
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry B

www.rsc.org/materialsB

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal of Materials Chemistry B  

ARTICLE 

This journal is © The Royal Society of Chemistry 2015 J. Mate. Chem. B, 2015, 00, 1-3 | 1 

Please do not adjust margins 

Please do not adjust margins 

a. Group of Microbiological Engineering and Industrial Biotechnology, College of 
Chemistry, Chemical Engineering and Biotechnology, Donghua University, North 
Ren Min Road 2999, Shanghai 201620, PR China. E-mail: fhong@dhu.edu.cn 

b. Key Laboratory of High Performance Fibers & Products, Ministry of Education, 
Donghua University, Shanghai 201620, PR China. 

 See DOI: 10.1039/x0xx00000x 

Received 13th June 2015, 
Accepted XXth XX 2015 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Potential of PVA-doped bacterial nano-cellulose tubular 
composites for artificial blood vessels 
Jingyu Tang,a Luhan Bao,a Xue Li,a Lin Chena and Feng F. Hong*a,b 

Bacterial nano-cellulose (BNC) hydrogel has been suggested to be a promising biomaterial for artificial blood vessel. 
However, some properties of BNC do not reach all the requirement of a native blood vessel, for instance compliance. In 
order to improve the properties of BNC tubes, poly(vinyl alcohol) (PVA) was introduced in the BNC tubes to make 
composites. Two types of pristine BNC tubes with different inner structures were produced in two bioreactors. A PVA tube 
and PVA-BNC tubular composites were made for comparasion by using a thermally-induced phase separation method. The 
morphology, water permeability, cytotoxicity, as well as mechanical properties including axial stretch strength, suture 
retention, burst pressure, and compliance of all the tubes were evaluated and compared. The results indicated that PVA 
impregnated into BNC tubes and then significantly improved the properties of BNC, especially the mechanical properties 
and water permeability. BNC tube itself played great effects on the performances of the composites as the skeleton base 
material. The PVA-BNC composite tubes would provide new biomaterial candidates for vascular grafts. 

Introduction 
Vessel transplantation is the main treatment for vascular disease 
that is one of the most common diseases causing great challenge to 
human health1. Most of surgical procedures associated with blood 
vessels are in small-caliber (<6 mm) vessels2. Although some 
artificial blood vessels (e.g. Dacron and ePTFE) have been used 
successfully in clinic for large-caliber vessels, the performances of 
these materials on small-caliber vessels are poor3,4. Development of 
new materials suitable for the replacement of small blood vessels is 
still under way. 

Bacterial nano-cellulose (BNC) formed by repeated dimmers of 
β-1,4 linked D-glucose units has been reported to perform some 
unique properties, including high chemical purity, ultrafine nano-
fiber network, high crystallinity, high water holding capacity, 
excellent wet tensile strength, and good biocompatibility5,6. It has 
been certified to be a promising biomedical material, which can be 
widely used in wound dressing, artificial skin, bone tissue scaffold 
and arterial stent coating7-9. BNC tubes have also been reported to 
have great potential for blood vessel replacement10,11. The 
nanofibers provide support for the attachment and proliferation of 
cells10. And the unique network structure may work like the 
collagen network of the extracellular matrix for the transmission of 
nutrition and metabolites10. Animal experiments in mice and pigs 
have showed admirable patency and fine epithelialization in the 
internal surface of the tubes4,12. 

BNC tubes are usually prepared via in situ fermentation in 
various cultivation devices. Basically, there are four kinds of 
cultivation devices applied in BNC tubes preparation, three of which 
have been reviewed by Hong et al.13. Briefly, the first kind of device 
consists of a vertically placed tubular glass vessel, whose centre is 
fixed a glass stick or tube. A small BNC tube with short length can 
be obtained at the interface of air and the culture medium between 
the gaps in the device when an inoculated culture medium is filled 
in and statically incubated for 7–14 days. The second device is 
constructed by fixing an oxygen-permeable silicone tube with an 
oxygen in-flow in a culture medium. A BNC tube forms on the 
outside surface of the silicone tube after static cultivation for 
several days. The third device is composed with a glass rod fixed 
horizontally in the core of a tubular culture vessel consisting of two 
half-pipes. The device is placed on the surface of a precultured BNC 
pellicle. During the continued-cultivation, the newly generated 
nanocellulose will grow into the culture vessel through the gaps 
between the two half-pipes to form a BNC tube. The BNC tubes 
prepared in the above three types of devices all shows a 
multilayered structure, which may cause danger in long term 
application. Therefore Hong et al. designed the fourth device, a 
double-silicone-tube bioreactor, by fixing a small silicone tube in 
the centre of a bigger silicone tube. The whole device is placed in an 
oxygen container. Both silicone tubes can supply oxygen to the 
culture medium and BNC tube forms efficiently in the device. 
Interestingly, the finally obtained BNC tube demonstrates a non-
layered structure and enhanced properties13-15. Although the BNC 
tubes perform some good mechanical properties, the poor elasticity 
of BNC would restrict the application of BNC tubes as vascular grafts. 
This is because lumen occlusion is usually caused by compliance 
mismatch between the graft and the native vessel16,17. 
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Poly(vinyl alcohol) (PVA) can be easily made into elastic 
hydrogel by chemical crosslinking or physical crosslinking, for 
example a low temperature thermal cycling process18-21. It has been 
reported to composite with BNC to improve mechanical, 
biocompatible and other performances. Gea et al. prepared 
BNC/PVA bio-nanocomposites by addition of PVA into the 
inoculated culture medium during an in situ cultivation22. The 
addition of PVA weakens the interaction of hydrogen-bonds 
between the BNC molecules, which improves the toughness. 
However, only small amount of PVA can combine with BNC fibers 
after the purification process. Methods such as casting-drying23-25, 
electron beam or γ-irradiation cross-linking26 and chemical cross-
linking27 are usually applied to prepare dry BNC/PVA composite 
membranes with improved properties for applications of package 
materials23,24,26 or drug controlled release25. Physical cross-linking 
method using thermal cycling is widely used in preparation of 
BNC/PVA composite hydrogels for biomedical engineering 
applications as a reason for non residual of toxic chemical cross-
linking reagents28-30. Moreover, the mechanical properties of the 
BNC/PVA composites can be modified by regulating the freezing 
temperature and holding time, thawing rate and number of 
freeze/thaw cycles. 

Some of these composites perform anisotropic mechanical 
properties and good hemocompatibility, which are important for 
blood vessel replacement31,32. Unlike ePTFE, nanocomposite of BNC 
impregnated with PVA performs low activation of Factor ΧII and 
platelets32. Reduction of the total number of free surface-OH 
groups in both PVA and BNC may cancel out the complement 
system activation32. To our knowledge, tubular BNC/PVA 
composites were rarely reported. Millon et al. produced the 
BNC/PVA nanocomposite tubes with anisotropic mechanical 
properties by adding PVA powder to aqueous suspensions of BNC, 
which was obtained via shaking culture29. However, this kind of 
composite can not demonstrate the intact nano-fibril network and 
unique properties from the BNC tubes that are obtained via static 
cultivations. It has not been reported yet that the PVA-BNC 
composite tubes can be produced by doping PVA into statically-
cultured BNC tubes to maintain the innate intact structure of BNC 
tubes. 

In this study, PVA-doped BNC composite tubes were produced 
from the innate BNC tubes that formed in static cultivations, and 
were evaluated in comparison with the BNC tubes for the potential 
in artificial blood vessel. Two kinds of BNC tubes with different 
structures were produced in two bioreactors. Hydrogel-like 
BNC/PVA composite tubes were made based on the two BNC tubes 
via thermally induced phase separation method. This technique 
retained the unique network of BNC tubes. PVA penetrated into the 
space of BNC fibers to form composite hydrogel. The mechanical 
properties including axle stretch strength, burst pressure, suture 
retention, circumferential dynamic compliance of BNC tubes, PVA 
tubes and BNC/PVA composite tubes were compared. The 
morphology, water permeability and cytotoxicity were studied as 
well. The results showed that this new tubular composite material 
may be a promising candidate for blood vessel replacement.  

Results and discussion 

Morphology 

Fig. 1 illustrates the macro-morphology of BNC tubes, PVA tube and 
BNC/PVA composite tubes. For BNC tubes, the D-BNC tube 
possesses bigger external diameter and more homogeneous 
character along the diametric direction than the S-BNC tube. The S-
BNC tube possesses denser nano-cellulose close to the inner wall, 
which may weaken the transmission of light illustrated in Fig. 1. 
However, the nano-cellulose becomes looser at the area near the 
external wall. The PVA tube is less transparent than the BNC tubes. 
As a result, both S-BNC/PVA and D-BNC/PVA composite tubes are 
less diaphanous. As the PVA tube and the BNC/PVA composite 
tubes were all prepared in the same mould, they all perform good 
homogeneity at both axle and circumferential directions. 
 

Fig. 1 Macro-morphology of S-BNC tube (a), D-BNC tube (b), S-
BNC/PVA composite tube (c), D-BNC/PVA composite tube (d) and 

PVA tube (e). 
 

From the SEM images illustrated in Fig. 2, both S-BNC and D-
BNC tubes are all fabricated by nano-fiber network. For S-BNC tube, 
fibers at the inner side of the tube wall are thicker than the fibers at 
the outside of the tube wall (Fig. 2a and 2b). Fig. 2C shows that a 
multilayered structure can be observed on the cross section, as 
same as described previously in other groups33. For the single 
silicone tube bioreactor, bacterial cells should first gathered around 
the silicone tube, which can be regarded as the gas-liquid interface, 
and began to secret nano-cellulose to form a thin BNC tube, 
according to the cellulose synthetic mechanism5,11. The BNC around 
the silicone tube may impede the diffusion of oxygen to farther 
distance. So more bacterial cells gathered to the silicone tube and 
more cellulose was produced to probably form fibers with wider 
diameter. In a similar way, fibers at the inner side and external side 
of D-BNC tube made by the double silicone tubes thereafter had 
similar diameter, since oxygen diffused from both the inner silicone 
tube and the outside silicone tube. Our previous work has already 
showed that bacterial cells are able to secret BNC at both interfaces 
simultaneously13. As a result, two separate BNC films grow together 
to form an intact BNC tube. Fig. 2F shows that there is no layered 
structure on the cross section of D-BNC tube but looser nano-fiber 
network, similarly as reported previously13. 

 
Fig. 2 SEM micrographs and fiber diameter distributions of BNC 
tubes. SEM images of external surface (A), internal surface (B), 
and cross section (C) of S-BNC tube, as well as distribution of 

fiber diameter corresponding to image A (a), B (b), and C (c), are 
shown respectively. SEM image of external surface (D), internal 

surface (E), and cross section (F) of D-BNC tube, as well as  
distribution of fiber diameter corresponding to image D (d), E (e), 

and F (f), are shown respectively. 
 
Fig. 3 shows the internal side and outside morphology of PVA 

tube and BNC/PVA composite tubes. For PVA tube, porous structure 
like sponge can be found at the outside surface (Fig. 3C and 3c). The 
internal surface possesses less porous and much denser structure 
(Fig. 3F and 3f). The structure difference may be caused by 
heterogeneous phase separation along the diametric direction of 
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the tube. Image of internal side of S-BNC/PVA composite tube 
illustrates many nano-fibers and small pores (Fig. 3d). It can be 
found that PVA penetrated into the space between the fibers to 
form entangled structure with some BNC fibers (Fig. 3D and 3d). 
The outside morphology of S-BNC/PVA composite tube is similar as 
that of PVA tube (Fig. 3A and 3a). The nanofiber network at the 
inner side of S-BNC/PVA composite tube and the porous structure 
at the external surface may provide an interesting graft for 
endothelialization of the luminal surface and tissue regeneration by 
smooth muscle cells growth from the external surface. For D-
BNC/PVA composite tube, the outside morphology (Fig. 3B) is 
homogeneous with the internal side morphology (Fig. 3E). 

 
Fig. 3 SEM micrographs of: S-BNC/PVA composite tube, D-BNC/PVA 
composite tube and PVA tube. The external surfaces of S-BNC/PVA 
composite tube (A), D-BNC/PVA composite tube (B) and PVA tube 
(C), as well as the internal surfaces of S-BNC/PVA composite tube 

(D), D-BNC/PVA composite tube (E), and PVA tube (F) are displayed 
in amplification of 1000 times, respectively. SEM images of a-f in 

amplification of 5000 times correspond to the images of A-F. 

Size and component analysis 

Tab. 1 illustrates the wall thickness of S-BNC tube was about 
0.65±0.11 mm, while S-BNC/PVA composite tube possessed a wall 
thickness of 1.00±0.04 mm. This indicates the external side of S-
BNC/PVA composite tube was probably only composed by PVA and 
water for the reason that the S-BNC tube has thinner wall thickness. 
Therefore similar morphology of S-BNC/PVA tube with that of PVA 
tube can be observed. Although the spaces for the culture of BNC 
tubes of the two bioreactors were same, the double-silicone-tube 
bioreactor performed higher production efficiency13, which led to 
the wall thickness of D-BNC tube was about 2 times thicker than 
that of S-BNC tube. Composite tubes made by the tubular mould 
are identical in wall thickness. Although the original wall thickness 
of D-BNC tube was 1.27 mm before compositing, the wall thickness 
of D-BNC/PVA tube was limited to 1 mm in the mould. The wall 
thickness of PVA tube was 0.89 mm, less than 1 mm (about 10% 
thinner), which should be ascribed to phase separation process 
during freezing and thawing. 
 

Table 1 Wall thickness and water permeability of the tubes 

 
PVA tube, BNC tubes and BNC/PVA composite tubes were all 

hydrogel-like tubes. However the water contents of these hydrogel-
like tubes were different for the reason of different components. As 
shown in Fig. 4, S-BNC tube and D-BNC tube were composed of 
about 99.7% water and 0.3% BNC. No significant difference in 
components was detected (P＞0.05). The result indicates that both 
BNC tubes had identical water holding capacity. PVA tube contained 
about 89.2% water and 10.8% PVA. Obviously BNC tubes performed 
better water uptake ability, which may be determined by the 
ultrafine nano-fiber network and more hydrophilic functional group 
(_OH) in bacterial nano-cellulose. Compared with S-BNC/PVA 
composite tube, D-BNC/PVA composite tube possessed more BNC 
content (about 0.87% compared with 0.40±0.01%, P<0.05), which 
resulted in more water content (91.5±1.0% compared with 

90.2±0.6%). The water content was lower than pure BNC tubes, but 
slightly higher than PVA tube (P<0.05). However PVA in S-BNC/PVA 
composite tube was much more (9.40±0.02% compared with 
7.63±0.01% of D-BNC/PVA tube, P<0.05), which may be related to 
the more space and multilayered structure, as shown in Fig. 2. 

 

Fig. 4 Composition of PVA tube (a), S-BNC tube (b), D-BNC tube (c), 
S-BNC/PVA composite tube (d) and D-BNC/PVA composite tube (e). 

Significent difference between groups is indicated (*p<0.05). 
 

Water permeability 

Water permeability is an important performance for artificial 
blood vessels and grafts. A proper water permeability of small-
caliber artificial blood vessel may benefit the endothelialization of 
the lumen surface since it reflects the permeability of water and 
transport capacity of nutrients. As reported by Yanguchi et al., 
water permeability between 10 and 40 mL.cm-2.min-1 are positive 
for the patency rates of artificial vessels34. However, the clinically 
used ePTFE vessel of 4 mm only possessed a water permeability of 
0.43 mL.cm-2.min-1 35. For BNC tubes, the nano-fibers locked a large 
amount of water in their ultrafine networks. However about 10% 
water were not holded by the BNC molecules, which caused water 
leakage under the testing condition of water permeability as 
reported previously36. As illustrated in Tab. 1, the water 
permeability of S-BNC tube and D-BNC tube were about 3.33 and 
2.34 mL.cm-2.min-1, respectively, which means good anti-leakage 
property. The higher water permeability of S-BNC tube might be 
ascribed to the looser fibre network of external surface and the 
multi-layered structure as mentioned above. For the clinically used 
hydrophobic ePTFE and PET vessels, higher water permeability 
normally means better nutrition transmission to a certain extent, 
which may benefit cells. On the contrary, for the hydrogel BNC 
tubes, the large amount water locked in the ultrafine fiber network 
has provided a good transport environment for nutrition. So the 
water permeability values here are acceptable. Unfortunately, for 
PVA tube, the burst pressure was too weak to sustain the testing 
pressure and broke quickly. For BNC/PVA composite tubes, since 
PVA molecular interpenetrated into the network of the BNC tubes 
to form denser composite tubes and sealed the original small pores 
in the BNC tubes, water leakage should be avoided. As a result, no 
water leakage was detected under the testing condition. Since PVA 
tube itself could not tolerate the water pressure, the excellent 
performance of BNC/PVA tubes indicates that the generated 
composites had better mechanical strength, which can be 
attributed to the reinforcement effect from the BNC network. 

Mechanical properties 

Axial stretch mechanical properties The axial stretch mechanical 
properties of BNC tubes and BNC/PVA composite tubes are 
illustrated in Fig. 5. The results showed that D-BNC tube performed 
higher Young’s modulus, tensile strength and elongation at break 
than S-BNC tube. This is in accordance with the fact that D-BNC 
tube had thicker fibers and a denser nano-fiber network. As 
reported previously, the multi-layered structure of S-BNC tube may 
cause negative effects to the stretch mechanical property37. PVA 
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tube performed the biggest elongation at break (162.0±13.1%) 
(P<0.05), the smallest Young’s modulus (0.063±0.009 MPa) (P<0.05) 
and tensile strength (0.073±0.003 MPa) (P<0.05), but no significant 
difference in tensile strength was detected as compared with S-BNC 
tube (P＞0.05). The results indicate that PVA tube obtained good 
ductility and elasticity, but relatively weaker axial stretch 
mechanical property as compared to the PVA hydrogel tube 
prepared by a physical crosslinking method, multi freeze-thaw 
cycles (performed nonlinear mechanical properties similar as 
cardiovascular tissues)38 for cardiovascular applications. Compared 
with the performances of PVA tube and BNC tubes, both D-
BNC/PVA and S-BNC/PVA composite tubes showed stronger axial 
stretch mechanical properties. The elongation at break of S-
BNC/PVA composite tube was about 39.1%, which is one time 
bigger than that of S-BNC tube (20.0±0.3%) (P<0.05). The increase 
of elongation at break demonstrates the reinforcement effect of 
PVA. However, the elongation of D-BNC/PVA composite tube and D-
BNC tube were 23.1±1.9% and 24.7±0.3%, respectively. No 
significant difference before and after the compositing was 
detected for the D-BNC tube (P＞0.05), which illustrates that D-BNC 
still played determined function (binding effect) on the elongation 
at break.  
 

Fig. 5 Axial stretch mechanical properties of PVA tube (a), S-BNC 
tube (b), D-BNC tube (c), S-BNC/PVA composite tube (d) and D-

BNC/PVA composite tube (e). Significent difference between groups 
is indicated (*p<0.05). 

 
For tensile strength, D-BNC/PVA composite tube increased 

about 131.2% than D-BNC tube (0.19±0.01 MPa) to about 0.45 MPa 
(P<0.05), while S-BNC/PVA composite tube rose only 83.1% than S-
BNC tube (0.09±0.01 MPa) to about 0.17 MPa (P<0.05). The 
difference reveales the tensile strength of BNC/PVA composite 
tubes was greatly affected by the base material of BNC. As 
displayed Young’s modulus in Fig. 5, BNC/PVA composite tubes 
were stiffer than the corresponding BNC tubes and the PVA tube. 
This should be due to the contribution of a concrete-like structure 
formed. Similar as the performance of the BNC tubes, D-BNC/PVA 
composite tube performed higher Young’s modulus than S-
BNC/PVA tube. Actually it was the biggest value among all the tubes. 
The S-BNC tube showed looser fiber network and multilayered 
structure (Fig. 2), which may provide more space for the 
penetration of PVA, but had the lower BNC content of 0.40±0.01% 
compared to D-BNC/PVA composite tube of 0.88±0.05% (P<0.05) 
(Fig. 4), illustrating that the BNC nano-fiber network of S-BNC tube 
may perform weaker constraint to PVA and less reinforcement from 
BNC network. Therefore S-BNC/PVA composite tube performed 
better than D-BNC/PVA tube on the elongation at break, but worse 
on tensile strength and Young’s modulus than D-BNC/PVA 
composite tube. However, compared with the PVA-BNC 
nanocomposite made by adding PVA powder into BNC suspension 
solution followed by physical crosslinking, as reported by Millon et 
al.29, both S-BNC/PVA and D-BNC/PVA composite tube performed 
stronger Young’s modulus because the intact innate ultrafine nano-
fiber network of pristine BNC tube were maintained as a skeleton 
here. When compared with the tensile strength (1.40-11.14 MPa) 
and elongation (45-99%) of human coronary artery39, the 

mechanical properties of BNC tubes and BNC/PVA tubes were still 
not comparable to nature vascular tissue. However, the mechanical 
properties of BNC/PVA tubes can be improved by a following low 
temperature thermal cycling process, which will be introduced in 
another article. 

Suture retention It is reported that the patency rate of artificial 
blood vessel after implantation is affected by the suture technique 
of anastomotic stoma in some degree40. A proper suture retention 
strength may provide more choices for better suture technique. 
Unfortunately, as shown in Fig. 6, the hydrogel-like PVA tube and 
the S-BNC tube possessed very poor suture retention strength of 
about 0.16 N and 0.17 N, respectively. Compared with the suture 
retention strength of 4.6±0.4 N of the BNC tube made by Scherner 
et al.41, the strength values in this study were all somewhat low 
since the tubes contained too much water (higher than 85%). The 
difference might depend on less BNC content in the BNC tubes 
(about 0.3% compared with 1%) and different network density that 
will vary much because of bacterial strain used and different culture 
conditions. However, the suture retention strength of the D-BNC 
tubes (0.37 N) is comparable to the reported values of fresh human 
tissue-engineered vessels (47 g, namely 0.46 N)42. The higher suture 
retention of D-BNC tubes may be attributed to the bigger wall 
thickness and the non-layered structure of cross section. After 
compositing with PVA, the suture retention strength increased to 
about 0.38 N for S-BNC tube. Similarly, the suture retention 
strength of D-BNC/PVA composite tube rose from 0.37 N of D-BNC 
tube to about 0.50 N. Therefore the suture retention strength of 
the composite tubes may be benefited from both BNC and PVA 
materials. Although the performance of BNC tubes and BNC/PVA 
tubes is weaker when compared with the reported suture retention 
strength of human saphenous vein (1.81±0.02 N) and human 
mammary artery (1.40±0.01 N)43, it is acceptable for the surgical 
operation with the manner as reported by Dr. Paul Gatenholm and 
Dr. Dieter Klemm5. Furthermore, the improved stiffness and 
ductility of BNC/PVA composite tubes makes the suture operation 
easier. 

 
Fig. 6 Comparison of the suture retention strength of PVA tube (a), 
S-BNC tube (b), D-BNC tube (c), S-BNC/PVA composite tube (d) and 

D-BNC/PVA composite tube (e). Significent difference between 
groups is indicated (*p<0.05). 

 
Burst pressure Fig. 7 illustrates the burst pressures of BNC tubes, 
PVA tube and BNC/PVA composite tubes. The burst pressures of D-
BNC tube and S-BNC tube showed no significant difference 
(0.028±0.006 MPa and 0.029±0.005 MPa) (P＞0.05). The values 
were corresponding to the BNC tube made by Bodin et al. (250 
mmHg, namely 0.033 MPa) with an oxygen ratio over the 
atmospheric ratio during cultivation37. For burst strength test, BNC 
tubes always broke at the weakest position. That means the 
weakest position of D-BNC tube and S-BNC tube had similar burst 
strength but both pristine BNC tubes can tolerate the normal blood 
pressure of human body (0.012-0.019 MPa, 90-140 mmHg44). PVA 
tube broke at pressure of about 0.0013 MPa, which means it cannot 
tolerate the normal blood pressure. The result is corresponding to 
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the weakest axial stretch strength and suture retention. For S-
BNC/PVA and D-BNC/PVA composite tubes, the burst strength was 
improved dramatically to about 0.047 MPa and 0.065 MPa, 
respectively. BNC fiber network impregnated with PVA may 
reinforce the burst strength of the vulnerabilities existing in the 
BNC tubes. The fiber network may restrict the expansion of PVA, 
which is positive to the improvement of burst pressure. 
 
Fig. 7 Burst pressure of PVA tube (a), S-BNC tube (b), D-BNC tube (c), 
S-BNC/PVA composite tube (d) and D-BNC/PVA composite tube (e). 

Significent difference between groups is indicated (*p<0.05). 
 
Circumferential dynamic compliance Compliance mismatch of 
blood vessel prosthesis to native tissue has been confirmed to be 
the main reason for the failure of application17,45,49. Fig. 8 shows the 
circumferential dynamic compliance of PVA tube, BNC tubes and 
BNC/PVA tubes under pressure of 50-90 mmHg, 80-120 mmHg and 
110-150 mmHg. For both BNC tubes, dynamic compliance showed 
similar results. The mean values of S-BNC tube and D-BNC tube 
under the test pressure of 80-120 mmHg were biggest to about 3.4% 
and 3.8%, respectively, which are about two times lower than 
human arteries46, and somewhat higher than that reported for 
ePTFE (1.92%) and Dacron (1.65%)47,48. While their mean value 
tested under pressure of 110-150 were smallest to about 1.2% and 
2.3%, respectively. The results indicate that under high pressure, 
the nano-fibers which were entangled in the BNC tube wall might 
perform stronger restriction to the caliber changes with pressure 
variation. PVA tube possessed the highest compliance under the 
three pressure ranges to about 10.7%, 11.7% and 12.2%, 
respectively. The bigger test pressure was, the bigger compliance 
obtained, which indicates the weak intermolecular forces among 
the PVA moleculars. Compliance of S-BNC/PVA composite tube 
under the three pressure ranges showed the same tendency as PVA 
tube, which was 2.2%, 2.4% and 2.6%, respectively. While that of D-
BNC/PVA composite showed adverse tendency, which was 5.6%, 
4.9% and 1.9%, respectively. The D-BNC/PVA composite tube 
performed bigger compliance than the S-BNC/PVA composite tube 
under the pressure of 50-90 mmHg and 80-120 mmHg, however, 
much smaller compliance was showed under pressure of 110-150 
mmHg. This result might be caused by the more BNC content in D-
BNC/PVA composite tube. For human saphenous vein, the 
compliance is about 0.7-1.5% under the pressure change from 80 to 
120 mmHg46. Current compliance of the D-BNC/PVA composite 
tube seems too big, and the S-BNC/PVA composite tube seems to 
be a suitable candidate. D-BNC/PVA composite tube performed a 
compliance of 4.9±0.4% under pressure of 80-120 mmHg, which is 
accordant with that of human artery (4.5-6.2%)46. 

 
Fig. 8 Circumferential dynamic compliance of S-BNC tube (    ), D-

BNC tube (    ), S-BNC/PVA tube (    ), D-BNC/PVA tube (    ) and PVA 
tube (    ). Significent difference between groups is indicated 

(*p<0.05). 
 

Cytotoxicity assay 

Fig. 9. illustrates continuous proliferation of pig iliac endothelium 
cells (PIECs) on coverslips, BNC tubes, BNC/PVA composite tubes 

and PVA tube at 1, 3, 5 and 7 days after cell seeding, which 
indicates all samples may support the growth of cells without toxic 
effects. At day 1, number of viable cells on all samples detected by 
MTT assay showed no significant difference, but were less than that 
on coverslips. After day 1, growth of cells performed differently on 
various materials. For BNC tubes. PIECs proliferated better on the 
inner surface of S-BNC tube than on that of D-BNC tube. And on the 
inner surface of PVA tube, PIECs proliferated similar with S-BNC 
tube. For composite tubes, both S-BNC/PVA and D-BNC/PVA 
composite tubes performed better proliferation of PIECs compared 
with the corresponding BNC tubes, which means more suitable for 
cell growth. Between the two composite tubes, no significant 
difference in PIECs proliferation was detected in all days. 
 

Fig. 9 Proliferation of PIECs on coverslips, BNC tubes, BNC/PVA 
composite tubes and PVA tubes at 1, 3, 5 and 7 days after cell 

seeding. Significent difference between groups is indicated 
(*p<0.05). 

Experimental 
Materials 

Unless otherwise stated, all chemicals used were analytically pure 
(Sinopharm Chemical, Shanghai, China) including Poly(vinyl alcohol) 
(n=1750±50) and ethanol. Dulbecco’s Modified Eagle’s Medium 
(DMEM), fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT), trypsin, penicillin (100 U/mL), 
and streptomycin (100 μg/mL) were supplied by Shanghai 
Yuanxiang medical equipment CO., Ltd. Pig iliac endothelium cells 
(PIECs) were purchased from Institute of Biochemistry and Cell 
Biology (the Chinese academy of Sciences, Shanghai, China). 

Strain, culture media and growth conditions 

A Gluconacetobacter xylinus strain obtained from Hainan Yeguo 
Foods Co., Ltd., was used as a model strain in the production of 
bacterial nano-cellulose tubes and maintained on a slant culture 
medium at 4 oC. The culture medium contained 50 g/L D-glucose, 5 
g/L yeast extract (Oxoid), 5 g/L tryptone, 1 g/L citric acid, 1 g/L 
KH2PO4 and 2 g/L Na2HPO4, and initial pH was 5.0). 

Preparation of BNC tubes 

Two tubular bioreactors were used for the production of BNC tubes. 
The tubes obtained from the first bioreactor which was assembled 
with an about 60 mm silicone tube (inner diameter × external 
diameter: 2×3 mm) and a glass tube (8×10 mm), similarly as 
described by Bodin et al.33, were named as S-BNC tubes. The other 
bioreactor was composed of two silicone tubes with different 
calibers (2×3 mm, 8×9 mm), which has been reported by Hong et 
al.13-15. Tubes produced by the latter bioreactor were named as D-
BNC tubes. 

Two loops of the G. xylinus strain were transferred from the 
agar medium into a 100 mL autoclaved liquid medium and 
cultivated at 30 oC and 160 rpm on a rotary shaker for 24 h. After 
agitating cultivation, 20 mL of the seed suspension was inoculated 
into 180 mL fermentation medium in a 500 mL Erlenmeyer flask. 
Then, the inoculated flask was maintained at 30 oC and 160 rpm on 
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a rotary shaker for 4 h. After that, 10 mL of the culture was injected 
into the tubular bioreactors. The tubular bioreactors were 
incubated statically at 30 oC for 10 days with the oxygen exchange 
frequence of once a day. 

Purification of BNC tubes 

The harvested BNC tubes were rinsed with deionized (D.I.) water 
several times to remove soluble medium components, followed by 
treatment with 1% (w/v) sodium hydroxide solution for 4 h at 80 oC 
to eliminate impurities. After that, the BNC tubes were further 
purified by boiling in ultrapure water for 2 h. Finally, the hydrogel 
tubes were rinsed with ultrapure water until pH value was neutral. 
Thereafter they were stored in ultrapure water at 4 oC. 

Preparation of BNC/PVA composite tubes 

PVA was first dissolved in 95 oC ultrapure water, which was 
incubated in a shaking water bath machine with a rate of 100 rpm, 
then 95% ethanol was added into the aqueous solution to form 
homogeneous solution containing 10% (w/v) PVA and 20% (v/v) 
ethanol. The homogeneous solution was cooled to room 
temperature for further use. 

A BNC hydrogel tube with size of 50 mm in length and 3 mm 
in inner diameter covered on a glass rod with a diameter of 3 mm. 
About 95% water in the hydrogel tube was removed slowly with 
filter paper. Then the tube with glass rod was inserted into a 
polypropylene tube with internal diameter of 5 mm and external 
diameter of 7 mm to form a tubular mould for the preparation of 
BNC/PVA composite hydrogel tube. The PVA solution prepared 
above was then injected into the cavity between the polypropylene 
tube and the glass rod. After that the tubular mould was put at 
room temperature for 24 h to let the BNC tube swell adequately in 
the PVA solution. Then it was placed at -80 oC for 4 h followed by 
thawing in cold anhydrous ethanol (-20 oC) for 24 h, before thawing 
the seal rings at the ends of the mould tube were removed. The 
composite tube was then taken out from the mould tube and was 
immersed into ultrapure water at room temperature to exchange 
alcohol for 3 days. The water was changed every 4 h. Finally, the 
obtained BNC/PVA composite tube was stored in ultrapure water at 
4 oC. For the preparation of PVA tube, the same procedure was 
followed as described above for the preparation of BNC/PVA 
composite tube except that a glass rod with a diameter of 3 mm 
was directly inserted into a polypropylene tube with internal 
diameter of 5 mm and external diameter of 7 mm to form a tubular 
mould. 

Characterizations 

For macro-morphology analysis, pictures of all tubes were taken by 
the (CMOS) camera of an automatic colony counter (Shineso, 
Hangzhou, China). All tubes were cut off a small part and immersed 
in water in a glass plate. The external and sectional view of all tubes 
was then taken by the camera. 

For scanning electron microscope (SEM) analysis, samples 
were freeze-dried first and were coated with a thin layer of 
evaporated gold, and images were taken using a JSM-5600LV 
scanning electron microscope (JEOL, Japan) with an acceleration 
voltage of 15 KV. In order to determine average diameters size and 

fiber distribution of the BNC tubes, more than 100 fibers were 
randomly selected from the SEM images and the diameter was 
measured by using an image analysis software Image-J (NIH, USA). 

Wall thicknesses of tubes were measured by a digital caliper. 
Tubes were first immersed in ultrapure water for three days to 
swelling equilibrium. Wall thickness of every tube was obtained 
from the mean value of at least five samples. 

Water permeability was tested following the method 
described in ISO 7198:1998(E) standard. Briefly, a reservoir was 
connected to a polypropylene tube followed by the sample. An 
intraluminal pressure of 0.16 MPa hydrostatic pressure was applied 
into the sample. The permeated water through the tube wall per 
minute was collected and calculated in mL cm-2 min-1. 

Tensile evaluation was performed on a universal material 
testing machine (H5K-S, Hounsfield, UK) under ambient condition 
(room temperature, around 50% relative humidity) at a speed of 10 
mm min-1 with a 10 N sensor loaded. The mean value was obtained 
from at least five tubular samples with the size of 5 cm in length. 

Suture retention was detected by the universal material 
testing machine mentioned above. Samples were cut with length of 
20 mm. A single 2-mm bite of 5-0 Dacron suture with BV-1 needle 
was placed at the end of the cut and pulled out at a rate of 50 
mm/min until failure. The mean value was obtained from at least 
five tubular samples. 

For determination of water content, the tubes were stored in 
ultrapure water for at least three days, and then were sponged by 
filter papers to remove the water on the surface and immediately 
weighed to record the weight of wet tubes (Wwet). After 
dehydrating samples at 105 oC for 12 h, the weight of dry tubes 
(Wdry) was measured. The water content (WC) of the tubes was 
calculated as follows:  

WC= 
wet

drywet

W
)W(W −
×100%. 

Cellulose content of BNC/PVA tubes was calculated as follows: 

CC=
wet

bnc

W
W×L

×100%,  

where: Wbnc and L are the dry weight of per meter BNC tubes 
and the exact length of BNC/PVA composite tubes, respectively. 
Wwet is the weight of each wet tube. 

Burst pressure was tested by using a home-made equipment, 
which was assembled with a pressure gage and an injector. Tubular 
sample with a size of 40 mm in length was well connected to the 
equipment. Water was injected into the tube with a speed of 0.01 
MPa/s. The pressure in the tube was kept for 10 s at every 0.02 
MPa. The pressure at the point of the sudden broken of the tube 
was recorded as the burst pressure. 

Dynamic compliance at the circumferential direction was 
tested by BOSE BioDynamic test machine (Bose, USA) following the 
method described in ISO 7198:1998(E). The diameter change of the 
tube accompanied with the pressure variation between 50-90 
mmHg, 80-120 mmHg and 110-150 mmHg was recorded 
respectively. The compliance was calculated as follow: 
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Compliance (%) =
12

PPP

PP
)/RR(R 12

−
−

×104 

where: P1 is the lower pressure value, in mmHg; P2 is the 
higher pressure value, in mmHg; Rp is the pressurized internal 
radius, in mm49. 

For cytotoxicity assay, PIECs were cultured in a 5% CO2, humid 
atmosphere at 37 oC in DMEM medium supplemented with 10% FBS, 
100 U.mL-1 penicillin and 100 µg.mL-1 streptomycin. Briefly, tubular 
samples were longitudinally cut with a size about 15 mm in length 
and 9 mm in width. Then the samples were sterilized in 75% 
ethanol for 12 h, followed by washing with PBS buffer to eliminate 
alcohol under sterile condition. After that, the samples were fixed 
at the well bottom of 24-well plate with stainless steel rings to 
make the inner surface upward. Cell culture medium of 400 µL was 
added into each well to pretreat the samples for 12 h. PIECs were 
then seeded onto the samples with cell density of 1×104 cells per 
well and cultured. MTT assay was taken at culture time of 1, 3, 5, 
and 7 days, respectively, and coverslip was served as a control. The 
seeded samples were washed three times with PBS in the plates. 
Then 360 µL DMEM and 40 µL MTT was added into every well. After 
incubation at 37 oC with 5% CO2 for 4 h, the solution was carefully 
removed and 400 µL dimethyl sulfoxide was added. After being 
shaken at 100 rpm and 37 oC for 30 min, 100 µL solution was 
transferred into 96-well culture plate and measured at 492 nm by 
microplate reader (Multiskan MK3, Thermo Labsystems, China)50. 

Conclusions 
Two kinds of BNC tubes and their corresponding composite tubes 
doped with PVA were prepared and evaluated for potential 
applications in artificial blood vessel. Results revealed pristine BNC 
tubes showed some insufficient properties for vascular grafts, such 
as poor suture retention and water leakage. Through compositing 
BNC with PVA the mechanical properties and water permeability 
were improved dramatically compared to PVA tube and BNC tubes. 
In the composite tubes, BNC tubes determined the final mechanic 
properties as basic materials. The S-BNC/PVA composite tube 
possessed weaker mechanical properties than D-BNC/PVA 
composite tube, which might be more suitable for veins. The D-
BNC/PVA composite tube with better compliance demonstrated 
great potential for artery transplantation. However more works like 
more detailed biocompatibility studies and animal experiments are 
needed in further investigation. 
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Fig. 1 Macro-morphology of S-BNC tube (a), D-BNC tube (b), S-BNC/PVA composite tube (c), D-BNC/PVA composite tube (d) and PVA tube 
(e). 
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Fig. 2 SEM micrographs and fiber diameter distributions of BNC tubes. SEM images of external surface (A), internal surface (B), and 
cross section (C) of S-BNC tube, as well as distribution of fiber diameter corresponding to image A (a), B (b), and C (c), are shown 
respectively. SEM image of external surface (D), internal surface (E), and cross section (F) of D-BNC tube, as well as  distribution of 
fiber diameter corresponding to image D (d), E (e), and F (f), are shown respectively. 
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Fig. 3 SEM micrographs of: S-BNC/PVA composite tube, D-BNC/PVA composite tube and PVA tube. The external surfaces of S-BNC/PVA 
composite tube (A), D-BNC/PVA composite tube (B) and PVA tube (C), as well as the internal surfaces of S-BNC/PVA composite tube (D), D-
BNC/PVA composite tube (E), and PVA tube (F) are displayed in amplification of 1000 times, respectively. SEM images of a-f in amplification 
of 5000 times correspond to the images of A-F. 

Table 1 Wall thickness and water permeability of the tubes 

Tubes Wall thickness (mm) § Water permeability (mL.cm-2.min-1) §§ 

S-BNC tube 0.65±0.11 3.33±0.13 

D-BNC tube 1.27±0.10 2.34±0.10 

PVA tube 0.89±0.01 Break 

S-BNC/PVA tube 1.00±0.04 0 (no leakage) 

D-BNC/PVA tube 1.01±0.04 0 (no leakage) 

§: For wall thickness, significent difference between groups (p<0.05) was found; §§: For water permeability, significent difference between 
groups (p<0.05). 
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Fig. 4 Composition of PVA tube (a), S-BNC tube (b), D-BNC tube (c), S-BNC/PVA composite tube (d) and D-BNC/PVA composite tube (e). 
Significent difference between groups is indicated (*p<0.05). 
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Fig. 5 Axial stretch mechanical properties of PVA tube (a), S-BNC tube (b), D-BNC tube (c), S-BNC/PVA composite tube (d) and D-BNC/PVA 
composite tube (e). Significent difference between groups is indicated (*p<0.05). 
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Fig. 6 Comparison of the suture retention strength of PVA tube (a), S-BNC tube (b), D-BNC tube (c), S-BNC/PVA composite tube (d) and D-
BNC/PVA composite tube (e). Significent difference between groups is indicated (*p<0.05). 
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Fig. 7 Burst pressure of PVA tube (a), S-BNC tube (b), D-BNC tube (c), S-BNC/PVA composite tube (d) and D-BNC/PVA composite tube (e). 
Significent difference between groups is indicated (*p<0.05). 
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Fig. 8 Circumferential dynamic compliance of S-BNC tube (    ), D-BNC tube (    ), S-BNC/PVA tube (    ), D-BNC/PVA tube (    ) and PVA tube 
(    ). Significent difference between groups is indicated (*p<0.05). 
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Fig. 9 Proliferation of PIECs on coverslips, BNC tubes, BNC/PVA composite tubes and PVA tubes at 1, 3, 5 and 7 days after cell seeding. 
Significent difference between groups is indicated (*p<0.05). 
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