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Abstract Bacterial cellulose (BC) has great poten-

tial for use as a tissue scaffold due to its unique

structure and properties including high tensile strength

and good biocompatibility. However, poor biodegrad-

ability of BC in the human body may be a key

disadvantage limiting its application in the field. In

this paper, we developed a simple absorption method

to prepare biodegradable cellulase/BC materials. The

morphology, structure, degradation ratio and mechan-

ical properties during the degradation process were

characterized and investigated. In vitro studies reveal

that the BC material degraded gradually in simulated

body fluid within 24 weeks and the degradation rate

could be adjusted by modulating the cellulase content.

The mechanical properties indicate the cellulase/BC

material could maintain tensile strength for as long as

24 days during the degradation process. Muscle-

derived cells were seeded on the cellulase/BCmaterial

to evaluate the cytotoxicity, using LIVE/DEAD�

viability/cytotoxicity assay and H&E staining.

In vivo biocompatibility was evaluated by subcuta-

neous implantation using a dog model for 1, 2, 3 and

4 weeks. These results demonstrate that the cellulase/

BC material had good in vitro and in vivo

biocompatibility.

Keywords Bacterial cellulose � Cellulase �
Biodegradation � Tissue scaffold

Introduction

Bacterial cellulose (BC), produced by Acetobacter

xylinum, has attracted much attention and interest

since first reported by Brown (1886). It exhibits many

desirable properties, including excellent mechanical

properties, high moisture permeability, biocompati-

bility, and has been used as electrical, magnetic,

optical materials (Vitta et al. 2010; Hu et al. 2011;

Müller et al. 2011). In particular, BC has become a
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promising material for wound care (Alvarez et al.

2004), artificial blood vessels (Bäckdahl et al. 2011)

and tissue engineering applications in the bio-medical

fields (Yin et al. 2015). Furthermore, the unique

nanofibril network of BC, to some extent, mimics

extracellular matrix (ECM), which makes BC very

attractive as a scaffold for tissue engineering (Petersen

and Gatenholm 2011). From a physical and a medical

perspective, it is necessary for the ideal scaffolds to

have good biocompatibility and mechanical strength

(Nakanishi et al. 2003). Studies on mechanical prop-

erties of BC showed it had superior strength in wet

state and was promising for use in tissue engineering

materials (Svensson et al. 2005; Bäckdahl et al. 2006).

In vivo biocompatibility of BC was studied by

implanting subcutaneously in rats, pigs, dogs, mice

(Helenius et al. 2006; Schumann et al. 2009; Pértile

et al. 2012; Yang et al. 2014) and nomacroscopic signs

of inflammation around the implants and fibrotic

capsule or giant cells were observed. The good

biocompatibility of BC indicates that it has potential

to be used as a scaffold in tissue engineering.

However, lack of biodegradability of BC may be

one of the obstacles in hindering further application in

human body, especially for bioresorbable matrix that

can be replaced by natural tissue over time (Wang

et al. 2011; Huang et al. 2014). BC is composed of

glucose units linked with b-1,4 glucosidic bonds and

can be degraded into glucose monomers by cellulases

made by fungus, bacteria and insects in nature (Béguin

and Aubert 1994; Scrivener et al. 1997). However, BC

can not be biodegraded in the human body due to lack

of chemical or enzymatic process that can hydrolyze

the b-1,4-glucose linkages of cellulose. A few

researches have been published focused on the devel-

opment of bioabsorbable cellulose. Preparing oxidized

BC or 2,3-dialdehyde BC (DABC) is an alternative

method to improve the degradability of BC. However,

chemical modification damages the mechanical prop-

erties of BC which might limit its application for

specific tissue repair (Li et al. 2009; Peng et al. 2012).

As we know, cellulases can degrade cellulose easily

under appropriate conditions (Walker and Wilson

1991). BC degradation properties has been investi-

gated by incorporating cellulases. The in vitro studies

reveal that integration of cellulases makes BC into

bioabsorbable materials which have extensibility

similar to human skin (Hu and Catchmark 2011a, b).

It is indicated that use of cellulases may be the most

effective way to achieve the complete in-body degra-

dation of cellulose and the degradation rate could be

adjusted under the controllable preparation progress

(Gusakov et al. 2007; Hu and Catchmark 2011a, b).

The mechanical properties during the degradation

process as well as the safety and toxicity of degrada-

tion product for human body are of great importance

which should be further evaluated for BC applied in

tissue engineering materials. In this work, we focused

on the in vitro biodegradability of BC incorporating

cellulase in simulated body fluid and in vivo biocom-

patibility of BC. The biodegradation rate to match the

requirement of the tissue regeneration rate during

healing can be achieved by changing the cellulase

loading. The degradation behaviours including degra-

dation ratio, crystal structure, micromorphology and

the mechanical properties were characterized. Fur-

thermore, the in vitro and in vivo biocompatibility of

the composites were also evaluated.

Experimental section

Materials and instruments

All chemicals were purchased from SinopharmChem-

ical Reagent Co., Ltd. (China). Cellulases were

obtained from solarbiolife sciences (Cellulases are

composed of endoglucanases, exoglucanases and beta-

glucosidases from Trichoderma viride, 3 units/mg at

pH 5, 37 �C. In this paper, the pH 7.4 and the

temperature 37 �C were adopted to degrade BC which

is intended to simulate the pH and the temperature of

human body fluids). BCwas prepared in our laboratory

(Li et al. 2015). The basal medium is as followed: 5.0

wt% D-glucose, 0.5 wt% peptone, 0.5 wt% yeast

extract, 0.2 wt% disodium hydrogen phosphate, 0.1

wt% monopotassium phosphate and 0.1 wt% citric

acid, the pH was adjusted to 5.0 with NaOH. BC

pellicles were purified in 2 % sodium hydroxide

solution for 30 min in order to remove cells and

medium, then rinsed in deionized water to pH = 7.

TheBCpellicles were stored at 4 �C in deionizedwater

for further use. The FE-SEM images were observed on

a Hitachi S-4800 and the lyophilized samples were

coated with a thin layer of evaporated gold. The

cellulase content in BC composites was obtained using

aBCAProteinAssayKit (the detailed procedure can be

seen in Supporting Information). X-ray diffraction
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(XRD) patterns were obtained using a Rigaku D/max-

2000PCXRDwith theCuKa radiation ranging from5�
to 80� (2h angle). The degree of crystallinity (Crys-

tallinity index, CrI) was calculated from the ration of

the area of all crystalline peaks to the total area

described by previous researchers (Park et al. 2010).

The mechanical properties of cellulase/BC materials

during degradation process were measured using a

WDW 3020 universal testing machine at room tem-

perature. The in vitro biodegradation studies were

performed in simulated body fluid (SBF) which is a

physiologically relevant environmental buffer

(Kokubo and Takadama 2006). Degradation ratio

was used to evaluate the degradation states of cellu-

lase/BCmaterials prepared by different concentrations

of cellulase and absorption time. The degradation ratio

was calculated by the following equation:

Degradationratio¼ Releasedglucosecontent

Thefinalglucosecontent
�100%

ð1Þ

where glucose content was measured by DNS (3,5-

dinitrosalicylic acid) method.

Preparation of cellulase and SBF solutions

Cellulases solutions of different concentrations (3, 5,

7, 10 mg/mL) were prepared by desolving cellulases

in deionized water. SBF solution was prepared by

dissolving NaCl, NaHCO3, KCl, K2HPO4�3H2O,

MgCl2�6H2O, CaCl2 and Na2SO4 into deionized

water, and buffered to pH 7.4 at 37 �C with trishy-

droxymethyl aminomethane and HCl (Kokubo et al.

1990; Ni and Wang 2002).

Fabrication of the cellulase/BC composites

The purified BC pellicles were cut into 3 9 3 cm

sheet with the same thickness (about 2 mm) and

placed under a Xlb (Extra load brick) load to remove

free water. Then the BC pellicles (about 0.35 mm)

were put into flasks containing cellulase solutions with

certain concentration. The BC membranes absorbed

cellulases under magnetic stirring and the absorption

time was 10, 20, 30, 40, 50, 60 min. The cellulase/BC

composites were rinsed with water to remove cellu-

lases unbounded to BC. And the rinsed process was

repeated for five times.

In vitro biocompatibility tests

A LIVE/DEAD viability/cytotoxicity assay was uti-

lized to evaluate the cytotoxicity of the pure BC and

cellulase/BC materials. The isolation and culture of

muscle cells obtained from healthy dog lingual tissue

were performed as previously described (Yang et al.

2014). We seeded a 600 lL suspension of 1 9 104

cells/mL on each scaffold (1 9 1 cm), then added

2 mL of culture medium on the top of substrates. After

cultivation for 1 day, 3 days and 7 days, we rinsed the

scaffolds twice with phosphate buffered saline (PBS).

500 lL LIVE/DEAD assay reagents (4 lM of EthD-1

and 2 lM of calcein AM in DPBS) was added on the

scaffold surfaces, incubated for 45 min at 25 �C and

imaged the labeled cells using a Nikon Eclipse

TE2000 inverted fluorescence microscope (Nikon

Instrument Inc.). Viable cells labeled with calcein

AM were detected at an excitation wavelength of

494 nm. Dead cells labeled with EthD-1 were detected

at an excitation wavelength of 528 nm. Cell viability

and the total percentage of viable cells were deter-

mined by counting live and dead cells for each growth

condition. To compare the differences of cell viability

on the materials with and without cellulase, we

performed Chi squared tests. We considered a

P value\0.05 to indicate statistically significant data.

To evaluate cellular proliferation on pure BC and

cellulase/BC materials, they were seeded with muscle

cells obtained from healthy dog lingual tissue. Before

cell seeding, the cellulase/BCmaterials were sterilized

with 75 % ethanol for 2 h, washed three times in

sterilized PBS and then filled with 5 mL of DMEM

with 10 % FBS for 24 h at 37 �C. The lingual muscle

cells (1 9 104 cells) were seeded onto the surface of

pure BC and cellulase/BC materials (1 9 1 cm). Then

all cells-seeded samples were incubated in static

conditions at 37 �C in a humidified atmosphere with

5 % CO2. The medium was changed every day. The

cells-seeded samples were fixed and embedded in

paraffin after incubating for 1, 2, 3 and 4 weeks.

Routine hematoxylin and eosin staining (H&E stain-

ing) was used for each section.

In vivo biocompatibility tests

All animal procedures were approved by the Institu-

tional Animal Care and Use Committee of Shanghai

Jiaotong University Affiliated 6th People’s Hospital.
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General anesthesia was induced by intravenous injec-

tion of pentobarbital. The skin on the backs of the

1-year-old female dogs (n = 4) was shaved and

disinfected with 75 % ethanol. A 2 cm long incision

was made on the back of the animals. The pure BC and

cellulase/BC composites were then implanted subcu-

taneously into dogs. The skin was sutured with silk

sutures fixed in each corner as the operative marker.

The grafts were harvested 1, 2, 3, 4 weeks after

implantation, fixed in 10 % neutral buffered formalin,

dehydrated and embedded in paraffin. Cross sections

(5 lm) were cut and stained with H&E for cellular

infiltration and inflammatory response.

Results and discussion

Analysis of cellulase content

BCA Protein Assay Kit was used to assess concentra-

tion of unbound protein to deduce the cellulase

absorbed into BC. The effects of absorption time and

cellulase concentration on cellulase quantity were also

investigated. As shown in Fig. 1, with the increase of

absorption time and the concentration of cellulase, the

content of cellulase absorbed in BC increased in the

0–20 min timeframe. It is a relatively a fast absorption

process. There are many hydroxyl groups on the large

specific surface area of BC, which can interact with the

amine groups and carboxyl groups in cellulase by

formation of hydrogen bonds. However, the absorp-

tion would reach saturation after 20 min.

Subsequently, there is little change observed for the

absorption amount which just indicates the diffusion

of the cellulase into a dense BC nanofibers or the

cellulase release from the BC. Therefore, the cellulase

content can be controlled by changing the cellulase

concentration and absorption time for meeting degra-

dation demands of different tissues.

FE-SEM characterization of cellulase/BC

composites

As shown in Fig. 2, the lyophilized samples incorpo-

rating cellulases were observed by FE-SEM. As seen

from Fig. 2a, the nanofibrillar network structure of BC

consists of continuous nanofibers with a diameter in

the range from 30 to 100 nm. There is no obvious

difference between pure BC and cellulase/BC com-

posites except the cellulose fibrils decrease in size and

some collapse into bundles which indicates the

existence of cellulase in BC and the BC degradation

during the process of absorption (Fig. 2b–e). Com-

pared to cellulase/BC composites prepared via freeze-

dried method (Fig. S2 in Supporting Information), we

can realize homogeneous distribution of cellulase in

BC using this absorption method by selecting appro-

priate concentration of cellulase and the absorption

time. This is because that the naked hydroxyl groups

on the surface of BC nanofibers can freely interact

with the amine groups and carboxyl groups in

cellulase in the cellulase solution.

The degradation of cellulase/BC composites

in SBF

In order to investigate the degradation of BC, we used

DNS (3,5-dinitrosalicylic acid) method to measure the

glucose content (the degradation product). Figure 3

shows the degradation curves of BC under different

cellulase concentration and absorption time. It was

observed that all samples were degraded with time and

the samples with more cellulases had a higher

degradation rate. When the cellulase concentration

(3 mg/mL) and the absorption time (\60 min) is less,

the BC can not be degraded completely even after

24 weeks due to lower cellulase content (Fig. 3a1, a2).

When the cellulases concentration increased to 5 mg/

mL or greater, cellulose with less absorption time

could be degraded completely in 24 weeks, and the
Fig. 1 The amount of cellulase absorbed in BC under different

cellulase concentration and absorption time
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complete degradation time can be adjusted to

15 weeks for sample c and d (Fig. 3c, d) by changing

the cellulase content in BC. Moreover, it is found that

more glucose was released in the first 8 weeks and the

degradation rate became slow in the last few weeks as

a result of the reduced activity of cellulase in SBF or

Fig. 2 FE-SEM images of a BC and cellulase/BC composites prepared by absorption method with the absorption for 30 min. The

cellulase concentration for different samples: b 3 mg/mL, c 5 mg/mL, d 7 mg/mL, e 10 mg/mL

Fig. 3 The degradation

ratio of cellulase/BC

composites made by

absorption method in SBF.

The cellulase concentration

and absorption time: a 3 mg/

mL, a1 10 min, a2 30 min,

a3 60 min, b 5 mg/mL, b1

10 min, b2 30 min, b3

60 min, c 7 mg/mL, c1

10 min, c2 30 min, c3

60 min, d 10 mg/mL, d1

10 min, d2 30 min, d3

60 min
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cellulases diffusion away from the materials (Endo

et al. 2001; Liu et al. 2008).

Macroscopic pictures

Macroscopic pictures of the prepared cellulase/BC

composites during degradation process are shown in

Fig. 4. As seen from the pictures, the cellulase/BC

composites gradually became thin and transparent,

then fragments and finally almost completely invisi-

ble. It is known that the more cellulases, accompanied

with the faster degradation rate of BC. The BC

membranes initially became fragments and then

became invisible. Combining Figs. 3 and 5, both

sample a and b could maintain tensile strength to

provide physical support for cells for 2 weeks. It is the

least time to repair inflammation of tissue damage as

Tanaka et al. (2006) reported. We believe that it is

controllable to adjust the degradation rate of BC by

changing the content of cellulases.

Mechanical properties of cellulase/BC composites

during degradation process

The mechanical properties of the cellulase/BC

composites were evaluated using tensile testing and

the changes of tensile strength of samples are shown

in Fig. 5. It is evident that the tensile strength of all

samples decreased during degradation process in

SBF. This is because the amorphous region and

crystalline region were gradually degraded under the

action of cellulases. The compact arrangement of BC

nanofibers became loose, which made BC membrane

easier to take deformation during tensile testing. As

seen from the data of tensile strength, the rate of the

degradation is faster for the higher cellulases than

those of less cellulases amount. From Fig. 5a, when

the cellulase concentration is 3 mg/mL, the stress at

break can still maintain 6 Mpa after 8 days degra-

dation. When the cellulase concentration increases to

10 mg/mL (Fig. 5d), the stress at break was about

0.24 Mpa after degradation for 8 days and only

small fragments were observed. The result is con-

sistent with the observed phenomenon from macro-

scopic images. It is demonstrated that the

mechanical properties can be adjusted by control

the cellulase concentration and the degradation time

in order to satisfy requirement of skin (Maurel et al.

1998), porcine carotid artery (Bäckdahl et al. 2006)

or other medical materials. Considering the mechan-

ical property and degradation rate of BC, the

cellulase/BC composite with the absorption for

2w 4w 8w 12w 24w

a

b

c

d

Fig. 4 Macroscopic

pictures of cellulase/BC

composites prepared by

absorption method with the

absorption for 30 min. The

cellulase concentration for

different samples: a 3 mg/

mL, b 5 mg/mL, c 7 mg/

mL, d 10 mg/mL
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30 min and cellulase concentration of 5 mg/mL was

chosen as representative sample for tests as follows.

Surface morphology and crystal structure

of cellulase/BC composites during degradation

process

Figure 6 shows the FE-SEM images of cellulase/BC

composites for different time during degradation

process. During the first 2 weeks degradation in SBF

solution, the 3D nanofibrous network is still main-

tained just along with some tiny holes on the surface of

BC. It is demonstrated that the amorphous regions of

BC were gradually degraded under the action of

cellulase with the fracture of hydrogen bonds within

and between molecular chains leading to a loose

arrangement of molecular chains. As the extension of

the degradation time from 2 to 8 weeks, shown in

Fig. 6e, f, although the 3D nanofibrous network still

can be observed, the degradation obviously increase

and the hole become larger than those in the initial

stage. After degradation for 8 weeks later (Fig. 6g),

the 3D nanofibrous network of BC almost disappear

with fracture of many fibrils and fall into pieces. It is

indicated that the cellulose chains were randomly

broken by cellulase and BC were gradually degraded.

This kind of degradation is necessary for scaffold

materials to provide interspace for growth of new

tissue (Atala 1997). Meanwhile, BC was evenly

degraded instead of collapsing block by block which

provide skeleton and it is beneficial for tissue

regeneration.

Figure 7 shows the X-ray diffraction patterns of BC

and BC incorporating cellulases for different degra-

dation time during degradation process. From Fig. 7a,

three obvious peaks at 2h = 14.2�, 16.5�, 22.7� are

observed, corresponding to the (1�10), (110) and (200)

of cellulose I crystals (Watanabe et al. 1998; Yu et al.

2014). The crystallinity index is 69.5 %. When

cellulases were introduced into cellulose, an obvious

decrease for the three characteristic peaks intensities

(Fig. 7b–d) was observed along with the degradation

process. After 10 weeks degradation, only a broad

peak is observed (Fig. 7f). The phenomenon indicates

Fig. 5 Stress of cellulase/BC composites prepared by absorption method by absorption method with the absorption for 30 min. The

cellulase concentration for different samples: a 3 mg/mL, b 5 mg/mL, c 7 mg/mL, d 10 mg/mL
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the obvious decrease of the degree of crystallinity.

This is because that the cellulose chains were

randomly broken by endo-1,4-b-D-glucanase and the

crystalline region gradually transformed into amor-

phous region leading to the decrease of CrI and peak

intensities (Jeffries et al. 1977). Peak at about

2h = 16.5� disappeared 8 weeks later during degra-

dation process (Fig. 7e) and the CrI of BC was only

20.60 % at that moment. It is reasonable to point out

that cellulase/BC composite exhibited lowmechanical

properties, which was associated with low

crystallinity.

In vitro incubation of muscle-derived cells

on cellulase/BC composite scaffold

The viability/cytotoxicity of muscle cells in contact

with the pure BC and cellulase/BC materials was

measured using a LIVE/DEAD assay, as shown in

Fig. 8. As shown in Fig. 8a, we can observe obvious

proliferation and growth during the culture time after

introduced cellulases in BC. Based on an analysis of

microscopy, the cellulase/BC material induced cellu-

lar activity that was statistically equivalent to those of

the BC group at 1, 3, 7 days (Fig. 8b). It is demon-

strated that the incorporation of cellulases in BC has

no effect on the compatibility of BC. To further

evaluate the cellular proliferation of the materials, the

cell propagation for 4 weeks were investigated after

muscle-derived cells were seeded on the surface of

pure BC and cellulase/BC composites scaffold and the

H&E staining images are shown in Fig. 9. Good cell

proliferation on the surface of samples was observed,

which indicates good biocompatibility of samples

(Fig. 9a–h). However, few cells migrated into pure BC

due to its compact fibrous network and non-

Fig. 6 FE-SEM images of cellulase/BC composite for different degradation time: a 12 h, b 24 h, c 48 h, d 2 weeks, e 4 weeks,

f 6 weeks, g 8 weeks, h 12 weeks and i 16 weeks (the cellulase concentration and absorption time: 5 mg/mL, 30 min)
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degradability (Fig. 9a–d). For cellulase/BC compos-

ites, along with the degradation, some cellular infil-

tration of the sample was evident, this is because the

degradation of BC makes it porous which is favorable

to cell ingrowth (Fig. 9e–h). It is known that BC

consists of glucose units linked with b-1,4 glucosidic

bonds and can be degraded into glucose monomers by

cellulases. Glucose serves as main source of energy for

the mammalian (Mergenthaler et al. 2013), so a

minimal systemic toxicity is associated with the use of

cellulase/BC composite which is confirmed by the

result of good cell proliferation and tissue defect after

4 weeks of incubation (Fig. 9h). It is indicated that the

cellulase/BC composites have good biocompatibility

and the degradability in vitro.

In vivo evaluation of the biocompatibility

of the cellulase/BC composite

Subcutaneous implantation is an international method

to evaluate the safety of materials (Catchmark et al.

2010; Czaja et al. 2014). Figure 10 shows the HE

staining images of in vivo evaluation for pure BC and

cellulase/BC composites for 1–4 weeks. As shown in

Fig. 10a–h, no tissue degeneration, necrosis and

hyperplasia were observed and a large number of

macrophages accumulation phenomenon did not

appear. At early time points (1 week), The inflamma-

tory response to the implant materials was found,

which was consistent with a foreign body response.

From Fig. 10a–d, we can observe a few cells in the BC

section, and the boundary was obvious between BC

and the tissue. However, no boundary can be observed

between materials and tissue in the cellulase/BC

composites (Fig. 10e–h). Moreover, a large number

of cells ingrowth into implanted material could be

seen, especially in Fig. 10h, This finding likely

indicates the degradation of BC, which makes cell
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Fig. 7 X-ray diffraction patterns of a BC and cellulase/BC

composite for different degradation time: b 1 week, c 2 weeks,

d 4 weeks, e 8 weeks, f 10 weeks (the cellulase concentration

and absorption time: 5 mg/mL, 30 min)

Fig. 8 a Live/dead fluorescence labeling of muscle cells, and b viability of muscle cells on pure BC and cellulase/BC composite with

the cultivation of 1, 3 and 7 days
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penetration very easy. And no obvious inflammatory

reaction characterized by mononuclear cell infiltrates

was observed in the H&E section. The phenomena

demonstrated that the cellulases still kept activity to

degrade the cellulose in vivo and the degradation

products had no effect on the biocompatibility of the

cellulose. Therefore the introduction of cellulase into

BC may be a good method to modulate and realize the

degradation of cellulose, and further applied in tissue

engineering applications (Klemm et al. 2001; Helenius

et al. 2006; Bodin et al. 2010).

Conclusion

In conclusion, biodegradable BC incorporating differ-

ent cellulase content was prepared by absorption

method. In vitro degradation behaviors of cellulase/

BC composites with different cellulase content in SBF

up to 24 weeks has been investigated systematically.

Results show that BC material could be degraded in

SBF and the degradation rate could be controlled by

changing the cellulase content in order to match with

the growth rate of different tissue. Macroscopic

Fig. 9 HE staining images of BC and cellulase/BC composite (the cellulase concentration and absorption time: 5 mg/mL, 30 min)

after 1, 2, 3 and 4 weeks of in vitro incubation

Fig. 10 HE staining images of BC and cellulase/BC composite (the cellulase concentration and absorption time: 5 mg/mL, 30 min)

after 1, 2, 3 and 4 weeks of hypodermic implantation, respectively (9200)
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pictures indicate that all samples lost their integrity

after 2 weeks, but mechanical data show they also

could maintain tensile strength to support cell growth

and proliferation. An obvious cell adhesion and

growth on cellulase/BC composite was observed,

which indicates the good in vitro biocompatibility of

material. In vivo evaluations show there were no tissue

degeneration, necrosis phenomenon in the tissue

section. H&E analysis also indicate the implanted

material was degraded along with the cells ingrowth

into it. The cellulase/BC composite prepared by

absorption method not only shows good degradation

behavior, but also has good in vitro and in vivo

biocompatibility, which could be an ideal candidate

for bioabsorbable tissue scaffold material.
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Béguin P, Aubert JP (1994) The biological degradation of cel-

lulose. FEMS Microbiol Rev 13:25–58

Bodin A, Bharadwaj S, Wu S, Gatenholm P, Atala A, Zhang Y

(2010) Tissue-engineered conduit using urine-derived stem

cells seeded bacterial cellulose polymer in urinary recon-

struction and diversion. Biomaterials 31:8889–8901

Brown AJ (1886) XLIII. On an acetic ferment which forms

cellulose. J Chem Soc, Faraday Trans 49:432–439

Catchmark JM, Fugmann B, Hu Y (2010) Degradable biomo-

lecule compositions. Google patents, US 2010/0172889 A1

Czaja W, Kyryliouk D, DePaula CA, Buechter DD (2014)

Oxidation of c-irradiated microbial cellulose results in

bioresorbable, highly conformable biomaterial. J Appl

Polym Sci 131:39995–40006

Endo K, Hakamada Y, Takizawa S, Kubota H, Sumitomo N,

Kobayashi T, Ito S (2001) A novel alkaline endoglucanase

from an alkaliphilic Bacillus isolate: enzymatic properties,

and nucleotide and deduced amino acid sequences. Appl

Microbiol Biotechnol 57:109–116

Gusakov AV, Salanovich TN, Antonov AI, Ustinov BB, Oku-

nev ON, Burlingame R, Emalfarb M, Baez M, Sinitsyn AP

(2007) Design of highly efficient cellulase mixtures for

enzymatic hydrolysis of cellulose. Biotechnol Bioeng

97:1028–1038
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