimethyl sulfoxide (DMSO).

Solution (100 lL) from each sample was transferred to a

96-well plate. Absorbance of the converted dye was mea-

sured at a wavelength of 570 nm using an ELISA plate

reader (Dynex-Mex, USA). Samples with culture medium

but without cells were set as control to obtain the back-

ground absorbance. Data of the proliferation measurement

were collected from triplicate samples and expressed as the

mean ± standard deviation (SD).

Cells cultured for 5 days were infected with Adenovirus

expressing green fluorescence protein (Ad-GFP) and kept

cultured for two more days before observed by confocal

laser scanning microscopy (CLSM). Ad-GFP is widely

used as a fluorescent marker of gene expression for

determination of protein localization and motility in living

cells [19].

3 Results and discussion

3.1 Macro-morphology

The BC sponges with different shapes are shown in Fig. 1.

Note that the macro shapes of BC sponges could be con-

trolled in either the high columned shape (height: 18 mm,

diameter: 20 mm, see Fig. 1a, c) or the flat cubic shape

(height: 9 mm, side length: 24 mm, see Fig. 1b, d) by

changing the shape and dimension of the molds. It has been

reported that the macroscopic shape of scaffolds (cm to

mm scale) could determine the gross size and shape of

engineered tissues [3]. In this study, the macroscopic shape

and dimension of BC sponges had been successfully con-

trolled by choosing appropriate molds in order to meet the

shape requirements in clinical therapies.

3.2 SEM analysis

It is well accepted that pore size of a scaffold could affect

the cell adhesion, cell proliferation and directional growth

[8, 20]. Figure 2 gives the SEM images of surfaces of BC

sponges and BC fabrics. Note that the BC sponges (Fig. 2a)

had more porous surface compared to BC fabrics (Fig. 2c).

This porous structure of BC sponges was similar to that of

collagen sponges reported by Mizuno et al. [21]. At 2,0009

magnification, nanofibrils (Fig. 2b) same as that of BC

fabrics (Fig. 2d) was observed in the pore walls of BC

sponges. These nanofibrils could fabricate nano pores in

the pore wall, which indicated that the BC sponges pos-

sessed hierarchical pores consisting of large pores and nano

pores.

3.3 Pore size distribution

Intrusion porosimeter was used to compare the porous

structure of different samples. The pore size distribution

curves of BC fabrics and BC sponges are shown in Fig. 3.

The diameter of the dominant pores in BC fabrics was

about 10 lm (Fig. 3a) and some nano pores (4–6 nm in

diameter) were also observed (marked in Fig. 3a). In

comparison, the dominant pores in BC sponges had a

diameter of about 100 lm and the maximum diameter was

about 1,000 lm (Fig. 3b). In addition, some nano pores

with *4 nm in diameter were also detected in BC sponges

(marked in Fig. 3b) due to the existence of nanofibrous

network structure (Fig. 2b). These findings inferred that

Fig. 3 Pore size distribution of (a) BC fabrics and (b) BC sponges

Table 1 Surface area and porosity of BC fabrics and BC sponges

Sample Surface area (m2/g) Porosity (%)

BC fabrics 85.72 ± 1.95 90.21 ± 0.41

BC sponges 92.81 ± 2.02 90.42 ± 0.24
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BC sponges had hierarchical pore structure, which was

consistent with SEM observations.

3.4 Surface area and porosity analysis

The large surface area of scaffold has been proven to be

advantageous to cell attachment and rapid nutrient diffu-

sion required by cell survival and growth [22, 23]. In

comparison of the surface area of BC fabrics and BC

sponges (Table 1), BC fabrics had a surface area of

85.72 ± 1.95 m2/g and the BC sponges exhibited a sig-

nificantly bigger surface area (92.81 ± 2.02 m2/g) which

was comparable with the surface area (90–110 m2/g) of

reported PLLA scaffold [24]. The large surface area of BC

sponges could be attributed to the nanofibrous structure

[24] as the non nanofibrous scaffold had a surface area of

only *1 m2/g [23]. The existence of nanofibirls in BC

sponges had been confirmed by SEM observation (Fig. 1b)

Fig. 4 Phase-contrast microscopic graphs showing the growth of cells (denoted as C) attached to the scaffold (denoted as S) after in vitro culture

for (a) 1 d, (b) 3 d, (c) 5 d and (d) 7 d. All photographs have been taken at 1009 magnification
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Fig. 5 MTT assay for proliferation of cells cultured on the BC

sponges after various incubation periods. Error bars represent

means ± SD for n = 10
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and pore size distribution curve (Fig. 3b). Due to its high

surface area, BC sponge might be suitable for cell survival.

High porosity is another important character of 3-D

polymer scaffolds used in tissue engineering due to its

essential effects on cell growth. BC sponges had a high

porosity of 90.42 ± 0.25% which was similar to that of BC

fabrics which exhibited a porosity of 90.21 ± 0.41%. In

addition, the porosity of BC sponges was close to that of

PLA and PLGA porous scaffolds (91–95%) fabricated via

the same method reported by Whang et al. [17].

3.5 Fibrous synovium derived MSCs growth on BC

sponges

The cell proliferation on the scaffold was determined by

observing the behavior of cells cultured in close contact

with the scaffold using inverted microscopy and the MTT

assay. Figure 4 shows the typical phase-contrast micro-

graphs of cells cultured on the scaffold after 1, 3, 5 and

7 days. After 1 day culture (Fig. 4a), only few cells were

generated but the cells were attracted to the scaffold. The

cells proliferated and differentiated and more cells were

attracted towards the scaffold when culture time prolonged

to 3 days. After culturing for 5 days, large amount cells

have attached onto scaffold and proliferated evidently

compared to day 3 (Fig. 4b). After 7 days (Fig. 4d), the

population of cells still kept increasing but not so obvious

as day 5 (Fig. 4c).

The result of MTT assay was presented in Fig. 5. During

7 days culture, the cell number kept increasing and the

growth was more dramatic in the first 5 days after which

time point, the speed of cell proliferation slowed down and

this phenomenon was consistent with the observations by

phase-contrast microscopy results (Fig. 4). This finding

could be attributed to adherent cells’ own growth process

rather than the influence of the scaffold since cells are in

their multiplication period during the first 5 days and then

entered the plateau phase with their proliferating rate

slowing down [25]. Considering this, we think the BC

sponges scaffold do not have negative effect on the cell

morphology, viability and proliferation in this study.

Spreading behaviors of fibrous synovium derived MSCs

on BC sponges were investigated via the CLSM observa-

tion of the surface view and side view of BC sponges when

fibrous synovium derived MSCs were cultured for 7 days

(see Fig. 6). Note that the MSCs could proliferate well on

the surface of BC sponges (Fig. 4a). In addition, the MSCs

could grow inside BC sponges and their maximum

ingrowth distance was 150 lm as shown in Fig. 4b, while

the maximum cell ingrowth distance was 20 lm after

cultured on BC fabric for 7 days [9]. These preliminary

findings indicated that the BC sponges were suitable for

cell proliferation and ingrowth. More detailed investigation

on cell behavior will be carried out in the further work.

4 Conclusions

BC sponges with hierarchical pore structure were prepared

by emulsion freeze-drying technique. First, we demon-

strated that the macroscopic dimension and shape of the

resultant BC sponges could be controlled easily. Then BC

sponges have been shown to possess large pores and nano

pores with a high surface area of 92.81 ± 2.02 m2/g and a

high porosity of 90.42 ± 0.25%. Furthermore, BC sponges

exhibited excellent cell compatible as fibrous synovium

derived MSCs could proliferate well and grow inside the

BC sponges with the maximum ingrowth distance of

150 lm. These above results support our claim that BC

Fig. 6 CLSM images of fibrous synovium derived MSCs seeded on

BC sponges: a surface view, b side view. The thickness of the

scaffolds is *1 mm. Cells were seeded at a density of 1 9 106 ml-1

and cultured for 7 days. Scale bar = 75 lm
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sponges are one type of promising biomaterials for tissue

engineering applications though further studies are still

needed.
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