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ABSTRACT
The concern of this mini review is to feature the natural nanomaterial bionanocellulose (BNC) and its potential as 
a novel type of biomaterial for applications in regenerative medicine. The hydrogel BNC is characterized by high 
purity, dimensional stability and good surgical handling. A fundamental current progress is the biotechnological 
design of shape, dimensions, nanofibernetwork and surface properties of the BNC materials. The corresponding 
template-based technology allows the tailoring of implants for quite different organs such as urgently needed small 
diameter blood vessel substitutes, bile duct and ureter implants. Further application fields are advanced wound 
dressings and drug delivery.
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INTRODUCTION

Nanocelluloses: As natural nanomaterials with unique 
characteristics

Nanocelluloses combine the outstanding properties of the natural 
material cellulose with the specific characteristics of nanomaterials. 
They are characterized by at least one dimension in the nanometer 
range. The family of nanocelluloses can be divided into three areas 
that differ significantly in terms of starting material, manufacturing 
process and product properties. These types are: cellulose 
nanofibers, cellulose nanocrystals and bionanocellulose (BNC). 
BNC, also named as bacterial nanocellulose, biotech nanocellulose 
and microbial cellulose, is the only cellulose type that is produced 
biotechnologically by acetic acid bacteria from low molecular educts 
such as glucose in form of nanofibernetworks [1]. This results 
in specific features of this nanomaterial with high application 
potential, especially in the medical field. The unique characteristics 
of BNC are: high purity (no foreign substances or other functional 
groups than -OH), high biocompatibility, high mechanical strength 
and a nanofibernetwork with an interconnecting and open 
micropore system (natively containing 1 % cellulose, 99 % water). 
These characteristics can be influenced further by type of synthesis 
technology, cultivation conditions, additives and post processing 
steps such as different drying methods (freeze-drying leads to 
aerogels, air-drying leads to a reduction of pore size and finally pore 
collapse) [2–5]. 

Preparation and design of bionanocellulose materials

The formation of BNC can be realized using different methods 
resulting in different properties of the hydrogels. The most 
commonly used one is the static cultivation. The principle is 
based on the inoculation of a culture medium, frequently used 
is Hestrin-Schramm, by a bacterial strain, mostly of the genus 
Komagataeibacter. Under defined static cultivation conditions 
(time, temperature) a BNC hydrogel is formed on the surface 
of the medium [6]. This method is limited in shape, thickness 
(hindered nutrient supply) and additives cannot be incorporated 
homogeneously as well as surface and network properties can 
only be affected by the used strain or post processing. A variant 
that overcomes the limited thickness and allows additives to be 
distributed homogeneously throughout the network is spraying the 
culture medium onto a statically produced BNC membrane [7–9]. 

To meet the challenging requirements for its medical use, the 
demand for process-controlled design of function determining 
properties, such as shape, surface and nanofibernetwork structure, 
is growing. A novel technology, called Mobile Matrix Reservoir 
Technology (MMR Tech), enables the design of these factors 
[10,11]. The MMR Tech is a dynamic technology characterized by 
BNC formation on a template. This template is moving vertically 
in defined time intervals between the culture medium (containing 
bacteria of the genus Komagataeibacter) and the air space of a 
bioreactor. In contact with the oxygen-containing atmosphere, 
the BNC formation takes place on the surface of the template. 
Since the surface is constantly wetted with fresh medium, the 
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layer thickness is not limited. After finishing biosynthesis the 
BNC hydrogel is detached from the template, purified and post 
processing steps can be added. The template shape (e.g. flat, 
tubular, X-shape, Y-shape) and its material (e.g. wood (bamboo), 
glass, textiles, metals, polymers) can be adapted to the requirements 
of the product (Figure 1) [12].

The only limitation is that the template has to be wettable by the 
culture medium and is non-toxic for bacteria. Depending on the 
template surface and the dipping mode, surface properties and 
nanofibernetwork architecture can be designed. BNC coatings can 
also be achieved by remaining the BNC on the templates surface. 
The MMR Tech also allows building up multilayer structures and the 
incorporation of additives (dispersed or dissolved) homogeneously 
in the nanofibernetwork of each layer [12].

The applicability of BNC-based implant materials has already been 
evaluated in prospective, randomized multicenter clinical trials 
for repair of dural defects. BNC implants showed noninferiority 
compared to commercially available dural replacements, offered 
superior handling qualities and a hypothetical advantage 
concerning prion and other infectious agent exposure [13]. These 
results underline the high application potential of BNC as novel 
implant materials and the need to advance medical research in 
this field. Moreover, the MMR Tech opens up many advantages 
for products with specific properties in the medical field, such as 
implants, wound dressings and drug delivery systems.

Tubular bionanocellulose implants for visceral and 
cardiovascular surgery

The preparation of tubular BNC with adjustable inner diameters 
is particularly interesting for visceral surgery and cardiovascular 
implants.

Due to cancer or destruction during surgical interventions, there is 
a great demand for biomaterials to replace destroyed parts of ureter, 
esophagus and bile duct in visceral surgery. In years of research 
cooperation with the group of Prof. Dr. Utz Settmacher and Prof. 
Dr. Falk Rauchfuss (Clinic for Visceral and Vascular Surgery, 

University Hospital Jena, Germany), the development of tubular 
BNC implants, prepared by MMR Tech, for bile duct repair was 
successful. Animal studies (pig) have shown that approximately 
three months after implantation of the BNC tube, regeneration of 
the damaged bile duct is promoted by the body's own cells. Then, 
the implant can be removed non-invasively [14–16].

The design of tubular BNC implants is also essential for 
cardiovascular applications, since cardiovascular diseases are still 
the leading cause of death worldwide [17]. Especially when it comes 
to the replacement of small-lumen blood vessels with an inner 
diameter of less than 6 mm, there are currently no alternatives 
to autologous vessel transplantation. The MMR Tech offers the 
opportunity to synthesize BNC tubes with a variable inner diameter 
in the range of 2.5 up to 30 mm and with different structured inner 
surfaces (facing the blood) depending on the used template type 
(Figure 2) [12].

Using hollow cylinders (Figure 2d), the BNC tube is synthesized 
inside this template type. The inner surface of the tube is created in 
contact with air without structure-damaging influence of a template. 
These tubes can be produced with a smooth inner surface to reduce 
adhesion of blood cells. The nanofibernetwork (loose or dense) 
can also be adapted by varying the dipping mode and the bacterial 
strain. Each layer of the multilayered tubes can be influenced. The 
properties can be further modified by incorporation of additives 
and drying (air-drying additionally compacts the surface) [12]. In 
cooperation with the research group of Prof. Dr. Jens Wippermann 
(Clinic for Cardiac and Thoracic Surgery of the Magdeburg 
University Hospital, Germany), tubular BNC implants prepared by 
MMR Tech with different inner surfaces were examined regarding 
their haemocompatibility in an artificial blood circuit (Chandler 
Loop) [18–20]. The tubes were attached to heparinized polyvinyl 
chloride tubes, loaded with human blood and rotated at 37 °C. 
To determine the distribution of adhering platelets by scintigraphy, 
platelets were labeled with 111indium oxide. The BNC tubes, 
formed in hollow cylinders, showed the lowest roughness and 
are characterized by superior performance with <10 % leukocyte 
and <50 % thrombocyte loss to compared grafts (>65 % leukocyte 
and >90 % thrombocyte loss). Scintigraphy analyzes showed the 
least radioactivity for these types, indicating a reduced platelet 
adhesion. Nevertheless, all nanocellulose types showed enhanced 

Figure 1: Overview of products made by MMR Tech, a) never-dried 
BNC tube (99 % water content) on a red glass rod. Length >100 mm, 
inner diameter: 5 mm, wall thickness: 1 mm, b) photography of the 
cross-section of a multilayered BNC tube, scale bar: 1 mm, and c) 
lateral view of this BNC tube. The wall thickness of the shown tube is 
of extra-large size for better demonstrating the layers, scale bar: 1 mm, 
d) never-dried BNC membrane with dimensions up to 200 x 100 x 3 
mm, scale bar: 10 mm, e) never-dried hollow BNC-Y-piece, scale bar: 
10 mm, f) never-dried hollow BNC-X-piece for demonstration of 3D 
structures, scale bar: 10 mm [12].

Figure 2: Scanning electron microscopic image of BNC tubes 
synthesized by MMR Tech from K. xylinus DSM 32384 (top line: 
600x, scale bar: 10 µm, middle line: 5,000x, scale bar: 2 µm, lower line: 
20,000x, scale bar: 200 nm), a) inner surface of BNC tube directed 
to bamboo  template, b) outer surface of BNC tube, synthesized on 
a bamboo template, directed to the air space, c) inner surface of a 
manually inverted BNC tube, synthesized on a bamboo template, d) 
inner surface of BNC tube directed to air space, synthesized inside a 
hollow cylinder [12].
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complement activation [21]. In summary, these results elucidate 
the necessity to invest further research in these BNC implants. 
First results in animal studies (sheep, arteria carotis) display good 
surgical handling and a stable multilayered structure during surgery 
and for months in the organism for the BNC tubes prepared by 
MMR Tech. This study also showed that the patency rate of the 
implants still needs to be improved [22].

Bionanocellulose membranes for wound dressings and 
drug delivery systems

BNC membranes are particularly interesting in the field of 
wound dressings and drug delivery systems based thereon. The 
hydrogels offer besides high purity and good biocompatibility 
a nanofibernetwork with a high mechanical strength. These 
properties enable wound exudate to be absorbed while maintaining 
a moist wound environment for healing. Water retention properties 
can be improved further by embedding additives such as alginate 
leading to an extended wear time [23]. The nanofibernetwork is 
also suitable for incorporation of active ingredients that promote 
wound healing. Depending on the physicochemical characteristics 
of these drugs, the structural design of BNC and the drug 
loading strategy, different release profiles can be achieved. Mostly 
hydrophilic (especially antibiotics [24–26] and antiseptics [27,28]) 
and water-soluble substances are used, which correspond to the 
hydrophilic character of the BNC. However, loading strategies 
for hydrophobic substances are also being investigated, including 
improvement of the solubility of drugs [29,30], incorporation of 
disperse multiphase systems [31,32] and surface modification of 
BNC [33]. As presented in [12], work focusing on drug delivery 
systems based on BNC scaffolds is in progress in the research 
group of Prof. Dr. Dagmar Fischer (Department of Chemistry and 
Pharmacy, University Erlangen, Germany). To determine swelling 
behavior as well as drug loading and release profiles the design of 
BNC characteristics is necessary. Shape, surface porosity (partial 
drying leads to different pore sizes), nanofibernetwork structure 
(loose, dense), water content, and chemical and mechanical 
modifications (introduction of additional functional groups, 
straighten or shrinkage of the nanofibernetwork), are variables that 
can be adapted here to the intended demands. The MMR Tech 
facilitates a process-controlled design of these parameters and, 
more importantly, the construction of multilayered membranes 
directly during biosynthesis, which can be influenced individually, 
as mentioned before. With these materials there are completely 
new possibilities to influence drug release kinetics by building up 
gradients within the membrane.

CONCLUSION AND OUTLOOK

The high potential of bionanocellulose (BNC) as biotechnological 
designable implant materials open up new possibilities for 
regenerative medicine. By the process parameters of the currently 
established technology, the functional implant properties for 
replacement and repair of human organs can be tailored. The 
technology can supply the research market by corresponding 
products to advance implant development. In near future, the 
development of applicable BNC medical devices should be possible, 
especially in the background of “first in man” dura mater implants.
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