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Abstract 

Increasing interest in bacterial cellulose due to the huge potential which exists for the 

development of this new biomaterial for medical applications has been met with recent 

growth in research in engineering this unique microbial manufactured material. The 

mechanical properties, porosity, and biocompatibility of bacterial cellulose derived 

biomaterials are particularly attractive for use in wound healing, tissue engineering, and 

drug delivery applications. Advances in synthetic biology and soft materials engineering are 

pushing the value of this biomaterial to new levels. This review provides and in-depth 

discussion of these most recent approaches in processing as well as physical, chemical, and 

genetic modification of bacterial cellulose toward further improvement and expansion of its 

functionality. In addition, we provide specific attention to the marketed applications of the 
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resulting engineered materials for medical research and conclude with prospective areas of 

consideration for expanding the clinical utility of this biomaterial to new directions. 
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1. Introduction 

Bacterial cellulose (BC) is reported to have tremendous mechanical and chemical properties 

including high water holding capacity, tensile strength, and modulus of elasticity while being 

biocompatible [1]. To relieve some of the environmental strain of utilizing wood derived cellulose, 

substantial developments have turned to the possibility of utilizing bacterial derived cellulose. A 

significant benefit of bacterial cellulose over plant-based cellulose is the lack of contaminants such 

as lignin and pectin [2]. While the scale of bacterial cellulose production remains small, BC has far-

reaching applications to various industries. Here we will focus primarily on how BC has significant 

value for medical products and biomedical applications (Figure 1). Throughout this review, we will 

offer a comprehensive look at the properties of BC and examine the recent advances in its 

modifications as well as provide a survey of the latest applications of bacterial cellulose in the area 

of biomedical materials. To begin understanding about BC and how this biomaterial can be 

engineered for medical applications, we must first consider how it forms from microbial cultures. 

 

Figure 1 Biomedical applications of bacterial cellulose. 

A number of bacterial have been reported as producers of extracellular cellulose including 

species from Gluconacetobacter, Agrobacterium, Aerobacter, Achromobacter, Azotobacter, 

Rhizobium, Sarcina, Salmonella and Escherichia [3]. Certain species of Gluconacetobacter been 

found to be particularly efficient in their biological synthesis of cellulose including strains of G. 

hansenii [1]. Biological synthesis of the interconnected cellulose that surrounds these cells (where 
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this cellulose network is referred to as a pellicle) necessarily requires several genes whose 

products carry out the formation of the nanofibrous cellulose and its secretion [4]. While the 

entire set of biosynthetic genes necessary to produce bacterial cellulose were previously not 

confirmed [3], recently it has been shown that a key set of genes could be transformed into other 

bacteria to confer production of cellulose pellicles [1]. The genes include those within the bcs 

(bacterial cellulose synthesis) operon, specifically bcsA, bcsB, bcsC, and bcsD, as well as the genes 

cmcax and ccpAx. The roles of the respective genes have been reported, where bcsA yields the 

catalytic subunit of cellulose synthase while bcsB produces the regulatory subunit of the enzymes 

that binds to cyclic di-guanylic acid (cyclic di-GMP) [5]. The cellulose synthase activity of the bcsA 

subunit can thus be allosterically regulated by cyclic di-GMP control of the bcsB switch. Production 

of bcsC is suggested to result in the formation of membrane channels for cellulose secretion while 

bcsD is believed to play a role in forming the cellulose into crystalline fibrils [1]. Along with this are 

the downstream cmcax gene which encode for endo-beta-1,4glucanase that is secreted into the 

extracellular space and is believed to influence the assembly of cellulose ribbons when there is 

failure in arrangement by cleaving tangled chains of cellulose [6]. The ccpAx product has proven to 

also be important in locating the bcs complex to the cell membrane and interacting with the bcsD 

subunits. Of course to provide the UDP-glucose necessary for the cellulose synthase to begin this 

process, the cell must have the common enzymes of glucose kinase to generate glucose-6-

phosphate from glucose, phosphoglucomutase to isomerize glucose-6-phosphate to glucose-1-

phospate, and UDP-glucose pyrophosphorylase to form UDP-glucose from UTP and glucose-1-

phosphate.  

Apart from the specialized enzymatic machinery needed to produce the bacterial cellulose into 

ribbons, the cell must also have the necessary means to generate the UDP-glucose from various 

carbon sources that are available in its environment. Figure 2 depicts a simplified biosynthesis 

pathway for bacterial cellulose in Acetobacter xylinum [7-10]. Different carbon sources may enter 

from the bacterial cellulose biosynthesis pathway in different ways as glucose, fructose, and 

galactose [11]. Disaccharides like sucrose, lactose, or maltose and more complex sugars will of 

course first be converted to their respective monosaccharides via enzymatic hydrolysis, which are 

then fed directly into the cellulose biosynthesis pathway [8, 11]. Different species of cellulose 

producing bacteria have been indicated to have preferential carbon sources, and the carbon 

source will itself affect the rate and yield of cellulose [11, 12]. The rate of production in looking at 

the cellulose synthases function to polymerize UDP-glucose into β linked chains is also inherently 

linked to the regulation of this enzyme. As has been previously shown, cyclic-di-GMP is an 

allosteric activator of cellulose synthase implying that absence of the cyclic-di-GMP leads to 

inactive cellulose synthase [8]. Indeed cyclic-di-GMP reversibly binds to cyclic-di-GMP binding 

protein (a membrane protein) and becomes unavailable; hence, controlling the equilibrium 

between bound and unbound cyclic-di-GMP which may be done via the intracellular potassium 

concentration may serve to push for enhanced bacterial cellulose production [8]. 
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Figure 2 Bacterial cellulose biosynthesis pathway with metabolite denoted in black, 

metabolic pathways as black boxes, and enzymes involved in the respective reactions 

denoted in red. 

As with most biomaterials of interest, it is not only the production of the cellulose but its 

hierarchical structure that lends itself to the resulting properties. Examination of the cell-directed 

assembly of cellulose has shown highly crystalline cellulose networks to result from secretion of 

the cellulose through the membrane embedded enzyme complexes discussed above. In contrast, 

it has been shown that transformation of only the bcsABC genes results in a non-crystalline 

material with no utility for manufacturing as a biomaterial [13]. The organized self-assembly has 

been characterized in recent works revealing that van der Waals forces first facilitate the 

crystallization of cellulose chains into mini-sheets and hydrogen bonding of the mini-sheets into 

mini-crystals that emerge from the membrane bound pore complex as a single terminal complex 

(TC) subunit that are precisely spaced as to allow formation of crystalline cellulose I microfibrils 

[14]. As illustrated in Figure 3, further organization of the microfibrils into bundles of microfibrils 

by sufficiently close proximity of neighboring TC subunits into a functional row of TCs and finally 

formation of ribbons have been shown that there is a significant hierarchical cellulose assembly 

process which is largely controlled by the bcsD driven arrangement of linear TC arrays and their 

orientation longitudinal to the axis of the cell [14]. The highly organized nature of this resulting 3D 

bacterial cellulose network affords its superior strength to and stability for which it continues to 

find applications where limitations in its industrial use are predominantly attributed to its 

relatively low yield and higher cost than plant cellulose. 

Production of the bacterial cellulose necessarily requires a culture environment, whether static 

or agitated bioreactor, for the cellulose producing strain of bacteria to be used along with 

considerations of the growth media (specifically the source of carbohydrates and other nutrients 

as well as the acidity). In general, the production rate of BC is directly dependent on the oxygen 

transfer coefficient of the culture where typically continuous cultures outperform batch cultures 

[3]. Because this aerobic process occurs predominantly at the interface between the air and the 

medium for static cultures, the rate of BC production is relatively low in static batch cultures 

despite their yield of very uniform sheets of BC. Agitated fed-batch cultures with glucose supply 
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and control over dissolved oxygen content have shown relative enhancement in yield up to 15g/L 

[15]. The degree of agitation of cultures has benefits in generating homogenous distributions and 

enhancement of oxygenation but can also have drawback in requiring energy consumption and 

where issues of bacterial cellulose produced through agitation have weaker mechanical properties 

and are produced in small granules as opposed to larger pellicles depending on the degree of 

agitation [16]. To reduce costs, air lift reactors have been found to require only 1/6th the energy of 

a stirred tank reactor for a given equivalent amount of BC production [3], where the use of air lift 

reactors become more beneficial as the degree of culture viscosity increases. 

 

Figure 3 Hierarchical organization of bacterial cellulose (BC) formation into ribbons 

during biosynthesis of pellicles. 

Aside from the culture method, the quantity of BC production is highly dependent on the 

composition of the media. Among the most common lab scale media is the Hestrin-Schramm 

formulation which has been reported to provide higher production than the Yamanaka media 

formulation [17]. In comparison to Yamanaka formulations and Zhou formulations, the pH stability 

of the Hestrin-Schramm formulation was the most stable to buffering the gluconic acid by-product 

formation resulting from bacterial cellulose production [18]. Because a decrease in the pH of the 

medium reduces the production of BC, studies have explored the use of additives including 

lignosulfonate to successfully inhibit gluconic acid oligomer formation. While lab scale media 

formulations are relatively expensive, to make bacterial cellulose economically feasible to a range 

of applications a significant amount of research has gone into identification of low-price culture 

medium carbon sources [18]. For example, fruit juices have been examined for BC production by 

the strain G. persimmonis, and have shown muskmelon juice to provide over 8 grams of bacterial 

cellulose production per liter [19]. Agricultural and industrial wastes have also been actively 

researched with cotton-based textile waste fabrics proving to be an interesting source of carbon 

feedstock after enzymatic treatment to produce 10.8 grams of BC per liter of culture [20]. On par 

with this production level was the use of carbon-rich drainage water from rice wine production, 
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resulting in BC production at yields of 10.38g/L [21]. Surpassing this, the use of confectionery 

industry waste water as flour-rich hydrolysates allowed production of BC at 13g/L [22]. It is worth 

noting that while the composition of the BC produced by these different means discussed above 

remains the same, the effects of their extent of polymerization, mechanical properties, water 

holding capacity, and degree of crystallinity are highly depending on the carbon sources as well as 

the production technique. Herein we’ll discuss more about the properties of bacterial cellulose as 

related to biomedical applications, how these properties and capabilities of bacterial cellulose 

have been altered and expanded in recent studies, and the biomedical products to which bacterial 

cellulose has been successfully implemented (Figure 4). 

 

Figure 4 Bacterial pellicle formed at the air liquid interface of a static batch culture. 

Adapted with permission from Wang et al. [23] 

2. Properties of Bacterial Cellulose 

2.1 Water Content 

One of the most important properties of BC is its ability to intake and retain water. This makes 

BC a suitable material for biomedical applications, as the extracellular matrix of most living tissues 

largely consist of water [24]. BC can hold from 60 to 700 times its dry weight in water, depending 

on how it’s manufactured or modified [25]. Most of this water is chemically bound to the BC fibrils, 
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and is not free. Specifically, 10% of this water that is chemically bound exists in the form of 

hydration shells around the cellulose microfibrils comprising the BC structure [26]. The abundant 

hydrogen bonds that are present in between the cellulose microfibrils are what helps grants BC 

with its water retention capacity. There are several ways to modify BC in order to effect its 

swelling and water retention capacities. Chemical modification is the most common way, with the 

use of composites including silk fibroin being one such method [27]. Silk fibroin has been 

successfully proven to substantially improve the swelling properties of BC [4] as have 

incorporation of other component into BC including chitosan and montmorillonite [27, 28]. These 

approaches largely make use of altering the pore size, pore volume and surface area of the BC, 

which in turn affects its water retention and intake. 

2.2 Mechanical Properties 

BC is also known to have good mechanical properties, which makes it a good material for tissue 

engineering. In its hydrated form, it has a Young’s modulus of 10 MPa and a stress test value (at 

failure) of 1 MPa [29]. In contrast, sheets prepared from dried bacterial cellulose have been 

reported to have a Young’s modulus of over 15 GPa along the plane of the sheet and tensile 

strengths of 260 MPa [30]. By altering the water content of the BC, it is thereby possible to greatly 

affect the membrane stiffness, namely where decreasing water content will lead to increasing 

membrane stiffness [31]. Other results have shown BC in its hydrated form to have a similar 

Young’s modulus of 11 MPa with percent elongation at breaking point of 35%; while, the dry BC 

exhibited a Young’s modulus of 1.3 GPa, and an almost zero percent elongation at break [32]. 

Aside from hydration state, researchers have found several other ways to modulate the 

mechanical properties of BC for instance through the use of composites. One such example is to 

the use of cross-linked BC/collagen mixtures, which showed an increase in tensile strength by 57.9% 

over BC alone [33]. By incorporating a layer of hydroxyapatite on the BC via biomimetic 

mineralization, research have even created a biomaterial with mechanical properties of interest 

for bone tissue scaffolds [34]. In another method, the incorporation of paraffin beads during 

growth of the bacterial cellulose served as a porogen which after removal of the paraffin resulted 

in an interconnected porous network that would mimic the mechanical properties of extracellular 

matrix and this resulting BC scaffold promoted substantial regeneration of the human auricle [35]. 

Yet a different approach is to generate a composite in situ by co-culture of G. hansenii and E. coli 

that produce a mannose-rich exopolysaccharide which incorporates into the BC microfibril 

network. The Young’s modulus for such BC increased from 2.6 GPa to 4.8 GPa by incorporating the 

co-cultured process; while the stress at breaking point increased 80 MPa as compared to 45 MPa 

for the monocultured BC [36]. 

2.3 Structure 

BC is a biopolymer that is composed of ultrafine nanofibers, which give it a natural pellicle 

(hydrogel-like) structure [37]. Specifically, it is composed of linear strands of ultrafine nanofibers, 

which assemble to form microfibrils that generate tight bundles giving rise to compact ribbon-like 

structures that form an interwoven network providing the pellicle [38]. The structure is comprised 

of β-(1, 4)-linked D-glucose residues, with strong hydrogen bonds between the adjacent cellulose 

nanofibers [39, 40]. This structure allows BC to have numerous hydrogen bonds, which is allows it 
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to retain water and also form its hierarchical structure through inter and intra-molecular with 

neighboring hydroxyl groups [31]. Because this nanofibrous network resembles aspects of the 

extracellular matrix of some tissues. This structure in combination with the ability of BC to be 

easily modified in situ and ex situ opens the potential for this material serving as an important 

biomaterial for wound healing and tissue regeneration applications. One such example is the use 

of silver nanoparticles (Ag-NPs), which form a robust BC-AgNP hybrid with excellent antimicrobial 

properties, making it ideal for wound healing [37]. Another way is to utilize polyethylene glycol 

(PEG) to create scaffolds with improved viscoelasticity [41]. There are also methods that can be 

used to template the BC to alter its surface as well as overall architecture. Agarose film scaffolds 

with honey-comb patterned grooves can be used to guide G. xylinus to produce honey-comb 

patterned BC [42]. Polydimethylsiloxane (PDMS) substrates can be used to orientate BC fibers by 

controlling the ridged morphology of the PDMS [43]. It is also possible to create microporous BC 

scaffolds, via the use of paraffin wax microspheres, to create ideal scaffolds (pore size: 300-500 

μm) for bone regeneration [44], among other purposes. 

2.4 Porosity 

Pore size is critical when developing scaffolds for tissue engineering. Depending on the type of 

tissue and the function of the scaffold, the pore size will vary anywhere from 100 nm (e.g. 

extracellular matrix) to 100 μm (e.g. neovascularization) *45+. Figure 5 shows an example of the 

structure and porosity of bacterial cellulose. A good example of the effect of pore size was shown 

when researchers constructed a microporous BC scaffold with good interconnectivity of 300-500 

μm size pores resulting in improved cell penetration and seeding within the scaffold *44+. Other 

techniques that can be used to create porous BC scaffolds include freeze-drying BC-hydrocolloid 

mixtures, laser patterning, and 3D-printing [46-48]. 

 

Figure 5 Three dimensional network structure of bacterial cellulose showing fiber and 

pore structures. Adapted with permissions from Halib et al. [38] 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 9/30 

2.5 Biocompatibility 

Because bacteria like Komagataeibacter xylinus and G. hansenii, are used to produce bacterial 

cellulose in laboratories and industry, the lipopolysaccharide component of their outer membrane 

presents an endotoxin, which if not removed, would cause biocompatibility issues [49]. One way 

to remove endotoxins and improve biocompatibility is to wash the bacterial cellulose (BC) with 

sodium hydroxide solution. Avila et al. carried out such a set of experiments where they washed 

BC hydrogels with sodium hydroxide, thereby reducing the endotoxin content from 2390 EU/ml to 

0.1 EU/ml, thereby improving the biocompatibility considerably [50]. In conjunction with this, an 

additional approach to modify the BC to even further improve biocompatibility is via in situ 

carboxymethylation [51]. Such an approach can improve the biocompatibility by reducing the 

inflammatory response but even as a sterilized material BC has been shown to have good 

hemocompatibility and cytocompatibility [52]. 

2.6 Biodegradability 

Bacterial cellulose (BC) is highly resistant to degradation and can withstand high thermal, 

mechanical and chemical stress [53]. This interesting property could inherently limit the in vivo use 

of this material in certain biomedical applications, as an ideal implantable tissue scaffold should 

degrade while it facilitates tissue growth. Nonetheless, cellulolytic enzymes can be used to 

degrade the material and this is often employed as are a number of other chemical processing 

strategies for native BC. One such group has shown that incorporating graphene 

oxide/hydroxyapatite with BC could help to create an osteoconductive scaffolds that have claimed 

to improve the biodegradability [54]. A second group used sodium periodate and hyaluronic acid 

along with BC to synthesize a scaffolding material with improved degradability for bone tissue 

engineering applications [55]. In general the in vivo use degradation approaches for bacterial 

cellulose are limited. BC composites with chitin have nonetheless been made which are 

enzymatically cleavable by metabolic engineering [56], and controlled oxidation of BC sheets that 

have been previously gamma irradiated offer a material that is more bioresorbable [57]. In 

contrast, because microorganisms in the environment can readily cleave the beta glycosidic bonds 

of bacterial cellulose, BC has the ability to undergo relatively rapid biodegradation making it an 

attractive polymer with a low environmental footprint. 

3. Modification of Bacterial Cellulose 

3.1 In Situ Modification Techniques  

Modification of bacterial cellulose can be conducted during the process of the bacterial cell 

culture (in situ modification) or in contrast be performed after the cellulose microfibers have been 

produced (ex situ modification). While ex situ modification are carried out after BC has been 

formed using chemical and physical methods, in situ modification often uses modulation of culture 

conditions include material additives or even simply changing the carbon source to ultimately 

impact the bacterial cellulose as it is being produced. Such modifications can be critical for tissue 

engineering application of bacterial cellulose for wound dressing and bone regeneration [58]. Here 

we will discuss more about existing strategies to modulating the conditions for in situ modification 
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including tailoring the culture conditions and degradation rates to alter porosity, fiber density, and 

crystallinity as well as incorporating functional groups through methods that modify the chemical 

structure.  

 During in situ modification, the mechanical properties as well as physiochemical and structural 

properties of the material can be altered by incorporating materials during the biosynthesis and 

release of the fibers from the bacteria into cellulose networks. Ultimately this affords a composite 

biomaterial with distinct properties. Collagen has been used as an in situ additive material to 

modify the color, thickness, roughness, stiffness, porosity, and crystallinity [59]. Specifically, the by 

incorporating collagen into the nutrient medium during growth of BC, the porosity increased and 

the XRD patterns showed not to be a simple mixture but rather resulted in a new crystalline 

structure of the B fibrils. Other in situ methods include the use of polystyrene to control the 

crystallinity and porosity and in doing so the mechanical property and swelling behavior [60]. By 

utilizing polystyrene pin templates with diameters of 60-300um during the static culture of BC, the 

researchers could control the pore formation after BC biosynthesis and removal of the template. 

Using this approach the pores exhibited no border failures which would otherwise facilitate crack 

propagation. The use of such microporous membranes has particular interest in tissue repair 

applications given the high rates of oxygenation. 

The in situ modification of BC with mineral based components for the formation of biomaterials 

toward bone regeneration applications has also been widely employed. The use of magnesium 

calcite from the skeleton of sand dollars (Clypeaster subdepressus) has been used as an additive 

material, where the pore geometry of the sand dollar could be covered with the bacterial cellulose 

microfibril network during growth. The BC coated pores were particularly fitting for bone 

regeneration as the size is sufficient for cell migration and vascularization along with the BC 

surface coating providing an amenable surface for cell adhesion [61]. Hydroxyapatite which is the 

natural mineral component of bone comprised of calcium, phosphorous, oxygen, and hydrogen 

has also been utilized for in situ growth of BC to affect the porosity and mechanical properties [62]. 

By sequential incubating the BC in solutions of CaCl2 and followed by Na2HPO4, the BC 

nanocomposites could be prepared to show up to 50% of the total composite weight was the 

mineral phase of hydroxyapatite. The material has even been evaluated in noncritical bone defects 

in rat tibiae for up to 16 weeks where in vivo tests showed low inflammatory response. After 4 

weeks defects were observed to be filled in by new bone tissue revealing these BC-HA membranes 

as effective for bone regeneration. Other groups have also explored the benefits of hydroxyapatite 

integrated bacterial cellulose for a variety of medical material implementations [63]. The choice of 

the optimum conditions for the creation of the bone tissue precursor and the method of how the 

combined aggregation of hydroxyapatite and bacterial cellulose suspensions should be prepared is 

important. Techniques include varying the ratio of components during combined aggregation of 

hydroxyapatite and bacterial cellulose suspensions, introducing the hydroxyapatite suspension in 

the growth medium during BC biosynthesis, and controlled synthesis of the hydroxyapatite from 

precursor ions dispersed in the medium during bacterial cellulose formation. Depending on these 

different methods of formation of the hydroxyapatite/BC composite the resulting nanotexture and 

alignment of the hydroxyapatite relative to the BC were found to be altered [63]. For example, the 

use of hydroxyapatite nanoparticles prepared from a wet chemical precipitation method from 

aqueous calcium nitrate and di-ammonium phosphate were pre-synthesized before incorporating 

into the culture media during biosynthesis of BC nanofibrils [64]. From the compositional analysis 
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of the final material, the amount of the hydroxyapatite mineral phase made up 23.7% of the total 

weight of the nanocomposite. The resulting composites show high cell viability when used for 

culture of human embryonic kidney cells. Related research has also shown that the formation and 

morphology of hydroxyapatite crystals is highly dependent on the extent of co-incubation time 

during BC scaffolds growth [65]. 

Modulating the porosity of BC scaffolding for bone regeneration applications has also 

implemented the use of paraffin beads as sacrificial porogens. Such processes are discussed 

elsewhere in this review, but findings in developing chondrogenic scaffolds for auricular and nasal 

reconstruction revealed this enhance porosity of the BC provided in situ facilitated 150-500um 

pore sizes that were capable of uptake, adhesion, and differentiation of chondrocytes, where after 

2 and 3 weeks were found to produce cartilaginous matrix proteins of aggrecan and collagen type 

II, respectively [35]. Similar approaches have shown that the microporous BC generated with the 

use of paraffin porogens could yield a scaffold in which seeded osteoprogenitor cells could 

distribute themselves into clusters and form dense mineral deposits that could serve promising in 

bone tissue engineering applications [44]. The use of paraffin templated BC scaffolds have been 

utilized in other tissue engineering applications as well including reconstruction of urinary 

conduits which proved successful after seeding with human stem cells to differentiate into 

urothelial and smooth muscle cells and formation of a multilayered urothelium [66].  

In looking to other in situ methods for BC modification, adding potato starch into the media 

during culture was found to result in increased porosity of the structure (with 40um pore sizes) 

[67]. When the concentration was greater than one percent, a local compact orientation in the 

surface morphology was observed while the lower layer remained transparent. Interestingly, 

when used in a cell culture environment, the ingrowth of cells increased for scaffolds with 

increased starch content. Implantation of the BS composite with potato starch showed that the 

lower layer was capable of neovascularization. Bacterial cellulose has even been used in a wound 

dressing formulation when coated on cotton gauze samples during its biosynthesis in a static 

culture medium [68]. After sterilization, the composite had high water absorbency and large 

capability of wicking which are important characteristics of wound dressings. Further in situ 

modification methods during biosynthesis of BC utilized 30% aloe gel supplemented to the culture 

media to result in a material with higher water absorption capacity and water vapor permeability 

than native BC. This may be attributable to the change in the average pore size of the aloe 

supplemented BC as compared to the unmodified BC [69]. Incorporating BC nanocrystalline chitin 

powder has also been carried out, where the chitin had undergone partial deacetylation as to 

provide antibacterial activity to the composite [70]. The nanocomposites were prepared in situ by 

the addition of deacetylated chitin nanofibers to the culture medium during BC biosynthesis and 

were also prepared ex situ by post-modified mixing chitin with disintegrated BC in an aqueous 

suspension. Interestingly, they found the bactericidal activity of the nanocomposites to increase as 

a function of deacetylated chitin content. Further uses of natural in situ composites with BC 

included chitosan/heparin co-synthesis mixtures which are being developed for vascular tissue 

engineering applications as to prevent the formation of blood clots [71]. Researchers have 

fabricated these structures into tubular shapes as scaffolds and have confirmed the presence of 

chitosan and heparin on the surface of the BC fibrils comprising the tubes but have also shown the 

composites to facilitate ingrowth and proliferation after cell seeding experiments. 
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For the prospect of using bacterial cellulose for target-specific biofiltration applications, 

researchers have looked to utilizing BC as a support material for immobilize antibodies capable of 

target selecting reception. Specifically, anti-human serum albumin affibodies have been covalently 

immobilized onto specially modified BC which have been carboxylated. By incorporating 

carboxymethylcellulose into the BC culture media, the resulting BC fibers grown in situ exhibited 

carboxylation to allow a chemical functional handle for covalent coupling by EDC-NHS cross-linking 

with amines present on the affibodies [72]. As an alternative to in situ BC carboxylation, this could 

also be carried out by alkaline TEMPO oxidation. The resulting material was formed into a tubular 

network that was used as a potential biological filter. 

3.2 Ex Situ Modification Techniques 

Among the ex situ modification techniques which are implicitly occurring after the initial 

biosynthesis of the BC pellicle, there are those which proceed by physical approaches vs. chemical 

methods. Here we will first discuss several of these approaches to BC modification ex situ. In one 

approach, the use of electrostatic interaction between the electronegative bacterial cellulose and 

the positive nitrogen cations of nephelauxetic gel [73]. The composite has been found to be 

functional at 0.25% of gel for generating a scaffold with good adhesion and proliferation in 

cultures of NIH 3T3fibroblasts. Examining other techniques based on non-covalent surface 

modification of BC membranes, researchers have exploited a protein unit referred to as 

carbohydrate binding module CBM3 capable of binding to the bacterial cellulose [74]. In a specific 

implementation of this technique, research have make a fusion peptide of the laminin mimetic 

domain IKVAV onto the CBM3 domain for binding and coating the bacterial cellulose. Utilizing this 

approach, it has been shown that PC12 and mesenchymal stem cells could better adhere to the 

IKVAV displaying BC membranes and more importantly facilitated the cells release of NGF to show 

potential in neuronal tissue engineering applications. Other peptides of interest such as the 

integrin binding domain RGD have also been functionalized onto bacterial cellulose by grafting to 

promote cell adhesion [75]. By also incorporating within the scaffolds enriched antimicrobial 

agents like gentamicin the functionalized scaffolds proved bactericidal activity while allowing 

human fibroblast growth. Osteoinductive BC-based materials have also been developed using a 

multi-component composite [54]. By utilizing graphene oxide, hydroxyapatite, and BC matrix, a 

compact scaffold network had been developed showing biocompatibility and osteoinductive 

potential as well as promoting cell adhesion and cell growth.  

Ex situ physical composites of bacterial cellulose with chitosan have been recently explored for 

instance through a one-step solution based strategy or infusion of chitosan into the BC matrix [76]. 

In general, post-processing techniques such as freeze-drying are used to enhance porosity and 

retain the interconnected network of the bacterial cellulose. BC sponges with characteristic shapes 

as determined by the shape of appropriate molds were used during emulsion freeze drying [77]. 

The ability of such sponges to provide a scaffold for cell proliferation was demonstrated with 

mesenchymal stem cell that penetrated 150um into the scaffolds after 7 days of culture. Other 

sponge like BC derived scaffolds have been produced using with a recent example being a 

nanocomposite with silk fibroin [27]. Like the pure BC sponges, BC/silk-fibroin composites proved 

to have good interconnections in the porous network but through the use of 50% silk fibroin 

provided biocompatibility and cell adhesion. While structural proteins like silk fibroin and collagen 
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have been widely used as an ex situ physical mixture with B, there have also been prior reports of 

the use of signaling proteins being incorporated into BC scaffolds. An interesting example is that of 

the use of a bacterial cellulose scaffold loaded with BMP-2 (bone morphogenetic protein 2) for 

osteogenesis [78]. In using such a biomaterial for implantation in mice, the scaffold could 

effectively increase the local concentration of signaling molecules to induce differentiation of 

fibroblasts into osteoblasts where the osteogenic activity was found to be related to the amount 

of BMP-2 coating the BC surface. A much higher amount of bone formation was observed in vivo 

for the BMP-2 coated BC in comparison to the BC alone. This exemplifies not only the prospect of 

using BC as a component for tissue engineering but also by virtue of the loading capacity and 

release we can see that BC may serve as a good localized delivery system. In another example of 

the delivery capabilities of BC, a zinc oxide nanocomposite preparation with wet BC pellicles was 

produced to provide antimicrobial activity. The researchers confirmed good dispersion and release 

properties of the ZnO nanoparticles from the BC matrix [79]. Tailoring such properties as 

controlled release could provide a means for the delivery of antimicrobial agents. As the BC 

scaffolds alone are not known for being antibacterial, loading of the BC structures and films with 

antimicrobials such as benzalkonium chloride can be achieved by simple soaking in solution [80]. 

Such a simple preparation procedure could then be used to prepare a dry film for use as a wound 

dressing with sustained antimicrobial activity for at least 24 hours and is adaptable to other 

antimicrobial agents including antibiotics, silver, and surfactants. 

In looking at not only the direct modification strategies but also the prospects of manipulating 

the physical properties by the processing techniques used, we see that various techniques exists 

which can be implemented to fabricated bacterial cellulose including gas forming, 3D printing, 

phase separation approaches, as well as the use of salt leaching or paraffin embedding to alter 

porosity. For example a recent fabrication method for generating bacterial cellulose fibers with 

unprecedented tensile strengths of 826 MPa and Young’s modulus of 65.7 GPa have been 

successfully achieved by a wet‐drawing and twisting process (Figure 6) [23]. Other important 

works have shown that changes in the pore size and porosity can plays a significant role in the 

applications of the bacterial cellulose. There continue to be ongoing efforts in developing more 

effective methods for the fabrication of bacterial cellulose [81, 82]. The rationale in developing 

novel methods by which to vary the pore size and porosity is the inherent result this has in 

changing the final properties and applications of the bacterial cellulose. Among the processing 

methods to modulate the porosity, salt leaching is a very common method in use with bacterial 

cellulose [83-85]. In general, this method utilizes salt crystals placed within the material to serve as 

a mold for future pores where later after biosynthesis of the bacterial cellulose the material can 

then be hardened and the salt removed by dissolution with the appropriate solvent. A major 

advantage of this process is that the final pores can be easily formed and are of a tunable desired 

size dependent on the different salts particle size. In a related and widely implemented approach, 

paraffin wax microspheres are used as sacrificial porogens that are used to take up space during 

biosynthesis or hardening of the BC material and then removed to generated an empty space of 

the desired pore size [44, 86].  
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Figure 6 Processing of bacterial cellulose by a wet-drawing and twisting approach 

provided high strength macrofibers. Adapted with permission from Wang et al. [23] 

4. Medical Application and Marketed Products from Bacterial Cellulose 

Bacterial cellulose has been considered a fitting biomaterial for a number of medical 

application (Table 1) including wound healing, tissue regeneration, and drug delivery among 

others due to its biocompatibility, low cytotoxicity and versatile modification options [101]. In 

addition to these properties, novel formulations, implementations, and modification of bacterial 

cellulose have been identified which has yielded a substantial amount of new intellectual property 

(Table 2) In recent years, utilizing modified BC for surface wound dressing has gained significant 

attention as afforded by advancements in both bioengineering and material science. For example, 

the use of coniferyl alcohol as a composite hydrogel with BC has helped in providing substantial 

anti-microbial properties to BC where this area was previously problematic. The consistent release 

of coniferyl alcohol can maintain up to 72 hours of antimicrobial activity, along with the high 

porous nature of BC itself, serves as promising alternative to chronic wound healing [102]. The 

incorporation of BC with vaccarin, a flavonoid glycoside extracted from vaccaria seed, has been 
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used in wound treatment experiments to promote vascularization and has shown the ability to 

retain up to 73.6% cell viability after 14 days incubation. In this study, the skin tissue healed with 

minimal complications and was found to promote cell proliferation during wound healing [103]. 

Suspension of BC with TiO2 solution to enhance its anti-microbial capability has also been used to 

accelerate wound healing rate in vivo [104] as has resveratrol which has been shown to promote 

anti-inflammatory responses and enhance revascularization when incorporated with BC proving to 

accelerate skin regeneration [105]. The integration of stem cells with combinations of BC and 

acrylic acid composite scaffolds have proven to provide a moderately successful solution for full 

thickness dermal tissue wound healing [106]. 

Table 1 Biomedical applications of bacterial cellulose and key features in choosing that material. 

 

 

 

Biomedical Application Area Key Features Ref 

Tissue engineering 
Mechanical properties, biocompatibility 

and porosity 
[58] 

Wound dressing products particularly for 

burn healing 

Hydrophilicity, very high purity, porosity, 

biocompatibility 
[87] 

Surgical meshes, barrier membranes, and 

tissue substitutes for protection or repair 

of cartilage 

Biocompatibility 

[88] 

Bone tissue scaffold [89] 

Dura mater scaffold [90] 

Cornea scaffold [91] 

Treating osteochondral defects [92] 

Eyelid scaffold [93] 

Urethra scaffold [94] 

Contact lens Smooth interior surfaces, biocompatible [95] 

Drug delivery 
Delivery of antibiotic against pathogenic 

bacteria 
[96] 

Drug delivery Biocompatibility and non-toxic nature [97] 

Nanobiosensor technologies for nerve 

regenerative medicine 

Biocompatible nanofibril network which 

can be made electroactive 
[98] 

Artificial blood vessels  

Non-toxic nature, purity, tensile 

strength, ultrafine fibrous network, 

foldability and mold-ability 

[99] 

Cardiac prosthesis (artificial valves) 
Greater tensile strength and 

hemocompatibility of composites 
[100] 
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Table 2 Intellectual property filings for bacterial cellulose technologies with medical 

applications. 

Patent Title Application Company Ref 

US 8940337B2 
Transparent bacterial cellulose 
nanocomposite hydrogel 

Biosensing 
Axcelon 
Biopolymer 
Corp 

[118] 

US 
20130296760A1 

Wound dressing comprising a 
biocellulose layer having a bacterial-
adsorbing design 

Wound Dressing 
BSN Medical 
Gmbh 

[119] 

US 8871743B2 
Bacterial cellulose composite with 
capsules embedded therein and 
preparation thereof 

Drug Delivery 

Food Industry 
Research and 
Development 
Institute 

[120] 

US 
20140322327A1 

Drug delivery system for sustained 
delivery of bioactive agents 

Drug Delivery 
UPM-
Kymmene  

[121] 

CN 103272283B 
Mineralized bacterial cellulose three-
dimensional porous bone tissue 
restoration scaffold preparation method 

Osteo 
Regeneration 

N/A [122] 

EP 2787072A1 

A method of production of a stable 
composite of bacterial bionanocellulose 
with perforated metal or polymeric 
material, designed for tissue 
reconstruction 

Tissue 
Regeneration 

Politechnika 
Lodzka 

[123] 

US 200086B2 Nanosilver coated bacterial cellulose Wound Dressing 
Axcelon 
Biopolymer 
Corp 

[124] 

CN 104130424B 
Preparation method for hyaluronic 
acid/bacterial cellulose composite 
hydrogel 

Tissue 
Regeneration/ 
Drug Delivery 

Tianjin 
University of 
Science and 
Technology 

[125] 

US 10273632B2 
Method for production and use of 
nanocellulose and its precursors 

Wound Dressing/ 
Surgical Implant 

Nanorefix  [126] 

US20050037082
A1 

Poly (vinyl alcohol)-bacterial cellulose 
nanocomposite 

Tissue 
Replacement 

Axcelon 
Biopolymers 
Corp 

[127] 

US 9670289B2 
Resorbable cellulose based biomaterial 
and implant 

Tissue Implant 
DePuy Synthes 
Products Inc 

[128] 

US20170368225
A1 

Cellulose nanofibrillar bionic for 3d 
bioprinting for cell culturing, tissue 
engineering and regenerative medicine 
application 

Tissue 
Regeneration/ 
Engineering 

Cellink AB [129] 

US20180355393
A1 

Methods of producing biosynthetic 
bacterial cellulose membrane 

Tissue 
Engineering 

University of 
Iowa Research 
Foundation 

[130] 
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Though BC application weighed heavily on their capabilities for wound dressing applications, 

there are a number of findings for its use in a variety of medical implementations. Due to the high 

porosity, the ability for BC to promote revascularization and angiogenesis on targeted sites has 

been exploited. An implanted BC scaffold on mice (Figure 7) has for instance shown to harbor 

favorable condition for angiogenesis as well as trigger no inflammatory response, and from these 

implantation studies, the onset of angiogenesis was observed as soon as 1 week after 

implantation [108]. In a different approach, heparinized BC provided a means for controlled 

release of VEGF to promote vascularization, and in recent studies have shown detectible 

angiogenesis in vivo as soon as 2 weeks after implantation with blood vessel density ranging from 

1.35% to 2.61% [109]. In a more direct approach, artificial blood vessels have been fabricated from 

BC and have shown promising results in animal studies where artificial vessels possessed 

acceptable in vitro hemolytic rates (0.097%-0.42%) with no apparent triggering of immune cells 

providing a strong indication of its biocompatibility [99]. Other than artificial vessels, BC has also 

contributed to the advancement of ophthalmic tissue regeneration. Research in examining the 

optical properties of BC have shown through thickness-controlled studies of BC cellulose that 

respectable level of transparency of 88% to 95% [110]. A specially designed BC contact lens has 

even been developed to serve as a bandage for corneal damage [111]. In the case of osteo-

regenerative properties, BC scaffolds have shown comparable cell proliferation rates to collagen 

scaffolds but were capable of sustaining a higher porosity [112]. The use of bacterial cellulose with 

increasing pore sizes has been shown to enhance the cell proliferation (Figure 8) [113]. Nanoskin®, 

a bacterial cellulose skin graft, has also recently been demonstrated as a means for regeneration 

of large scale dermal tissue. During implantation studies conducted on guinea pigs, the deep 

dermal defects showed full recover without scar formation up to a 2×4cm area [107]. The 

combination of BC and silk have also been implemented as skin grafts showing less inflammatory 

response compared to other marketed skin graft products as well as inducing relative 

improvements in comfort based on test subject surveys [114].  

 

Figure 7 Surgical procedure for suturing of Nanoskin® in the caudal position on a 

wound. Reproduced with permissions from Kaminagakura et al. [107] 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 18/30 

 

Figure 8 Bacterial Cellulose derived artificial extracellular scaffold for cartilage 

formation. Reproduced with permissions from Akaraonye et al. [113] 

In addition to its extensive applications in wound healing and tissue regeneration, BC has 

shown to possess properties amenable for implementation in drug delivery technologies. In one 

example, a BC has been utilized in a nanocomposite with graphene oxide to enhance the carrying 

capacity of ibuprofen and has shown its sustained release under even highly acidic environments 

[115]. Halogenation of bacterial cellulose capsules have also been utilized, where development 

through nanostabilized Pickering emulsions have revealed the BC capsules to have prolonged 

release profiles of therapeutic drugs [116]. Another promising route for drug-delivery systems is 

through the use of BC undergoing gelatin hybridization which allows for significant swelling of up 

to 500% for drug encapsulation [117].  

While there are many properties of bacterial cellulose that are attractive from the perspective 

of biomedical applications, one critically unfavorable element is the poor antibacterial and 

antifungal nature of native bacterial cellulose. Fortunately, there has been a number of 

methodologies including surface functionalization, embedding of nanoparticles, and impregnation 

with plant extracts which have proven successful in enhancing the antimicrobial properties of BC. 

Among the functionalization strategies, researchers have shown sialylation treatment of BC to 

generate amine functional groups could result in significantly reduced growth of S. aureus (a gram 

positive) but not E. coli (gram negative) [131]. Interestingly, a similar sialylation treatment of BC to 

generate amine functionalized BC previously showed a greater increase in antibacterial activity 

with proportion to the extent of amine grafting which resulted in reduced bacterial adhesion for E. 

coli, S. aureus, B. subtilis, and even fungal C. albicans [132]. This reduced adhesion was believed to 

be attributed to the increased hydrophobicity of the surface thereby decreasing the surface 

wettability to enhance antimicrobial performance by minimizing water contact; however, 

additional rationale for the antimicrobial was attributed to the positively charged surface 

interacting strongly with the negatively charged cell membranes leading to cell disruption but this 

did not seem to have the same effect on human HEK293 cells. In looking at bacterial cellulose 

composites with nanoparticles, groups have used CuO nanoparticle formation in a BC films by ex 
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situ (ultrasonication of CuO dispersion with pellicle) and in situ (precipitation of CuO nanoparticles) 

synthesis methods and have shown the ex situ nanoparticle composite BC method to produce a 

more effective bactericidal product than the in situ method in reducing S. aureus and E. coli [133]. 

The related approaches were used by one of the same researchers from the aforementioned to 

form a BC pellicle with MgO nanoparticles, but this MgO composite with BC was found to have 

much higher bactericidal effects that for the case with the CuO nanoparticles [134]. Cellulose 

composites with silver nanoparticles have also been examined for their antibacterial effects and 

have shown that silver nanoparticles less than 20nm in diameter showed better zones of inhibition 

than composites with silver nanoparticles greater than 20nm in diameter [135]. Bacterial cellulose 

has also been impregnated with ZnO nanoparticles (grown to 70-100nm in diameter) by 

immersing the BC pellicle in zinc nitrate solution followed by a NaOH solution [136]. The release of 

Zn2+ ions from the BC films was believed to the mechanism for the antibacterial activity which 

showed reduced growth of S. aureus and B. subtilis gram positive bacteria as well as E. coli and P. 

aeruginosa gram negative bacteria. As ion release can be a critical factor for producing 

antibacterial effect, BC composited have also been formed by immersion in suspensions of 

montmorillonite (a hydrous alumina-silicate clay) modified to containing Cu, Na, or Ca [137]. In 

this case, the zones of inhibition for the montmorillonite-BC composites with release of Cu were 

found to inhibit growth of E. coli and S. aureus, while release of Na inhibited MRSA, S. aureus, and 

E. coli, and the release of Ca inhibited E.coli, S. aureus, and C. fruendii. More complex composites 

of graphene oxide with TiO2 nanoparticles have also been filled into porous BC and when 

irradiated with near UV (365nm) was able to generate reactive oxygen species to significantly 

reduce the viability of S. aureus [138]. Nanoparticle formulation of natural compounds like 

curcumin have also been used successfully for improving the antimicrobial properties of bacterial 

cellulose as confirmed by live/dead cell staining assays [139]. Natural antibacterial plant extracts 

like silymarin isolated from milk thistle have been used to make nanoparticles with zein, and 

immersing BC hydrogels in the silymarin-zein nanoparticle suspensions has been used to produce 

films which inhibited growth E. coli, S. aureus, and P. aeruginosa though more so for the air dried 

films as compared to the lyophilized films [140]. Other extracts, like scrophulariastriata boiss 

extract as well as mulberry leaf acid hydrolysate have been added to the growth media during 

production of BC films with the latter showing reduction in the growth of both E. coli and S. aureus 

which they attributed to antibacterial flavonoids of the mulberry leaf extract that were embedded 

in the bacterial cellulose for sustained release [141, 142]. 

Bacterial cellulose hydrogel composites containing lignin dehydrogenative polymer of coniferyl 

alcohol have shown prolonged periods of release (72 hours) to provide antibacterial activity 

against P. aeruginosa, S. aureus, Serratia sp., L. monocytogenes, and S. typhimurium [102]. Other 

natural products like thymol (the monoterpenoid phenol derivative of cymene extracted from 

thyme) when used for soaking of BC films allowed absorption and when used to examine for 

antibacterial effect resulted in release of the thymol to facilitated large zones of inhibition against 

S. aureus, E. coli, P. aeruginosa, and K. penumoniae [143]. Finally, we would like to make mention 

of a bacterial cellulose composite made with Brazilian propolis extract. In using the propolis with C. 

cassia oil, the researchers were able to generate a self-microemulsifying formation that when 

loaded into BC hydrogel showed significant zones of inhibition for S. aureus, S. aureus methicillin 

resistant, S. epidermidis, K. pneumonia, P. aeruginosa, and E. coli [144]. 
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5. Conclusions and Outlook 

BC manufacturing happens at a smaller scale than conventional plant cellulose but holds higher 

interest from a medical and ecological perspective due to providing a non-toxic, biocompatible, 

fully biodegradable, and renewable material source. While significant advances have been made in 

BC processing, identifying low cost substrates, and development of efficient BC producing 

bacterial strains, there remains to be commercial scale bioprocessing of BC that is economically 

feasible to compete with traditional cellulose for low cost applications as opposed to higher value 

biomedical applications. Room for future investigations to lower the costs of BC continue to exist 

in finding culturing conditions that may utilize waste materials for feed-stock. For overcoming 

areas of difficulty for clinical progress, future work in providing better quality control over the 

porosity and consistency throughout the material, where the culture environment creates non-

uniformities not only batch to batch but even for internal vs external regions of the same batch. 

The issue of requiring consistency for biomedical applications can be complicated from the 

property of bacterial cellulose to be an easily tunable material and can inherently be affected by 

production processes intended for enhancing yield or reducing costs. In addition to the challenges 

of establishment of consistent manufacturing for bringing BC based biomedical products to market, 

there is also the important aspects of assuring non-inferiority over current technologies. The 

considerable efforts to improve its processing ability for construction of tailored devices and 

improving its antimicrobial properties have similarly pushed forward the feasibility of new and 

exciting biomedical products. A promising future for new biomedical technologies based on BC will 

certainly stem from their adaptability in bestowing new functions through their easy of 

modification and capability of formulating composites. Perhaps with this natural fibrous network 

capable of facilitating cell adhesion, we will continue to see improvements in synthetic composites 

to provide antimicrobial properties and further manipulate the porosity to satisfy control of cell 

uptake while providing a barrier with high water content for wound healing and skin regeneration 

applications. While commercial products based on BC are already available in these areas, 

additional progress in providing encapsulation of drugs are expected to expand its use to practical 

transdermal and drug delivery applications. It is anticipated that as continued interest in the 

genetic engineering of these BC producing organisms finds ways for incorporating additional 

monosaccharides as we have recently seen, we’ll continue to find new biomedical application 

areas than originally imagined. 

Author Contributions 

All authors contributed to this work by research of relevant literature, writing, figure 

preparation, and editing of this work. 

Competing Interests 

The authors have declared that no competing interests exist. 

 

 

 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 21/30 

References 

1. Buldum G, Bismarck A, Mantalaris A. Recombinant biosynthesis of bacterial cellulose in 

genetically modified Escherichia coli. Bioprocess Biosyst Eng. 2018; 41: 265-279. 

2. Florea M, Reeve B, Abbott J, Freemont PS, Ellis T. Genome sequence and plasmid 

transformation of the model high-yield bacterial cellulose producer gluconacetobacter 

hansenii ATCC 53582. Sci Rep. 2016; 6: 23635. 

3. Shoda M, Sugano Y. Recent advances in bacterial cellulose production. Biotechnol Bioproc Eng. 

2005; 10: 1. 

4. Florea M, Hagemann H, Santosa G, Abbott J, Micklem CN, SpencerMilnes X, et al. Engineering 

control of bacterial cellulose production using a genetic toolkit and a new cellulose-producing 

strain. Proc Nat Acad Sci. 2016; 113: E3431-E3440. 

5. Wong HC, Fear AL, Calhoon RD, Eichinger GH, Mayer R, Amikam D, et al. Genetic organization 

of the cellulose synthase operon in acetobacter xylinum. Proc Nat Acad Sci. 1990; 87: 8130-

8134. 

6. Standal R, Iversen TG, Coucheron DH, Fjaervik E, Blatny JM, Valla S. A new gene required for 

cellulose production and a gene encoding cellulolytic activity in acetobacter xylinum are 

colocalized with the bcs operon. J Bacteriol. 1994; 176: 665-672. 

7. Ross P, Mayer R, Benziman M. Cellulose biosynthesis and function in bacteria. Microbiol Mol 

Biol Rev. 1991; 55: 35-58. 

8. Lee KY, Buldum G, Mantalaris A, Bismarck A. More than meets the eye in bacterial cellulose: 

biosynthesis, bioprocessing, and applications in advanced fiber composites. Macromol Biosci. 

2014; 14: 10-32. 

9. Jonas R, Farah LF. Production and application of microbial cellulose. Polym Degrad Stab. 1998; 

59: 101-106. 

10. Lin SP, Calvar IL, Catchmark JM, Liu JR, Demirci A, Cheng KC. Biosynthesis, production and 

applications of bacterial cellulose. Cellulose. 2013; 20: 2191-2219. 

11. Wang SS, Han YH, Chen JL, Zhang DC, Shi XX, Ye YX, et al. Insights into bacterial cellulose 

biosynthesis from different carbon sources and the associated biochemical transformation 

pathways in komagataeibacter Sp. W1. Polymers. 2018; 10: 963. 

12. Mikkelsen D, Flanagan BM, Dykes G, Gidley M. Influence of different carbon sources on 

bacterial cellulose production by gluconacetobacter xylinus strain ATCC 53524. J Appl 

Microbiol. 2009; 107: 576-583. 

13. Nobles DR, Brown RM. Transgenic expression of gluconacetobacter xylinus strain ATCC 53582 

cellulose synthase genes in the cyanobacterium synechococcus leopoliensis strain UTCC 100. 

Cellulose. 2008; 15: 691-701. 

14. Mehta K, Pfeffer S, Brown RM. Characterization of an acsD disruption mutant provides 

additional evidence for the hierarchical cell-directed self-assembly of cellulose in 

gluconacetobacter xylinus. Cellulose. 2015; 22: 119-137. 

15. Hwang JW, Yang YK, Hwang JK, Pyun YR, Kim YS. Effects of Ph and dissolved oxygen on 

cellulose production by acetobacter xylinum BRC5 in agitated culture. J Biosci Bioeng. 1999; 

88: 183-188. 

16. Islam MU, Ullah MW, Khan S, Shah N, Park JK. Strategies for cost-effective and enhanced 

production of bacterial cellulose. Int J Biol Macromol. 2017; 102: 1166-1173. 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 22/30 

17. Ruka DR, Simon GP, Dean KM. Altering the growth conditions of gluconacetobacter xylinus to 

maximize the yield of bacterial cellulose. Carbohydr Polym. 2012; 89: 613-622. 

18. Moniri M, Boroumand Moghaddam A, Azizi S, Abdul Rahim R, Bin Ariff A, Zuhainis Saad W, et 

al. Production and status of bacterial cellulose in biomedical engineering. Nanomaterials. 

2017; 7: 257. 

19. Hungund B, Prabhu S, Shetty C, Acharya S, Prabhu V, Gupta S. Production of bacterial cellulose 

from gluconacetobacter persimmonis GH-2 using dual and cheaper carbon sources. J Microb 

Biochem Technol. 2013; 5. 

20. Hong F, Qiu K. An alternative carbon source from konjac powder for enhancing production of 

bacterial cellulose in static cultures by a model strain acetobacter aceti subsp. Xylinus ATCC 

23770. Carbohydr Polym. 2008; 72: 545-549. 

21. Wu JM, Liu RH. Thin stillage supplementation greatly enhances bacterial cellulose production 

by gluconacetobacter xylinus. Carbohydr Polym. 2012; 90: 116-121. 

22. Tsouko E, Kourmentza C, Ladakis D, Kopsahelis N, Mandala I, Papanikolaou S, et al. Bacterial 

cellulose production from industrial waste and by-product streams. Int J Mol Sci. 2015; 16: 

14832-14849. 

23. Wang S, Jiang F, Xu X, Kuang Y, Fu K, Hitz E, et al. Super-strong, super-stiff macrofibers with 

aligned, long bacterial cellulose nanofibers. Adv Mater. 2017; 29: 1702498. 

24. Hukins D, Weston S, Humphries M, Freemont A. In principles of medical biology. Bittar EE, 

Bittar N, Editors. 1995; 3: 181-232. 

25. White DG, Brown Jr RM. Prospects for the commercialization of the biosynthesis of microbial 

cellulose. Cell Wood-Chem Technol. 1989; 573: 573-590. 

26. Gelin K, Bodin A, Gatenholm P, Mihranyan A, Edwards K, Strømme M. Characterization of 

water in bacterial cellulose using dielectric spectroscopy and electron microscopy. Polymer. 

2007; 48: 7623-7631. 

27. Barud HO, Barud Hds, Cavicchioli M, Do Amaral TS, De Oliveira Junior OB, Santos DM, et al. 

Preparation and characterization of a bacterial cellulose/silk fibroin sponge scaffold for tissue 

regeneration. Carbohydr Polym. 2015; 128: 41-51. 

28. Ul-Islam M, Khan T, Park JK. Water holding and release properties of bacterial cellulose 

obtained by in situ and ex situ modification. Carbohydr Polym. 2012; 88: 596-603. 

29. Mckenna BA, Mikkelsen D, Wehr JB, Gidley MJ, Menzies NW. Mechanical and structural 

properties of native and alkali-treated bacterial cellulose produced by gluconacetobacter 

xylinus strain ATCC 53524. Cellulose. 2009; 16: 1047-1055. 

30. Yamanaka S, Watanabe K, Kitamura N, Iguchi M, Mitsuhashi S, Nishi Y, et al. The structure and 

mechanical properties of sheets prepared from bacterial cellulose. J Mater Sci. 1989; 24: 

3141-3145. 

31. R. Rebelo A, Archer AJ, Chen X, Liu C, Yang G, Liu Y. Dehydration of bacterial cellulose and the 

water content effects on its viscoelastic and electrochemical properties. Sci Technol Adv 

Mater. 2018; 19: 203-211. 

32. Costa AF, Almeida FC, Vinhas GM, Sarubbo LA. Production of bacterial cellulose by 

gluconacetobacter hansenii using corn steep liquor as nutrient sources. Front Microbiol. 2017; 

8: 2027. 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 23/30 

33. Yang Q, Ma H, Dai Z, Wang J, Dong S, Shen J, et al. Improved thermal and mechanical 

properties of bacterial cellulose with the introduction of collagen. Cellulose. 2017; 24: 3777-

3787. 

34. Zimmermann KA, Leblanc JM, Sheets KT, Fox RW, Gatenholm P. Biomimetic design of a 

bacterial cellulose/hydroxyapatite nanocomposite for bone healing applications. Mater Sci 

Eng C. 2011; 31: 43-49. 

35. Feldmann EM, Sundberg J, Bobbili B, Schwarz S, Gatenholm P, Rotter N. Description of a novel 

approach to engineer cartilage with porous bacterial nanocellulose for reconstruction of a 

human auricle. J Biomater Appl. 2013; 28: 626-640. 

36. Liu K, Catchmark JM. Enhanced mechanical properties of bacterial cellulose nanocomposites 

produced by co-culturing gluconacetobacter hansenii and escherichia coli under static 

conditions. Carbohydr Polym. 2019; 219: 12-20. 

37. Wu J, Zheng Y, Song W, Luan J, Wen X, Wu Z, et al. In situ synthesis of silver-

nanoparticles/bacterial cellulose composites for slow-released antimicrobial wound dressing. 

Carbohydr Polym. 2014; 102: 762-771. 

38. Halib N, Ahmad I, Grassi M, Grassi G. The remarkable three-dimensional network structure of 

bacterial cellulose for tissue engineering applications. Int J Pharm. 2019; 566: 631-640. 

39. Iguchi M, Yamanaka S, Budhiono A. Bacterial cellulose—A masterpiece of nature's arts. J 

Mater Sci. 2000; 35: 261-270. 

40. Klemm D, Cranston ED, Fischer D, Gama M, Kedzior SA, Kralisch D, et al. Nanocellulose as a 

natural source for groundbreaking applications in materials science: Today’s state. Mater 

Today. 2018; 21: 720-748. 

41. Cai Z, Kim J. Bacterial cellulose/poly (ethylene glycol) composite: Characterization and first 

evaluation of biocompatibility. Cellulose. 2010; 17: 83-91. 

42. Uraki Y, Nemoto J, Otsuka H, Tamai Y, Sugiyama J, Kishimoto T, et al. Honeycomb-like 

architecture produced by living bacteria, gluconacetobacter xylinus. Carbohydr Polym. 2007; 

69: 1-6. 

43. Putra A, Kakugo A, Furukawa H, Gong JP, Osada Y, Uemura T, et al. Production of bacterial 

cellulose with well oriented fibril on PDMS substrate. Polym J. 2008; 40: 137. 

44. Zaborowska M, Bodin A, Bäckdahl H, Popp J, Goldstein A, Gatenholm P. Microporous bacterial 

cellulose as a potential scaffold for bone regeneration. Acta Biomater. 2010; 6: 2540-2547. 

45. Bružauskaitė I, Bironaitė D, Bagdonas E, Bernotienė E. Scaffolds and cells for tissue 

regeneration: Different scaffold pore sizes-different cell effects. Cytotechnology. 2016; 68: 

355-369. 

46. Kirdponpattara S, Khamkeaw A, Sanchavanakit N, Pavasant P, Phisalaphong M. Structural 

modification and characterization of bacterial cellulose–alginate composite scaffolds for tissue 

engineering. Carbohydr Polym. 2015; 132: 146-155. 

47. Sultan S, Siqueira G, Zimmermann T, Mathew AP. 3D printing of nano-cellulosic biomaterials 

for medical applications. Curr Opinion Biomed Eng. 2017; 2: 29-34. 

48. Jing W, Chunxi Y, Yizao W, Honglin L, Fang H, Kerong D, et al. Laser patterning of bacterial 

cellulose hydrogel and its modification with gelatin and hydroxyapatite for bone tissue 

engineering. Soft Mater. 2013; 11: 173-180. 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 24/30 

49. Liu J, Bacher M, Rosenau T,  illf   S, Mihranyan  . Potentially immunogenic contaminants in 

wood-based and bacterial nanocellulose: Assessment of endotoxin and (1, 3)-Β-D-Glucan 

levels. Biomacromolecules. 2017; 19: 150-157. 

50. Ávila HM, Schwarz S, Feldmann EM, Mantas A, Von Bomhard A, Gatenholm P, et al. 

Biocompatibility evaluation of densified bacterial nanocellulose hydrogel as an implant 

material for auricular cartilage regeneration. Appl Microbiol Biotechnol. 2014; 98: 7423-7435. 

51. Gao M, Li J, Bao Z, Hu M, Nian R, Feng D, et al. A natural in situ fabrication method of 

functional bacterial cellulose using a microorganism. Nat Communic. 2019; 10: 437. 

52. Fink H, Hong J, Drotz K, Risberg B, Sanchez J, Sellborn A. An in vitro study of blood 

compatibility of vascular grafts made of bacterial cellulose in comparison with conventionally‐

used graft materials. J Biomed Mater Res Part A. 2011; 97: 52-58. 

53. Azevedo HS, Reis RL. Understanding the enzymatic degradation of biodegradable polymers 

and strategies to control their degradation rate. Biodegrad Systems Tissue Eng Regener Med. 

2005; 2005: 177-201. 

54. Ramani D, Sastry TP. Bacterial cellulose-reinforced hydroxyapatite functionalized graphene 

oxide: A potential osteoinductive composite. Cellulose. 2014; 21: 3585-3595. 

55. Li J, Wan Y, Li L, Liang H, Wang J. Preparation and characterization of 2, 3-dialdehyde bacterial 

cellulose for potential biodegradable tissue engineering scaffolds. Mater Sci Eng C. 2009; 29: 

1635-1642. 

56. Yadav V, Paniliatis BJ, Shi H, Lee K, Cebe P, Kaplan DL. Novel in vivo-degradable cellulose-chitin 

copolymer from metabolically engineered gluconacetobacter xylinus. Appl Environ Microbiol. 

2010; 76: 6257-6265. 

57. Czaja W, Kyryliouk D, Depaula CA, Buechter DD. Oxidation of γ‐irradiated microbial cellulose 

results in bioresorbable, highly conformable biomaterial. J Appl Polym Sci. 2014; 131. 

58. Stumpf TR, Yang X, Zhang J, Cao X. In situ and ex situ modifications of bacterial cellulose for 

applications in tissue engineering. Mater Sci Eng C. 2018; 82: 372-383. 

59. Luo H, Xiong G, Huang Y, He F, Wang Y, Wan Y. Preparation and characterization of a novel 

COL/BC composite for potential tissue engineering scaffolds. Mater Chem Phys. 2008; 110: 

193-196. 

60. Rambo C, Recouvreux D, Carminatti C, Pitlovanciv A, Antônio R, Porto L. Template assisted 

synthesis of porous nanofibrous cellulose membranes for tissue engineering. Mater Sci Eng C. 

2008; 28: 549-554. 

61. Barreiro A, Recouvreux D, Hotza D, Porto L, Rambo C. Sand dollar skeleton as templates for 

bacterial cellulose coating and apatite precipitation. J Mater Sci. 2010; 45: 5252-5256. 

62. Saska S, Barud H, Gaspar A, Marchetto R, Ribeiro SJL, Messaddeq Y. Bacterial cellulose-

hydroxyapatite nanocomposites for bone regeneration. Int J Biomater. 2011; 2011: 175362. 

63. Romanov D, Khripunov A, Baklagina YG, Severin A, Lukasheva N, Tolmachev D, et al. 

Nanotextures of composites based on the interaction between hydroxyapatite and cellulose 

gluconacetobacter xylinus. Glass Phys Chem. 2014; 40: 367-374. 

64. Grande CJ, Torres FG, Gomez CM, Bañó MC. Nanocomposites of bacterial 

cellulose/hydroxyapatite for biomedical applications. Acta Biomater. 2009; 5: 1605-1615. 

65. Luo H, Zhang J, Xiong G, Wan Y. Evolution of morphology of bacterial cellulose scaffolds during 

early culture. Carbohydr Polym. 2014; 111: 722-728. 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 25/30 

66. Bodin A, Bharadwaj S, Wu S, Gatenholm P, Atala A, Zhang Y. Tissue-engineered conduit using 

urine-derived stem cells seeded bacterial cellulose polymer in urinary reconstruction and 

diversion. Biomaterials. 2010; 31: 8889-8901. 

67. Yang J, Lv X, Chen S, Li Z, Feng C, Wang H, et al. In situ fabrication of a microporous bacterial 

cellulose/potato starch composite scaffold with enhanced cell compatibility. Cellulose. 2014; 

21: 1823-1835. 

68. Meftahi A, Khajavi R, Rashidi A, Sattari M, Yazdanshenas M, Torabi M. The effects of cotton 

gauze coating with microbial cellulose. Cellulose. 2010; 17: 199-204. 

69. Saibuatong OA, Phisalaphong M. Novo aloe vera–bacterial cellulose composite film from 

biosynthesis. Carbohydr Polym. 2010; 79: 455-460. 

70. Butchosa N, Brown C, Larsson PT, Berglund LA, Bulone V, Zhou Q. Nanocomposites of 

bacterial cellulose nanofibers and chitin nanocrystals: Fabrication, characterization and 

bactericidal activity. Green Chem. 2013; 15: 3404-3413. 

71. Wang J, Wan Y, Huang Y. Immobilisation of heparin on bacterial cellulose-chitosan nano-fibres 

surfaces via the cross-linking technique. IET Nanobiotechnol. 2012; 6: 52-57. 

72. Orelma H, Morales LO, Johansson LS, Hoeger IC, Filpponen I, Castro C, et al. Affibody 

conjugation onto bacterial cellulose tubes and bioseparation of human serum albumin. RSC 

Adv. 2014; 4: 51440-51450. 

73. Wang J, Wan Y, Luo H, Gao C, Huang Y. Immobilization of gelatin on bacterial cellulose 

nanofibers surface via crosslinking technique. Mater Sci Eng C. 2012; 32: 536-541. 

74. Pértile R, Moreira S, Andrade F, Domingues L, Gama M. Bacterial cellulose modified using 

recombinant proteins to improve neuronal and mesenchymal cell adhesion. Biotechnol Prog. 

2012; 28: 526-532. 

75. Rouabhia M, Asselin Jrm, Tazi N, Messaddeq Ys, Levinson D, Zhang Z. Production of 

biocompatible and antimicrobial bacterial cellulose polymers functionalized by RGDC grafting 

groups and gentamicin. ACS Appl Mater Interf. 2014; 6: 1439-1446. 

76. Ul-Islam M, Subhan F, Islam SU, Khan S, Shah N, Manan S, et al. Development of three-

dimensional bacterial cellulose/chitosan scaffolds: Analysis of cell-scaffold interaction for 

potential application in the diagnosis of ovarian cancer. Int J Biol Macromol. 2019; 137: 1050-

1059. 

77. Gao C, Wan Y, Yang C, Dai K, Tang T, Luo H, et al. Preparation and characterization of bacterial 

cellulose sponge with hierarchical pore structure as tissue engineering scaffold. J Porous 

Mater. 2011; 18: 139-145. 

78. Shi Q, Li Y, Sun J, Zhang H, Chen L, Chen B, et al. The osteogenesis of bacterial cellulose 

scaffold loaded with bone morphogenetic protein-2. Biomaterials. 2012; 33: 6644-6649. 

79. Jebel FS, Almasi H. Morphological, physical, antimicrobial and release properties of zno 

nanoparticles-loaded bacterial cellulose films. Carbohydr Polym. 2016; 149: 8-19. 

80. Wei B, Yang G, Hong F. Preparation and evaluation of a kind of bacterial cellulose dry films 

with antibacterial properties. Carbohydr Polym. 2011; 84: 533-538. 

81. Osorio M, Fernández‐Morales P, Gañán P, Zuluaga  , Kerguelen H, Ortiz I, et al. Development 

of novel three‐dimensional scaffolds based on bacterial nanocellulose for tissue engineering 

and regenerative medicine: Effect of processing methods, pore size, and surface area. J 

Biomed Mater Res Part A. 2019; 107: 348-359. 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 26/30 

82. Loh QL, Choong C. Three-dimensional scaffolds for tissue engineering applications: role of 

porosity and pore size. Tiss Eng Part B Rev. 2013; 19: 485-502. 

83. Ma PX. Scaffolds for tissue fabrication. Mat Today. 2004; 7: 30-40. 

84. Lee SB, Kim YH, Chong MS, Hong SH, Lee YM. Study of gelatin-containing artificial skin V: 

Fabrication of gelatin scaffolds using a salt-leaching method. Biomaterials. 2005; 26: 1961-

1968. 

85. Chiu YC, Larson JC, Isom Jr A, Brey EM. Generation of porous poly (ethylene glycol) hydrogels 

by salt leaching. Tiss Eng Part C Meth. 2010; 16: 905-912. 

86. Castro C, Cleenwerck I, Trček J, Zuluaga  , De Vos P, Caro G, et al. Gluconacetobacter 

medellinensis Sp. Nov., cellulose-and non-cellulose-producing acetic acid bacteria isolated 

from vinegar. Int J System Evolut Microbiol. 2013; 63: 1119-1125. 

87. Portela R, Leal CR, Almeida PL, Sobral RG. Bacterial cellulose: A versatile biopolymer for 

wound dressing applications. Micr Biotechnol. 2019; 12: 586-610. 

88. Horbert V, Boettcher J, Foehr P, Kramer F, Udhardt U, Bungartz M, et al. Laser perforation and 

cell seeding improve bacterial nanocellulose as a potential cartilage implant in the in vitro 

cartilage punch model. Cellulose. 2019; 26: 647-664. 

89. Lee YJ, An SJ, Bae EB, Gwon HJ, Park JS, Jeong S, et al. The effect of thickness of resorbable 

bacterial cellulose membrane on guided bone regeneration. Materials. 2017; 10: 320. 

90. De Lima Fdmt, Pinto FCM, Da Silveira Andrade-Da BL, Da Silva JGM, Júnior OC, De Andrade 

Aguiar JL. Biocompatible bacterial cellulose membrane in dural defect repair of rat. J Mat Sci 

Mat Med. 2017; 28: 37. 

91. Sepúlveda RV, Valente FL, Reis EC, Araújo FR, Eleotério RB, Queiroz PV, et al. Bacterial 

cellulose and bacterial cellulose/polycaprolactone composite as tissue substitutes in rabbits' 

cornea. Pesq Veter Bras. 2016; 36: 986-992. 

92. Kumbhar JV, Jadhav SH, Bodas DS, Barhanpurkar-Naik A, Wani MR, Paknikar KM, et al. In vitro 

and in vivo studies of a novel bacterial cellulose-based acellular bilayer nanocomposite 

scaffold for the repair of osteochondral defects. Int J Nanomed. 2017; 12: 6437. 

93. Kaminagakura KN, Sato SS, Sugino P, Santos DC, Kataki L, Padovani CR, et al. Nanoskin® 

subcutaneous implant in guinea pigs. Ophthalmic Plast Reconstr Surg. 2018; 34: 136-139. 

94. Maia Gtds, Albuquerque Avd, Martins Filho ED, Lira Neto Ftd, Souza Vsbd, Silva Aad, et al. 

Bacterial cellulose to reinforce urethrovesical anastomosis. A translational study. Acta Cir Bras. 

2018; 33: 673-683. 

95. Levinson DJ, Glonek T. Microbial cellulose contact lens. Google Patents; 2010. 

96. Weyell P, Beekmann U, Küpper C, Dederichs M, Thamm J, Fischer D, et al. Tailor-made 

material characteristics of bacterial cellulose for drug delivery applications in dentistry. 

Carbohydr Polym. 2019; 207: 1-10. 

97. Badshah M, Ullah H, Khan AR, Khan S, Park JK, Khan T. Surface modification and evaluation of 

bacterial cellulose for drug delivery. Int J Biol Macromol. 2018; 113: 526-533. 

98. Rebelo AR, Liu C, Sch Fer KH, Saumer M, Yang G, Liu Y. Poly (4-vinylaniline)/polyaniline 

bilayer-functionalized bacterial cellulose for flexible electrochemical biosensors. Langmuir. 

2019; 35: 10354-10366. 

99. Zang S, Zhang R, Chen H, Lu Y, Zhou J, Chang X, et al. Investigation on artificial blood vessels 

prepared from bacterial cellulose. Mat Sci Eng C. 2015; 46: 111-117. 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 27/30 

100. Mohammadi H. Nanocomposite Biomaterial Mimicking Aortic Heart Valve Leaflet Mechanical 

Behaviour. Proc Inst Mech Eng H. 2011; 225: 718-722. 

101. Sulaeva I, Henniges U, Rosenau T, Potthast A. Bacterial cellulose as a material for wound 

treatment: Properties and modifications. A review. Biotechnol Adv. 2015; 33: 1547-1571. 

102. Zmejkoski D, Spasojevid D, Orlovska I, Kozyrovska N, Sokovid M, Glamočlija J, et al. Bacterial 

cellulose-lignin composite hydrogel as a promising agent in chronic wound healing. Int J Biol 

Macromol. 2018; 118: 494-503. 

103. Qiu Y, Qiu L, Cui J, Wei Q. Bacterial cellulose and bacterial cellulose-vaccarin membranes for 

wound healing. Mat Sci Eng C. 2016; 59: 303-309. 

104. Khalid A, Ullah H, Ul-Islam M, Khan R, Khan S, Ahmad F, et al. Bacterial cellulose-Tio 2 

nanocomposites promote healing and tissue regeneration in burn mice model. RSC Adv. 2017; 

7: 47662-47668. 

105. Meng E, Chen CL, Liu CC, Liu CC, Chang SJ, Cherng JH, et al. Bioapplications of bacterial 

cellulose polymers conjugated with resveratrol for epithelial defect regeneration. Polymers 

2019; 11: 1048. 

106. Loh EYX, Mohamad N, Fauzi MB, Ng MH, Ng SF, Amin MCIM. Development of a bacterial 

cellulose-based hydrogel cell carrier containing keratinocytes and fibroblasts for full-thickness 

wound healing. Scient Rep. 2018; 8: 2875. 

107. Kaminagakura KLN, Sue Sato S, Sugino P, Kataki De Oliveira Veloso L, Dos Santos DC, Padovani 

CR, et al. Nanoskin® to treat full thickness skin wounds. J Biomed Mat Res. 2019; 107: 724-732. 

108. Modulevsky DJ, Cuerrier CM, Pelling AE. Biocompatibility of subcutaneously implanted plant-

derived cellulose biomaterials. Plos One. 2016; 11: E0157894. 

109. Wang B, Lv X, Chen S, Li Z, Yao J, Peng X, et al. Use of heparinized bacterial cellulose based 

scaffold for improving angiogenesis in tissue regeneration. Carbohydr Polym. 2018; 181: 948-

956. 

110. Liu F, Mcmaster M, Mekala S, Singer K, Gross RA. Grown ultrathin bacterial cellulose mats for 

optical applications. Biomacromolecules. 2018; 19: 4576-4584. 

111. Patchan MW, Chae JJ, Lee JD, Calderon-Colon X, Maranchi JP, Mccally RL, et al. Evaluation of 

the biocompatibility of regenerated cellulose hydrogels with high strength and transparency 

for ocular applications. J Biomater Appl. 2016; 30: 1049-1059. 

112. Lee SH, Lim YM, Jeong SI, An SJ, Kang SS, Jeong CM, et al. The effect of bacterial cellulose 

membrane compared with collagen membrane on guided bone regeneration. J Adv 

Prosthodont. 2015; 7: 484-495. 

113. Akaraonye E, Filip J, Safarikova M, Salih V, Keshavarz T, Knowles JC, et al. Composite scaffolds 

for cartilage tissue engineering based on natural polymers of bacterial origin, thermoplastic 

poly (3‐hydroxybutyrate) and micro‐fibrillated bacterial cellulose. Polym Int. 2016; 65: 780-

791. 

114. Napavichayanun S, Ampawong S, Harnsilpong T, Angspatt A, Aramwit P. Inflammatory 

reaction, clinical efficacy, and safety of bacterial cellulose wound dressing containing silk 

sericin and polyhexamethylene biguanide for wound treatment. Arch Dermatol Res. 2018; 310: 

795-805. 

115. Luo H, Ao H, Li G, Li W, Xiong G, Zhu Y, et al. Bacterial cellulose/graphene oxide 

nanocomposite as a novel drug delivery system. Curr Appl Phys. 2017; 17: 249-254. 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 28/30 

116. Werner A, Schmitt V, Sèbe G, Héroguez V. Convenient synthesis of hybrid polymer materials 

by AGET-ATRP polymerization of pickering emulsions stabilized by cellulose nanocrystals 

grafted with reactive moieties. Biomacromolecules 2018; 20: 490-501. 

117. Treesuppharat W, Rojanapanthu P, Siangsanoh C, Manuspiya H, Ummartyotin S. Synthesis and 

characterization of bacterial cellulose and gelatin-based hydrogel composites for drug-

delivery systems. Biotechnol Rep. 2017; 15: 84-91. 

118. Li X, Wan W, Panchal CJ. Transparent bacterial cellulose nanocomposite hydrogels. Google 

Patents; 2015. 

119. Björnberg SG, Smith JG. Wound dressing comprising a biocellulose layer having a bacteria-

adsorbing design. Google Patents; 2018. 

120. Chen PY, Lai JT, Hsiao HC, Chu YH, Liao CC. Bacterial cellulose composite with capsules 

embedded therein and preparation thereof. Google Patents; 2014. 

121. Laukkanen A, Kolakovic R, Peltonen L, Laaksonen T, Hirvonen J, Lyytikainen H, et al. Drug 

delivery system for sustained delivery of bioactive agents. Google Patents; 2014. 

122. Zhong C. Mineralized bacterial cellulose three-dimensional porous bone tissue restoration 

scaffold preparation method. 2013. 

123.Kolodziejczyk M, Ludwicka K, Pankiewicz T, Bielecki S. A method of production of a stable 

composite of bacterial bionanocellulose with perforated metal or polymeric material, 

designed for tissues reconstruction. 2017. 

124. Wan W, Guhados G. Nanosilver coated bacterial cellulose. Google Patents. 2013. 

125. Jia Y, Wang Y, Wu Z, Chang D, Huo M, Wang M. A kind of preparation method of hyaluronic 

acid/bacterial cellulose composite hydrogel. 2018. 

126. Mälkki Y. Method for production and use of nanocellulose and its precursors. Google Patents. 

2017. 

127. Wan WK, Millon L. Poly (vinyl alcohol)-bacterial cellulose nanocomposite. Google Patents. 

2005. 

128. Czaja W, Kyryliouk DD. Resorbable cellulose based biomaterial and implant. Google Patents. 

2015. 

129. Gatenholm P. Cellulose nanofibrillar bioink for 3D bioprinting for cell culturing, tissue 

engineering and regenerative medicine applications. Google Patents. 2017. 

130. Schwarz C, Kumar V, Raghavan M. Methods of producing biosynthetic bacterial cellulose 

membranes. Google Patents. 2018. 

131. Chantereau G, Brown N, Dourges MA, Freire CS, Silvestre AJ, Sebe G, et al. Silylation of 

bacterial cellulose to design membranes with intrinsic anti-bacterial properties. Carbohydr 

Polym. 2019; 220: 71-78. 

132. Shao W, Wu J, Liu H, Ye S, Jiang L, Liu X. Novel bioactive surface functionalization of bacterial 

cellulose membrane. Carbohydr Polym. 2017; 178: 270-276. 

133. Almasi H, Mehryar L, Ghadertaj A. Characterization of CuO-bacterial cellulose nanohybrids 

fabricated by in-situ and ex-situ impregnation methods. Carbohydr Polym. 2019; 222: 114995. 

134. Mirtalebi SS, Almasi H, Khaledabad MA. Physical, morphological, antimicrobial and release 

properties of novel mgo-bacterial cellulose nanohybrids prepared by in-situ and ex-situ 

methods. Int J Biol Macromol. 2019; 128: 848-857. 



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 29/30 

135. Singla R, Soni S, Kulurkar PM, Kumari A, Mahesh S, Patial V, et al. In situ functionalized 

nanobiocomposites dressings of bamboo cellulose nanocrystals and silver nanoparticles for 

accelerated wound healing. Carbohydr Polym. 2017; 155: 152-162. 

136. Wahid F, Duan YX, Hu XH, Chu LQ, Jia SR, Cui JD, et al. A facile construction of bacterial 

cellulose/ZnO nanocomposite films and their photocatalytic and antibacterial properties. Int J 

Biol Macromol. 2019; 132: 692-700. 

137. Sajjad W, Khan T, Ul-Islam M, Khan R, Hussain Z, Khalid A, et al. Development of modified 

montmorillonite-bacterial cellulose nanocomposites as a novel substitute for burn skin and 

tissue regeneration. Carbohydr Polym. 2019; 206: 548-556. 

138. Liu LP, Yang XN, Ye L, Xue DD, Liu M, Jia SR, et al. Preparation and characterization of a 

photocatalytic antibacterial material: Graphene oxide/TiO2/bacterial cellulose nanocomposite. 

Carbohydr Polym. 2017; 174: 1078-1086. 

139. Yang YN, Lu KY, Wang P, Ho YC, Tsai ML, Mi FL. Development of bacterial cellulose/chitin 

multi-nanofibers based smart films containing natural active microspheres and nanoparticles 

formed in situ. Carbohydr Polym. 2020; 228: 115370. 

140. Tsai YH, Yang YN, Ho YC, Tsai ML, Mi FL. Drug release and antioxidant/antibacterial activities 

of silymarin-zein nanoparticle/bacterial cellulose nanofiber composite films. Carbohydr Polym. 

2018; 180: 286-296. 

141. Chen J, Chen C, Liang G, Xu X, Hao Q, Sun D. In situ preparation of bacterial cellulose with 

antimicrobial properties from bioconversion of mulberry leaves. Carbohydr Polym. 2019; 220: 

170-175. 

142. Sukhtezari S, Almasi H, Pirsa S, Zandi M, Pirouzifard M. Development of bacterial cellulose 

based slow-release active films by incorporation of Scrophularia striata Boiss. extract. 

Carbohydr Polym. 2017; 156: 340-350. 

143. Jiji S, Udhayakumar S, Rose C, Muralidharan C, Kadirvelu K. Thymol enriched bacterial 

cellulose hydrogel as effective material for third degree burn wound repair. Int J Biol 

Macromol. 2019; 122: 452-460. 

144. Marquele-Oliveira F, Da Silva Barud H, Torres EC, Machado RTA, Caetano GF, Leite MN, et al. 

Development, characterization and pre-clinical trials of an innovative wound healing dressing 

based on propolis (EPP-AF®)-containing self-microemulsifying formulation incorporated in 

biocellulose membranes. Int J Biol Macromol. 2019; 136: 570-578. 
  



Recent Progress in Materials 2019; 1(4), doi:10.21926/rpm.1904006 

 

Page 30/30 

 

                                                                                                                                   

Enjoy Recent Progress in Materials by:    

        1. Submitting a manuscript 

        2. Joining in volunteer reviewer bank 

        3. Joining Editorial Board 

        4. Guest editing a special issue 

 

 For more details, please visit: 

 http://www.lidsen.com/journals/rpm  

 

OBM Integrative and Complementary Medicine 

Recent Progress in Materials 

http://www.lidsen.com/account-login
mailto:rpm@lidsen.com
http://www.lidsen.com/journals/rpm/rpm-editorial-board
http://www.lidsen.com/journals/rpm/rpm-special-issues
http://www.lidsen.com/journals/rpm
http://www.lidsen.com/journals/icm
http://www.lidsen.com/journals/rpm

