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Abstract

:

Bacterial cellulose (BC) and graphene are materials that have attracted the attention of researchers due to their outstanding properties. BC is a nanostructured 3D network of pure and highly crystalline cellulose nanofibres that can act as a host matrix for the incorporation of other nano-sized materials. Graphene features high mechanical properties, thermal and electric conductivity and specific surface area. In this paper we review the most recent studies regarding the development of novel BC-graphene nanocomposites that take advantage of the exceptional properties of BC and graphene. The most important applications of these novel BC-graphene nanocomposites include the development of novel electric conductive materials and energy storage devices, the preparation of aerogels and membranes with very high specific area as sorbent materials for the removal of oil and metal ions from water and a variety of biomedical applications, such as tissue engineering and drug delivery. The main properties of these BC-graphene nanocomposites associated with these applications, such as electric conductivity, biocompatibility and specific surface area, are systematically presented together with the processing routes used to fabricate such nanocomposites.
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1. Introduction


Cellulose is an abundant inexpensive biopolymer, traditionally extracted from plants and biomass waste. The cellulose synthetized by plants is usually branched with hemicellulose and lignin. It has to undergo chemical process to obtain the pure cellulose [1]. Some acetic acid bacteria can synthetize cellulose extracellularly. This bacterial cellulose (BC) is formed only by glucose monomers without hemicellulose or lignin. Glucose chain protofibrils are secreted through bacteria cell wall and aggregate together forming nanofibrils cellulose ribbons [2]. These cellulose ribbons aggregate themselves to form a coherent 3D cellulose network. As a result, a pellicle with high surface area and porosity is formed. This cellulose nanofibre network has high mechanical strength, high crystallinity, high degree of polymerization and high water holding capacity. Table 1 summarizes some of the most important properties of BC network.



Pure BC features uncontrolled hydrolysis rate and low biological activity. BC-based nanocomposites have been developed to improve the capabilities of pure BC. BC nanocomposites have been used for the development of high strength paper and polymeric films, high strength membranes and as a reinforcing agent for polymer nanocomposites [3]. In addition, due to its non-toxicity and biocompatibility, BC-based materials have also been used for biomedical applications such as biological implants, artificial blood vessels for microsurgery, scaffolds for tissue engineering and wound dressing patches, among others [4].



Graphene is another nanomaterial that has attracted extensive interest due to its outstanding physicochemical properties, including high Young’s modulus, high electrical and thermal conductivity, quick charge carrier mobility and large specific surface area (Table 1). Graphene is the first truly two dimensional (2D) crystal ever discovered [5,6]. A graphene crystal is composed of six-atom rings in a honeycombed network with one-atom thickness, forming a free-standing 2-D crystal that can function as a planar aromatic macromolecule [7]. Each carbon atom is bonded to three other carbon atoms, forming three σ-bonds via three sp2 hybrid orbitals. The other p-orbital form a conjugated system with other contiguous carbon atoms. As a result, the carbon skeleton of graphene is made of σ-bonds with paired electron clouds above and below the skeleton. Graphene can be transformed into spherical structures (0-D fullerenes), tubular structures (one-dimensional carbon nanotubes, 1-D CNTs) or layered structures (3-D graphite) [8]. Graphene, graphene oxide (GO) and reduced graphene oxide (RGO) have found a variety of applications in quantum physics, nanoelectronics, catalysis, nanocomposites and sensor technology [9,10,11,12,13].



Pristine graphene was first obtained in 2004, by exfoliating highly oriented pyrolytic graphite [5]. Other processing techniques have been developed in order to increase the productivity and reduce the cost of graphene. These techniques have allowed for the fabrication of a variety of graphene family nanomaterials (GFNs). Among them, graphene oxide (GO) and reduced graphene oxide (RGO) are the most commonly used.



GO is usually obtained by chemical exfoliation following the Hummers method [14]. Briefly, graphite and NaNO3 are added to concentrated sulfuric acid, followed by KMnO4 as the oxidizing agent to oxidize the graphite. Then, 30% H2O2 is added to reduce the oxidizing agent and obtain GO. However, GO has not the same properties as graphene. GO is hydrophilic and electrically insulating. During the chemical exfoliation of graphite, a significant fraction of the sp2 carbon network is bonded with oxygen-containing hydrophilic groups. This causes the disruption of the sp2 bonding network in its carbon basal plane [15,16,17]. Thus, for some applications the GO has to be reduced in order to restore some of the properties of pristine graphene. There are a variety of processing routes to reduce GO, including chemical reduction, photocatalytic reduction, electrochemical reduction and thermal reduction [18,19,20,21].



BC is a biopolymer that forms nanostructured 3D network with outstanding mechanical properties. This BC network can be used as matrix for the development of novel nanocomposites with tailored properties. On the other hand, GFNs features remarkable properties such as thermal and electronic conductivity as well as high mechanical properties. This review offers an overview of the most recent BC-graphene nanocomposites developed to take advantage of the exceptional properties of BC and GFNs. Three main applications were identified for these BC-GFN nanocomposites, including the development of novel electric conductive materials and energy storage devices, the preparation of aerogels and membranes with very high specific area as sorbent materials for the removal of oil and metal ions from water and a variety of biomedical applications, such as tissue engineering and drug delivery. The main properties of these BC-GFN nanocomposites associated with these applications, such as electric conductivity, biocompatibility and specific surface area, are systematically presented together with the processing routes used to fabricate such nanocomposites. This review can be used as a guide to support researchers for the development of novel graphene- and cellulose- based materials for different applications including green electronic devices, water purification systems and biomedical materials, among other applications that have not been considered yet.




2. Processing Routes


Bacterial cellulose can be synthetized by different bacteria, including Gram negative bacteria such as Gluconacetobacter xylinus [23,28], Agrobacterium [29], Rhizobium [30] and Gram positive bacteria such as Sarcina [31]. The preparation of BC-based nanocomposites includes a culture step for bacterial growth. Different culture media have been used to improve the cellulose synthesis.



Mohammadkazemi et al. [32] compared the effects of using different carbon sources and grow media. The carbon sources they used were syrup, glucose, mannitol and sucrose while the grow media were the Hestrin–Schramm, Yamanaka and Zhou media. They found that mannitol lead to the highest yield and that the crystallinity of the BC in presence of the Hestrin–Schramm medium had higher values than those from other media. The culture of bacteria is normally carried out in static conditions but some studies have used agitated conditions. When BC is cultivated in static conditions, a cellulose pellicle is formed at the medium surface exposed to air, while in agitated condition; the spherical or asterisk-like shape cellulose particles are obtained [33].



These pellicles are formed by a cellulose network made from fibres having ~100 nm in diameter [4]. When combining BC with another nano-sized element the developed material can be regarded as a nano-nano composite. Many different processing routes have been reported for the preparation of BC-based nano-nano composites, including BC-Graphene nanocomposites [3]. When preparing BC-Graphene nanocomposites, there are two important aspects that need to be considered. Firstly, we need to consider if the pristine BC network structure has to be preserved. When the BC network remains undisturbed, the resulting nanocomposites take advantage of the intrinsic mechanical robustness of pristine BC. However, the incorporation of a second phase into this cellulose network can be a challenging task and, thus, the disintegration of BC has also been used as a strategy to combine BC and graphene.



The second aspect to be considered is how the graphene platelets are incorporated into the BC network. Graphene can be incorporated after the cellulose fibres have been synthetized or during the cellulose synthesis. For instance, one common way of incorporating graphene is by immersing a pristine BC pellicle in graphene dispersion [34]. A different approach consists in modifying the culture medium of bacteria adding a graphene dispersion in order to allow the synthesis of cellulose in the presence of graphene platelets. As a result, a BC pellicle containing graphene platelets is obtained.



Figure 1 shows three of the most common processing routes used for the preparation of BC-GO nanocomposites. In the first and second routes, BC synthesis is carried out in an unmodified medium and a BC pellicle is obtained. Then, this BC pellicle can be either disintegrated (Figure 1a) or preserved (Figure 1b). The BC is disintegrated by means of a homogenizer or pulping equipment and a BC slurry is obtained [35,36,37,38,39,40]. This BC slurry is then combined with a GO dispersion. Usually, a sonication or some other process is used to achieve a homogenous dispersion. Then, the BC-GO dispersion is dried, pressed or filtered to form a solid film. When the network structure of BC is preserved (Figure 1b) GO is incorporated by an impregnation step and, then, the BC pellicle with the GO incorporated is dried or pressed. Alternatively, a GO dispersion is poured on a BC pellicle and vacuum-dried to incorporate BC and obtain a film in a single step.



For instance, Fang et al. [35] prepared BC-GO membranes following the first route (Figure 1a) for selective ion permeation. They dried and disintegrated the pristine BC pellicle. Then, they dispersed it in formamide with sonication for 2 h at 400 W to prepare stable BC dispersion with concentration of 1 mg mL−1. 15 mL of the BC dispersion was mixed with 5 mL of a GO dispersion and sonicated for 10 min. Then the mixture was vacuum filtrated to prepare BC and BC/GO membranes.



The disintegrated BC network can easily undergo chemical treatment. Liu et al. [41] prepared a BC-GO cross-linked nanocomposite by a one-step esterification process. They prepared a dispersion of freshly exfoliated GO sheets and disintegrated BC pellicles in anhydrous N,N-dimethyl formamide (DMF). Dicy clohexyl carbodiimide (DCC) was added as a dehydration reagent. The esterification between carboxyl groups of GO and hydroxyl groups of BC was conducted under nitrogen atmosphere at 70 °C 1 for 48 h to create the cross-linking BC/GO networks. Then, the reaction mixture was filtered through a nylon membrane, rinsed with ethanol and deionized water. The film was finally air-dried at room temperature.



The third route shown in Figure 1c is performed by modifying the culture medium of BC by adding a BC suspension in it. The bacteria synthetize the BC fibres in the presence of the GO platelets and a BC pellicle obtained has GO platelets incorporated in the BC network without any further treatment [42,43,44,45]. Compared with the first route (Figure 1a), when using undisturbed BC membranes there is no need of energy-intensive disintegration process or BC solubilisation in organic solvents/ionic liquids [46], which could have issues related to environmental toxicity and biocompatibility. In addition, the disintegration of BC reduces the mechanical strength and damages the integrity of the BC network. However, incorporating GO platelets into the 3D BC network could be a challenging task, especially when the sample thickness is large (ca. 3 mm) [47].



In order to overcome the difficulties of incorporating graphene into the BC network, a novel layer-by-layer self-assembly route (Figure 1d) has been proposed [47,48,49,50]. First, a conventional growing medium is used to grow a first BC pellicle. A modified growing medium is prepared adding a graphene suspension. Then, this modified medium is sprayed onto the first BC pellicle forming a thin layer of culture medium on which new BC nanofibres are synthetized in presence of graphene platelets. This process is repeated several times until the desired thickness is achieved. This layer-by-layer method results in the formation of mechanically strong and thick three dimensional BC-GO network [50].



Some modifications have been proposed to the aforementioned routes when a third phase is incorporated to form novel BC-GO hybrid nanomaterials. For instance, Chen et al. [51] used an in-situ synthesis of PEDOT (poly-3,4-ethylenedioxythiophene) to prepared BC-GO-PEDOT conductive films. They immersed a dry BC pellicle into an 3,4-Ethylenedioxythiophene (EDOT)- FeCl3 ethanol solution). During the ethanol evaporation, the EDOT monomer started to form a PEDOT shell on the surface of the BC nanofibres. Then, a GO solution was dropped onto the BC-PEDOT film by spin−spray method. Wan et al. [52] and Luo et al. [48] have also made a hybrid nanomaterial using a conductive polymer. They first prepared a BC-GO nanocomposite using the layer-by-layer self-assembly route. Then, they immersed this BC-GO nanocomposite in a HCl aqueous solution containing aniline monomer. The solution was vigorously agitated for 24 h. An ammonium persulfate solution was added drop- wise to promote the in-situ oxidative polymerization of aniline on the surface of the BC-GO nanocomposite to obtain a BC-GO-PANI hybrid. Other conductive polymers, such as polypyrrole and polyethylenimine have also been in-situ polymerized on BC-GO nanocomposites following similar processing routes [53,54].



The BC-GO nanocomposites can be produced as hydrogels, films or aerogels. BC is synthetized by bacteria as a network of nanocellulose fibres that hold a large amount of water. BC-graphene hydrogels can be obtained modifying the bacteria culture medium without further processing. When a membrane or film is needed, water is extracted from the BC network by air-drying, hot- and cold-pressing or vacuum-filtration. BC-GO aerogel can be prepared from BC-based hydrogels by freeze-drying or by a supercritical CO2 method [55,56,57].




3. Applications of Bacterial Cellulose-Graphene Nanocomposites


3.1. Electronic and Energy Storage Devices


Single graphene layers have the highest known electrical conductivity [58]. Many researchers have used graphene as filler to prepare conductive polymer matrix composites [59,60,61], in spite of the fact that polymers are electric insulators. It has been reported that the incorporation of graphene can lead to a percolation behaviour at very low volume fractions and can increase the conductivity of the resulting composites by several orders of magnitude [62,63,64]. It has been reported that polymeric composites reinforced with carbon nanofillers, such as carbon nanotubes and graphene, feature an electric tunnelling effect. If the polymer layer between carbon intrusions is thing enough (~1–2 nm) electrons can cross and current can flow between both inclusions [65,66,67].



RGO has been incorporated to a BC matrix in order to prepare conductive paper and films [52,68,69,70,71]. Ccorahua et al. [70] reported the incorporation of graphene into a pristine BC network by vacuum filtration. The dependence of the electric conductivity on the amount of graphene incorporated suggested the existence of a critical content of RGO that boosted the conductivity of the BC-RGO nanocomposite. The conductivity of BC-RGO was dependent on the GO content. At an RGO content of 20% the conductivity was 1 S∙m−1. At an RGO content of 30%, the conductivity was 12 S∙m−1. Table 2 shows the electric conductivity of several BC-graphene composites reported in the literature.



These conducting BC-graphene based materials can potentially be used in the assembly of novel energy storage devices. Supercapacitors are among the most promising energy storage devices and are capable of managing high power rates compared to batteries. However, they are not able to store the same amount of charge as batteries [72]. Supercapacitors are, thus, suitable for applications in which power burst are needed but storage capacity is not required. The advantages of supercapacitors include their ability to charge and discharge in an extremely short period of time (seconds) and their long cycle life. There are different types of supercapacitors. Among them, the electrochemical double-layer capacitors (EDLCs) are the most promising type of capacitor to be developed using BC-graphene nanocomposites.



In a traditional electrostatic capacitor (Figure 2a), energy is stored via an electrostatic field generated from the removal of charge carriers (i.e., electrons) from one metal plate (i.e., electrode), then depositing them on another [73]. Their charge mechanism does not involve irreversible chemical reactions (there is no Faradic process). Rather, the charges are physically attached on the surface of the electrodes in an electric double layer [74]. EDLCs work much in the same way as electrostatic capacitors (Figure 2b) but using electrodes with a very high surface area. As the capacitance is proportional to the electrode area, EDLCs achieve very high capacitance values (kilo-Farads) compared to electrostatic capacitors (mili- and micro-Farads) [74].



The electrodes of conventional EDLCs are formed by a layer of activated carbon paste deposited onto a metallic current collector. A metallic casting encases the electrodes immersed in a liquid electrolyte (Figure 2a). However, the large micro/macropores within activated carbon is disadvantageous for the adsorption of the electrolyte on the surface of electrodes, deteriorating the function of EDLCs. In addition, for some emerging applications such as wearable electronics, electronic newspapers and paper-like mobile phones [75], conventional EDLCs are heavy and are incompatible with large strains.



Freestanding conductive films are considered to be one potential solution to address the challenge of producing flexible capacitors. Carbon-based paper-like materials, such as RGO paper and carbon nanotube (CNT) paper are potential candidates to be used as flexible electrodes because of high their conductivity and large specific surface area [61]. However, the small mass loading that can be achieved limits their potentials. An alternative solution has been found incorporating graphene on a flexible, porous and light-weight BC substrate. The BC substrate can provide three-dimensional (3D) porous network structure and therefore enable high mass loading. The excellent mechanical properties of BC [76] provide the BC-based electrodes with high mechanical integrity upon bending or folding. Figure 2b shows a schematic representation of an all-Solid-State flexible supercapacitor in which BC-graphene nanocomposite films are used as electrodes.



Several works report the use of BC-graphene nanocomposite films for the production of flexible and highly-efficient supercapacitor electrodes. Table 3 shows that these nanocomposites films exhibited high electrical conductivity (171–1660 S m−1) and large specific capacitance (160–556 F g−1), compared to activated carbon-based electrodes, along with high cycling stability (86%–100% retention).



Batteries are other energy storage devices that can also been constructed using bacterial cellulose-graphene based nanocomposites. For instance, Shen et al. [40] used pyrolized BC to prepare a nanocomposite with GO for the development of a new Li–S battery. They used the pyrolize BC/GO nanocomposite as a membrane separator placed between the anode and the cathode of the battery. The 3D structure of this BC/GO nanocomposite worked as an effective barrier to retard polysulfide diffusion during the charge/discharge process to enhance the cyclic stability of the Li–S battery. Such Li-S batteries exhibited a specific capacity of nearly 600 mAh.g−1 and only 0.055% capacity decay per cycle over 200 cycles. Zhang et al. [78] also used BC-GO membranes as separators for redox flow batteries. They found that the batteries assembled with BC-GO separators had a charge-discharge profile similar to that of the batteries equipped with commercial Nafion 212 membranes and achieve a stable cycling performance with a Coulombic efficiency of ∼98%.



BC-graphene based nanocomposites have also been used to produce other electronic devices such as sensors and actuators. The amperometric response of BC-GO based nanocomposite films has been used to fabricate sensors. Zhang et al. [79] prepared a modified glassy carbon electrode by drop-casting a BC-GO suspension onto the surface of glassy carbon. This modified glassy carbon electrode was used to determine nitrite concentration in water, in a wide linear range of 0.5 to 4590 μM with detection limit and sensitivity of 0.2 μM and 527.35 μA μM−1 × cm−2, respectively. Lv et al. [80] used the layer-by-layer processing route (Figure 1d) to incorporate nitrogen doped graphene oxide quantum dots (N-GOQDs) in a BC network. This BC/N-GOQD nanocomposite were used for the detection of iron ions in aqueous solutions. Their results showed that the blue-emitting BC/N-GOQD fluorescent probes exhibited a sensitive response to Fe3+ within a concentration range of 0.5–650 μM with a lower limit detection of 69 nM. Hosseini et al. [81] prepared a BC/RGO conductive aerogel by a supercritical CO2 (ScCO2) drying method. They characterized the mechanical and electrical properties of the BC/RGO aerogels and found a gauge factor (ratio between the relative change in electrical resistance to the mechanical strain). This suggests that such a BC/RGO aerogel can effectively be used as a strain sensor.



Kim et al. [82] prepared a bioelectronic soft actuator using 2,2,6,6-tetramethylpiperidine-1-oxyl radical-oxidized bacterial cellulose (TEMPO-BC) and graphene. The top and bottom surface of the TEMPO-BC/graphene film was coated with a conducting electrode made from poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). The results showed that under sinusoidal excitation of 1.0 V at 0.1 Hz, the tip displacement of the TEMPO-BC/graphene actuator reached peak tip displacements of ±2.5 and ±4 mm, while the displacement of the TEMPO-BC actuators reached a peak of ±1.2 mm. The unique TEMPO-BC/graphene actuator showed large static deformation without apparent back-relaxation, much faster response time and highly durable harmonic actuation compared with other biopolymer actuators.




3.2. Sorbent Nanocomposites for Water Purification


BC-graphene nanocomposites have also been used in the construction of devices for the purification of water, specifically for two types of applications—water-oil separation and metal ions removal. BC-graphene aerogels have been developed as efficient low-cost absorbents that can potentially be used in the removal of crude oil, petroleum products and toxic organic solvents. Traditional absorbents include foams and powders with high absorption capacity, fast absorption kinetics, selectivity and controllable hydrophobicity [83]. The absorption capacity of these materials is dependent on a variety of physicochemical properties such as density, surface tension, viscosity, polarity, hydrophobicity, porosity and pore size [47].



Carbonaceous materials such as activated carbon, expanded perlite, zeolites and three-dimensional (3D) porous carbon nanotube-based materials have been applied as absorbents due to their low apparent density, high porosity, large specific surface area, intrinsic surface hydrophobicity and superwettability for organic solvents and oils and environmental friendliness [84]. For instance, Gui et al. [85] developed a carbon nanotube sponge that could absorb various solvents and oils with an absorption capacity up to 180 times of their own weight.



As shown in previous sections there are a variety of processing techniques used to prepare BC-GO nanocomposite aerogels. However, due to strong interaction of GO with water, these BC-GO aerogels cannot be used for the specific separation of oily compounds. Wang et al. [86] reported a method in which BC-GO aerogels underwent further reduction in H2 flow leading to BC-RGO nanocomposite aerogels, which exhibited specific absorption only for organic liquids. These nanocomposite aerogels could specifically absorb 135–150 g organic liquids per g of their own weight.



Luo [56] followed a different approach. They first freeze-dried a BC-graphene pellicles in order to obtain aerogels. Then, the aerogels were carbonized at 800 °C for 2 h in a tubular furnace. The carbonized BC-graphene nanocomposite aerogel featured a honeycomb-like surface morphology and a three-dimensional (3D) interconnected porous structure. They showed high absorption capacities for a wide range of oils and organic solvents, including hexane, acetone, methanol, diesel oil, silicone oil, pump oil and soybean oil, among others. The maximum value absorption value reached was of 457 g of silicone oil per g of their own weight. This high absorption capacity is due the fact that the honeycomb-like surface provides sufficient space and active sites improving the efficiency of liquid diffusion and the hydrophobic interactions between absorbates and carbon.



On the other hand, BC-graphene membranes have been used as adsorbents for metal ions removal [35,87]. According to the Environmental Protection Agency (EPA), metal ions such as lead (Pb2+), zinc (Zn2+), cadmium (Cd2+), manganese (Mn 2+), silver (Ag+) and mercury (Hg2+) are important water pollutants from industries such as metallurgy, pharmaceutical, chemical and petroleum refining industry [88]. This represents an important threat to humans and aquatic and other life forms.



A variety of technologies have been developed to perform metal ion removal, including reverse osmosis, ultrafiltration, ion exchange, coagulation, floatation, chemical precipitation, electrodialysis, flocculation and evaporative recovery [89]. Among them, adsorption has the advantage of being essentially toxic-free, low cost, flexible and simple to operate [90]. Adsorption is a phenomenon in which pollutant metal ions associate with ions that are peripherally available on the adsorbent material.



Both, BC and graphene have been used in the development of adsorbent devices for water purification. BC has been shown to be able to receive guest molecules or inorganic particles [91,92,93]. BC nanocomposites and hybrid materials have been reported as adsorbent materials, especially for heavy metals [94,95,96,97]. Graphene oxide (GO) has oxygen-containing functional groups (i.e., hydroxyl, carbonyl, carboxyl and epoxide) on the surface, enabling them to form strong complexes with metal ions. Thus, GO can be used as an adsorbent for heavy metal ions and dyes [98]. It has been reported that electrostatic interaction is the mechanism behind the cationic heavy metal remediation; between metal cations and negative surface charge and/or electrons of GO-based materials [99].



Mensah et al. [87] prepared an adsorbent membrane by esterification of bacterial cellulose (BC) and graphene oxide (GO), containing hydroxyl, alkyl and carboxylate groups. The results showed that the BC-GO samples prepared have a specific surface area of 49.99 m2/g and an average pore size of 18.696 Å with a total pore volume of 0.0356 cm3/g. Batch experiments–adsorption studies confirmed the material to have a very high Pb2+ removal efficiency of over 90% at pH 6–8. The maximum adsorption was 214.3 mg/g for the 60 mg/L initial concentration of Pb(II) ions. Fang et al. [35] also prepared BC-GO membranes for ion adsorption. The BC-GO membrane prepared was shown to have selective ion permeation according to the size of ions. They found that ions of K+ and Cl− with small size (hydrated radii < 4 Å) can quickly diffuse through the BC-GO membrane while RhB with large ion size (hydrated radius > 1 nm) cannot. This suggests that this BC-GO nanocomposite membrane could be used not only for water purification but also as a selective ion permeation device.




3.3. Bacterial Cellulose-Graphene Nanocomposites for Biomedical Applications


BC has been shown to be a biocompatible and non-toxic material with potential applications in the biomedical field [3,4,100]. Novel BC-based nanocomposites have been developed for a variety of biomedical applications including scaffolds for tissue engineering [101,102,103], skeletal and soft tissue grafts [104,105], wound dressing patches [106], drug delivery devices [107] and artificial blood vessels [108], among others.



Graphene has also been used for biomedical applications such as antibacterial materials [109,110], drug delivery systems [111,112] and tissue engineering scaffolds [113,114]. However, it has been reported that graphene-based nanomaterials may have toxic effects on cells and tissues. In general, nanoparticles can enter cells, if they are <100 nm in diameter. They can enter the nucleus, if they are <40 nm in diameter [115]. GO sheets can interact with cells, adhere the cell membrane and insert in the lipid bilayer. This interaction can impair cell membrane integrity and alter its functions such as the regulation of membrane associated genes, fluidity and ion channels [116].



Several factors can determine the biocompatibility of graphene-based materials, including size, surface area, surface modifications, charge and the formation of agglomerations [117,118,119]. Some studies suggest that graphene-based materials are biocompatible for a specific biomedical application [120,121,122]. Some researchers have improved the biocompatibility of graphene-based materials and prevent the inflammatory response using purified graphene oxide dispersions [123] or functionalizing GO with poly(acrylic acid), which can modify the composition of the protein corona formed on the GO surface which determines its cell membrane interaction [116]. When novel graphene-based materials are developed for biomedical applications, biocompatibility must be considered, including accurate studies of their potential toxicity effects.



Table 4 shows the biocompatibility tests performed for BC-graphene nanocomposites prepared to be used in a variety of biomedical applications. The results are not comparable because they were performed using different methodologies and cell lines. However, the authors reported fairly good biocompatibility results. The biomedical applications reported for BC-graphene nanocomposites include cell culture [45], tissue engineering [68,124,125], wound dressing [126] and drug delivery [111,127,128,129].





4. Conclusions


Bacterial cellulose is a biopolymer synthetized by bacteria as a coherent 3D network of cellulose nanofibres. This network has remarkable mechanical properties and has been used as matrix for the preparation of nanocomposites for a variety of different applications. Graphene nanomaterials, including pristine single graphene sheets, graphene oxide and reduced graphene oxide have been used to provide polymeric materials with novel properties such as electric conductivity, absorption and adsorption capabilities. In order to take advantage of the intrinsic properties of both, bacterial cellulose and graphene, many processing techniques have been developed to successfully incorporate graphene nanomaterials, mainly graphene oxide and reduced graphene oxide. Films, membranes, hydrogels and aerogels can be produced using a variety of processing routes. The three main applications identified for these nanocomposites were the development of novel electric conductive materials and energy storage devices, the preparation of aerogels and membranes for the removal of oil and metal ions from water and a variety of biomedical applications. The incorporation of graphene has shown to greatly improve the conductivity of BC-based materials, making BC-graphene nanocomposites suitable for the assemblage of novel flexible supercapacitors that could be used for energy storage of novel flexible electronic devices. Regarding the biomedical applications, BC-graphene nanocomposites have been used in the preparation of materials for cell culture, tissue engineering, wound dressing and drug delivery. However, there are reports showing that graphene can be toxic for cells and tissues. Further investigations should be focused on the biocompatibility of these novel BC-graphene nanocomposites for biomedical applications.
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Abbreviations




	BC
	Bacterial cellulose



	CNT
	Carbon nanotubes



	DCC
	Dicy clohexyl carbodiimide



	DMF
	N,N-dimethyl formamide



	EDLC
	Electrochemical double-layer capacitor



	GFN
	Graphene family nanomaterials



	GO
	Graphene oxide



	N-GOQD
	Nitrogen doped graphene oxide quantum dots



	PANI
	Polyaniline



	PEDOT
	Poly-3,4-ethylenedioxythiophene



	RGO
	Reduced graphene oxide



	TEMPO-BC
	2,2,6,6-tetramethylpiperidine-1-oxyl radical-oxidized bacterial cellulose







References


	



Esa, F.; Tasirin, S.M.; Rahman, N.A. Overview of Bacterial Cellulose Production and Application. Agric. Agric. Sci. Procedia 2014, 2, 113–119. [Google Scholar] [CrossRef]

	



Cannon, R.E.; Anderson, S.M. Biogenesis of Bacterial Cellulose. Crit. Rev. Microbiol. 1991, 17, 435–447. [Google Scholar] [CrossRef] [PubMed]

	



Torres, F.G.; Arroyo, J.J.; Troncoso, O.P. Bacterial Cellulose Nanocomposites: An All-Nano Type of Material. Mater. Sci. Eng. C 2019, 98, 1277–1293. [Google Scholar] [CrossRef] [PubMed]

	



Torres, F.G.; Commeaux, S.; Troncoso, O.P. Biocompatibility of Bacterial Cellulose Based Biomaterials. J. Funct. Biomater. 2012, 3, 864–878. [Google Scholar] [CrossRef] [PubMed]

	



Novoselov, K.S. Electric Field Effect in Atomically Thin Carbon Films. Science 2004, 306, 666–669. [Google Scholar] [CrossRef]

	



Novoselov, K.S.; Jiang, D.; Schedin, F.; Booth, T.J.; Khotkevich, V.V.; Morozov, S.V.; Geim, A.K. Two-Dimensional Atomic Crystals. Proc. Natl. Acad. Sci. USA 2005, 102, 10451–10453. [Google Scholar] [CrossRef]

	



Feng, L.; Wu, L.; Qu, X. New Horizons for Diagnostics and Therapeutic Applications of Graphene and Graphene Oxide. Adv. Mater. 2013, 25, 168–186. [Google Scholar] [CrossRef]

	



Geim, A.K.; Novoselov, K.S. The Rise of Graphene. Nat. Mater. 2007, 6, 183–191. [Google Scholar] [CrossRef]

	



Mayorov, A.S.; Elias, D.C.; Mukhin, I.S.; Morozov, S.V.; Ponomarenko, L.A.; Novoselov, K.S.; Geim, A.K.; Gorbachev, R.V. How Close Can One Approach the Dirac Point in Graphene Experimentally? Nano Lett. 2012, 12, 4629–4634. [Google Scholar] [CrossRef]

	



Li, C.; Shi, G. Three-Dimensional Graphene Architectures. Nanoscale 2012, 4, 5549. [Google Scholar] [CrossRef]

	



Qu, L.; Liu, Y.; Baek, J.-B.; Dai, L. Nitrogen-Doped Graphene as Efficient Metal-Free Electrocatalyst for Oxygen Reduction in Fuel Cells. ACS Nano 2010, 4, 1321–1326. [Google Scholar] [CrossRef] [PubMed]

	



Ge, S.; Yan, M.; Lu, J.; Zhang, M.; Yu, F.; Yu, J.; Song, X.; Yu, S. Electrochemical Biosensor Based on Graphene Oxide–Au Nanoclusters Composites for l-Cysteine Analysis. Biosens. Bioelectron. 2012, 31, 49–54. [Google Scholar] [CrossRef] [PubMed]

	



Stankovich, S.; Dikin, D.A.; Piner, R.D.; Kohlhaas, K.A.; Kleinhammes, A.; Jia, Y.; Wu, Y.; Nguyen, S.T.; Ruoff, R.S. Synthesis of Graphene-Based Nanosheets via Chemical Reduction of Exfoliated Graphite Oxide. Carbon (N. Y.) 2007, 45, 1558–1565. [Google Scholar] [CrossRef]

	



Hummers, W.S.; Offeman, R.E. Preparation of Graphitic Oxide. J. Am. Chem. Soc. 1958, 80, 1339. [Google Scholar] [CrossRef]

	



Xu, Y.; Sheng, K.; Li, C.; Shi, G. Highly Conductive Chemically Converted Graphene Prepared from Mildly Oxidized Graphene Oxide. J. Mater. Chem. 2011, 21, 7376. [Google Scholar] [CrossRef]

	



Wang, G.; Yang, J.; Park, J.; Gou, X.; Wang, B.; Liu, H.; Yao, J. Facile Synthesis and Characterization of Graphene Nanosheets. J. Phys. Chem. C 2008, 112, 8192–8195. [Google Scholar] [CrossRef]

	



Toh, S.Y.; Loh, K.S.; Kamarudin, S.K.; Daud, W.R.W. Graphene Production via Electrochemical Reduction of Graphene Oxide: Synthesis and Characterisation. Chem. Eng. J. 2014, 251, 422–434. [Google Scholar] [CrossRef]

	



Zhao, X.; Wang, Z.; Xie, Y.; Xu, H.; Zhu, J.; Zhang, X.; Liu, W.; Yang, G.; Ma, J.; Liu, Y. Photocatalytic Reduction of Graphene Oxide-TiO2 Nanocomposites for Improving Resistive-Switching Memory Behaviors. Small 2018, 14, 1801325. [Google Scholar] [CrossRef]

	



Saleem, H.; Haneef, M.; Abbasi, H.Y. Synthesis Route of Reduced Graphene Oxide via Thermal Reduction of Chemically Exfoliated Graphene Oxide. Mater. Chem. Phys. 2018, 204, 1–7. [Google Scholar] [CrossRef]

	



Thakur, S.; Karak, N. Alternative Methods and Nature-Based Reagents for the Reduction of Graphene Oxide: A Review. Carbon (N. Y.) 2015, 94, 224–242. [Google Scholar] [CrossRef]

	



Guex, L.G.; Sacchi, B.; Peuvot, K.F.; Andersson, R.L.; Pourrahimi, A.M.; Ström, V.; Farris, S.; Olsson, R.T. Experimental Review: Chemical Reduction of Graphene Oxide (GO) to Reduced Graphene Oxide (RGO) by Aqueous Chemistry. Nanoscale 2017, 9, 9562–9571. [Google Scholar] [CrossRef] [PubMed]

	



Guhados, G.; Wan, W.; Hutter, J.L. Measurement of the Elastic Modulus of Single Bacterial Cellulose Fibers Using Atomic Force Microscopy. Langmuir 2005, 21, 6642–6646. [Google Scholar] [CrossRef] [PubMed]

	



Iguchi, M.; Yamanaka, S.; Budhiono, A. Bacterial Cellulose—A Masterpiece of Nature’s Arts. J. Mater. Sci. 2000, 35, 261–270. [Google Scholar] [CrossRef]

	



Tang, W.; Jia, S.; Jia, Y.; Yang, H. The Influence of Fermentation Conditions and Post-Treatment Methods on Porosity of Bacterial Cellulose Membrane. World J. Microbiol. Biotechnol. 2010, 26, 125–131. [Google Scholar] [CrossRef]

	



Zhang, H.; Xu, X.; Chen, C.; Chen, X.; Huang, Y.; Sun, D. In Situ Controllable Fabrication of Porous Bacterial Cellulose. Mater. Lett. 2019, 249, 104–107. [Google Scholar] [CrossRef]

	



Hu, Y.H.; Wang, H.; Hu, B. Thinnest Two-Dimensional Nanomaterial-Graphene for Solar Energy. ChemSusChem 2010, 3, 782–796. [Google Scholar] [CrossRef]

	



Chen, J.-H.; Jang, C.; Xiao, S.; Ishigami, M.; Fuhrer, M.S. Intrinsic and Extrinsic Performance Limits of Graphene Devices on SiO2. Nat. Nanotechnol. 2008, 3, 206–209. [Google Scholar] [CrossRef]

	



Torres, F.G.; Troncoso, O.P.; Lopez, D.; Grande, C.; Gomez, C.M. Reversible Stress Softening and Stress Recovery of Cellulose Networks. Soft Matter 2009, 5, 4185. [Google Scholar] [CrossRef]

	



Thompson, M.A.; Onyeziri, M.C.; Fuqua, C. Function and Regulation of Agrobacterium Tumefaciens Cell Surface Structures That Promote Attachment. In Agrobacterium Biology. Current Topics in Microbiology and Immunology; Gelvin, S., Ed.; Springer: Cham, Switzerland, 2018; pp. 143–184. [Google Scholar] [CrossRef]

	



Stumpf, T.R.; 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. [Google Scholar] [CrossRef]

	



Tanskul, S.; Amornthatree, K.; Jaturonlak, N. A New Cellulose-Producing Bacterium, Rhodococcus Sp. MI 2: Screening and Optimization of Culture Conditions. Carbohydr. Polym. 2013, 92, 421–428. [Google Scholar] [CrossRef]

	



Mohammadkazemi, F.; Azin, M.; Ashori, A. Production of Bacterial Cellulose Using Different Carbon Sources and Culture Media. Carbohydr. Polym. 2015, 117, 518–523. [Google Scholar] [CrossRef] [PubMed]

	



Singhsa, P.; Narain, R.; Manuspiya, H. Physical Structure Variations of Bacterial Cellulose Produced by Different Komagataeibacter Xylinus Strains and Carbon Sources in Static and Agitated Conditions. Cellulose 2018, 25, 1571–1581. [Google Scholar] [CrossRef]

	



Chang, Y.; Zhou, L.; Xiao, Z.; Liang, J.; Kong, D.; Li, Z.; Zhang, X.; Li, X.; Zhi, L. Embedding Reduced Graphene Oxide in Bacterial Cellulose-Derived Carbon Nanofibril Networks for Supercapacitors. ChemElectroChem 2017, 4, 2448–2452. [Google Scholar] [CrossRef]

	



Fang, Q.; Zhou, X.; Deng, W.; Zheng, Z.; Liu, Z. Freestanding Bacterial Cellulose-Graphene Oxide Composite Membranes with High Mechanical Strength for Selective Ion Permeation. Sci. Rep. 2016, 6, 33185. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhou, J.; Tang, J.; Tang, W. Three-Dimensional, Chemically Bonded Polypyrrole/Bacterial Cellulose/Graphene Composites for High-Performance Supercapacitors. Chem. Mater. 2015, 27, 7034–7041. [Google Scholar] [CrossRef]

	



Ma, L.; Liu, R.; Niu, H.; Zhao, M.; Huang, Y. Flexible and Freestanding Electrode Based on Polypyrrole/Graphene/Bacterial Cellulose Paper for Supercapacitor. Compos. Sci. Technol. 2016, 137, 87–93. [Google Scholar] [CrossRef]

	



Shao, W.; Liu, H.; Liu, X.; Wang, S.; Zhang, R. Anti-Bacterial Performances and Biocompatibility of Bacterial Cellulose/Graphene Oxide Composites. RSC Adv. 2015, 5, 4795–4803. [Google Scholar] [CrossRef]

	



Shao, W.; Wang, S.; Liu, H.; Wu, J.; Zhang, R.; Min, H.; Huang, M. Preparation of Bacterial Cellulose/Graphene Nanosheets Composite Films with Enhanced Mechanical Performances. Carbohydr. Polym. 2016, 138, 166–171. [Google Scholar] [CrossRef]

	



Shen, Y.-D.; Xiao, Z.-C.; Miao, L.-X.; Kong, D.-B.; Zheng, X.-Y.; Chang, Y.-H.; Zhi, L.-J. Pyrolyzed Bacterial Cellulose/Graphene Oxide Sandwich Interlayer for Lithium–Sulfur Batteries. Rare Met. 2017, 36, 418–424. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhou, J.; Zhu, E.; Tang, J.; Liu, X.; Tang, W. Facile Synthesis of Bacterial Cellulose Fibres Covalently Intercalated with Graphene Oxide by One-Step Cross-Linking for Robust Supercapacitors. J. Mater. Chem. C 2015, 3, 1011–1017. [Google Scholar] [CrossRef]

	



Luo, H.; Xiong, G.; Yang, Z.; Raman, S.R.; Si, H.; Wan, Y. A Novel Three-Dimensional Graphene/Bacterial Cellulose Nanocomposite Prepared by in Situ Biosynthesis. RSC Adv. 2014, 4, 14369–14372. [Google Scholar] [CrossRef]

	



Sanchis, M.J.; Carsí, M.; Gómez, C.M.; Culebras, M.; Gonzales, K.N.; Torres, F.G. Monitoring Molecular Dynamics of Bacterial Cellulose Composites Reinforced with Graphene Oxide by Carboxymethyl Cellulose Addition. Carbohydr. Polym. 2017, 157, 353–360. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, W.; Li, W.; He, Y.; Duan, T. In-Situ Biopreparation of Biocompatible Bacterial Cellulose/Graphene Oxide Composites Pellets. Appl. Surf. Sci. 2015, 338, 22–26. [Google Scholar] [CrossRef]

	



Jin, L.; Zeng, Z.; Kuddannaya, S.; Wu, D.; Zhang, Y.; Wang, Z. Biocompatible, Free-Standing Film Composed of Bacterial Cellulose Nanofibers–Graphene Composite. ACS Appl. Mater. Interfaces 2016, 8, 1011–1018. [Google Scholar] [CrossRef] [PubMed]

	



Schlufter, K.; Schmauder, H.-P.; Dorn, S.; Heinze, T. Efficient Homogeneous Chemical Modification of Bacterial Cellulose in the Ionic Liquid 1-N-Butyl-3-Methylimidazolium Chloride. Macromol. Rapid Commun. 2006, 27, 1670–1676. [Google Scholar] [CrossRef]

	



Wan, Y.; Zhang, F.; Li, C.; Xiong, G.; Zhu, Y.; Luo, H. Facile and Scalable Production of Three-Dimensional Spherical Carbonized Bacterial Cellulose/Graphene Nanocomposites with a Honeycomb-like Surface Pattern as Potential Superior Absorbents. J. Mater. Chem. A 2015, 3, 24389–24396. [Google Scholar] [CrossRef]

	



Luo, H.; Dong, J.; Zhang, Y.; Li, G.; Guo, R.; Zuo, G.; Ye, M.; Wang, Z.; Yang, Z.; Wan, Y. Constructing 3D Bacterial Cellulose/Graphene/Polyaniline Nanocomposites by Novel Layer-by-Layer in Situ Culture toward Mechanically Robust and Highly Flexible Freestanding Electrodes for Supercapacitors. Chem. Eng. J. 2018, 334, 1148–1158. [Google Scholar] [CrossRef]

	



Luo, H.; Xie, J.; Xiong, L.; Zhu, Y.; Yang, Z.; Wan, Y. Fabrication of Flexible, Ultra-Strong and Highly Conductive Bacterial Cellulose-Based Paper by Engineering Dispersion of Graphene Nanosheets. Compos. Part B Eng. 2019, 162, 484–490. [Google Scholar] [CrossRef]

	



Dhar, P.; Pratto, B.; Gonçalves Cruz, A.J.; Bankar, S. Valorization of Sugarcane Straw to Produce Highly Conductive Bacterial Cellulose/Graphene Nanocomposite Films through in Situ Fermentation: Kinetic Analysis and Property Evaluation. J. Clean. Prod. 2019, 238, 117859. [Google Scholar] [CrossRef]

	



Chen, C.; Zhang, T.; Zhang, Q.; Chen, X.; Zhu, C.; Xu, Y.; Yang, J.; Liu, J.; Sun, D. Biointerface by Cell Growth on Graphene Oxide Doped Bacterial Cellulose/Poly(3,4-Ethylenedioxythiophene) Nanofibers. ACS Appl. Mater. Interfaces 2016, 8, 10183–10192. [Google Scholar] [CrossRef]

	



Wan, Y.; Li, J.; Yang, Z.; Ao, H.; Xiong, L.; Luo, H. Simultaneously Depositing Polyaniline onto Bacterial Cellulose Nanofibers and Graphene Nanosheets toward Electrically Conductive Nanocomposites. Curr. Appl. Phys. 2018, 18, 933–940. [Google Scholar] [CrossRef]

	



Ma, L.; Liu, R.; Niu, H.; Wang, F.; Liu, L.; Huang, Y. Freestanding Conductive Film Based on Polypyrrole/Bacterial Cellulose/Graphene Paper for Flexible Supercapacitor: Large Areal Mass Exhibits Excellent Areal Capacitance. Electrochim. Acta 2016, 222, 429–437. [Google Scholar] [CrossRef]

	



Yang, X.-N.; Xue, D.-D.; Li, J.-Y.; Liu, M.; Jia, S.-R.; Chu, L.-Q.; Wahid, F.; Zhang, Y.-M.; Zhong, C. Improvement of Antimicrobial Activity of Graphene Oxide/Bacterial Cellulose Nanocomposites through the Electrostatic Modification. Carbohydr. Polym. 2016, 136, 1152–1160. [Google Scholar] [CrossRef] [PubMed]

	



Hosseini, H.; Kokabi, M.; Mousavi, S.M. Conductive Network Formation in Bacterial Cellulose-Based Nanocomposite Aerogels. Compos. Part B Eng. 2019, 174, 106981. [Google Scholar] [CrossRef]

	



Luo, H.; Xie, J.; Wang, J.; Yao, F.; Yang, Z.; Wan, Y. Step-by-Step Self-Assembly of 2D Few-Layer Reduced Graphene Oxide into 3D Architecture of Bacterial Cellulose for a Robust, Ultralight and Recyclable All-Carbon Absorbent. Carbon (N. Y.) 2018, 139, 824–832. [Google Scholar] [CrossRef]

	



Pinto, S.C.; Gonçalves, G.; Sandoval, S.; López-Periago, A.M.; Borras, A.; Domingo, C.; Tobias, G.; Duarte, I.; Vicente, R.; Marques, P.A.A.P. Bacterial Cellulose/Graphene Oxide Aerogels with Enhanced Dimensional and Thermal Stability. Carbohydr. Polym. 2020, 230, 115598. [Google Scholar] [CrossRef]

	



Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior Thermal Conductivity of Single-Layer Graphene. Nano Lett. 2008, 8, 902–907. [Google Scholar] [CrossRef]

	



Mohan, V.B.; Lau, K.; Hui, D.; Bhattacharyya, D. Graphene-Based Materials and Their Composites: A Review on Production, Applications and Product Limitations. Compos. Part B Eng. 2018, 142, 200–220. [Google Scholar] [CrossRef]

	



Khan, Z.U.; Kausar, A.; Ullah, H.; Badshah, A.; Khan, W.U. A Review of Graphene Oxide, Graphene Buckypaper and Polymer/Graphene Composites: Properties and Fabrication Techniques. J. Plast. Film Sheeting 2016, 32, 336–379. [Google Scholar] [CrossRef]

	



Gao, Y. Graphene and Polymer Composites for Supercapacitor Applications: A Review. Nanoscale Res. Lett. 2017, 12, 387. [Google Scholar] [CrossRef]

	



Wei, T.; Luo, G.; Fan, Z.; Zheng, C.; Yan, J.; Yao, C.; Li, W.; Zhang, C. Preparation of Graphene Nanosheet/Polymer Composites Using in Situ Reduction–Extractive Dispersion. Carbon (N. Y.) 2009, 47, 2296–2299. [Google Scholar] [CrossRef]

	



Wang, T.; Liang, G.; Yuan, L.; Gu, A. Unique Hybridized Graphene and Its High Dielectric Constant Composites with Enhanced Frequency Stability, Low Dielectric Loss and Percolation Threshold. Carbon (N. Y.) 2014, 77, 920–932. [Google Scholar] [CrossRef]

	



Vadukumpully, S.; Paul, J.; Mahanta, N.; Valiyaveettil, S. Flexible Conductive Graphene/Poly(Vinyl Chloride) Composite Thin Films with High Mechanical Strength and Thermal Stability. Carbon (N. Y.) 2011, 49, 198–205. [Google Scholar] [CrossRef]

	



Allaoui, A.; Hoa, S.V.; Pugh, M.D. The Electronic Transport Properties and Microstructure of Carbon Nanofiber/Epoxy Composites. Compos. Sci. Technol. 2008, 68, 410–416. [Google Scholar] [CrossRef]

	



Martin-Gallego, M.; Bernal, M.M.; Hernandez, M.; Verdejo, R.; Lopez-Manchado, M.A. Comparison of Filler Percolation and Mechanical Properties in Graphene and Carbon Nanotubes Filled Epoxy Nanocomposites. Eur. Polym. J. 2013, 49, 1347–1353. [Google Scholar] [CrossRef]

	



Zeng, X.; Xu, X.; Shenai, P.M.; Kovalev, E.; Baudot, C.; Mathews, N.; Zhao, Y. Characteristics of the Electrical Percolation in Carbon Nanotubes/Polymer Nanocomposites. J. Phys. Chem. C 2011, 115, 21685–21690. [Google Scholar] [CrossRef]

	



Luo, H.; Ao, H.; Peng, M.; Yao, F.; Yang, Z.; Wan, Y. Effect of Highly Dispersed Graphene and Graphene Oxide in 3D Nanofibrous Bacterial Cellulose Scaffold on Cell Responses: A Comparative Study. Mater. Chem. Phys. 2019, 235, 121774. [Google Scholar] [CrossRef]

	



Feng, Y.; Zhang, X.; Shen, Y.; Yoshino, K.; Feng, W. A Mechanically Strong, Flexible and Conductive Film Based on Bacterial Cellulose/Graphene Nanocomposite. Carbohydr. Polym. 2012, 87, 644–649. [Google Scholar] [CrossRef]

	



Ccorahua, R.; Troncoso, O.P.; Rodriguez, S.; Lopez, D.; Torres, F.G. Hydrazine Treatment Improves Conductivity of Bacterial Cellulose/Graphene Nanocomposites Obtained by a Novel Processing Method. Carbohydr. Polym. 2017, 171, 68–76. [Google Scholar] [CrossRef]

	



Torres, F.G.; Ccorahua, R.; Arroyo, J.; Troncoso, O.P. Enhanced Conductivity of Bacterial Cellulose Films Reinforced with NH 4 I-Doped Graphene Oxide. Polym. Technol. Mater. 2019, 58, 1585–1595. [Google Scholar]

	



Simon, P.; Gogotsi, Y.; Dunn, B. Where Do Batteries End and Supercapacitors Begin? Science 2014, 343, 1210–1211. [Google Scholar] [CrossRef] [PubMed]

	



Sudhakar, Y.N.; Selvakumar, M.; Bhat, D.K. Biopolymer Electrolyte for Supercapacitor. In Biopolymer Electrolytes; Elsevier: Amsterdam, The Netherlands, 2018; pp. 53–116. [Google Scholar] [CrossRef]

	



Williamson, S.S.; Cassani, P.A.; Lukic, S.; Blunier, B. Energy Storage. In Power Electronics Handbook; Elsevier: Amsterdam, The Netherlands, 2011; pp. 1331–1356. [Google Scholar] [CrossRef]

	



Choi, B.G.; Hong, J.; Hong, W.H.; Hammond, P.T.; Park, H. Facilitated Ion Transport in All-Solid-State Flexible Supercapacitors. ACS Nano 2011, 5, 7205–7213. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Ma, L.; Huang, S.; Mei, J.; Xu, J.; Yuan, G. A Flexible Polyaniline/Graphene/Bacterial Cellulose Supercapacitor Electrode. New J. Chem. 2017, 41, 857–864. [Google Scholar] [CrossRef]

	



Ma, L.; Liu, R.; Niu, H.; Xing, L.; Liu, L.; Huang, Y. Flexible and Freestanding Supercapacitor Electrodes Based on Nitrogen-Doped Carbon Networks/Graphene/Bacterial Cellulose with Ultrahigh Areal Capacitance. ACS Appl. Mater. Interfaces 2016, 8, 33608–33618. [Google Scholar] [CrossRef]

	



Zhang, L.; Ding, Y.; Zhang, C.; Zhou, Y.; Zhou, X.; Liu, Z.; Yu, G. Enabling Graphene-Oxide-Based Membranes for Large-Scale Energy Storage by Controlling Hydrophilic Microstructures. Chem 2018, 4, 1035–1046. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhou, Z.; Wen, F.; Yuan, K.; Tan, J.; Zhang, Z.; Wang, H. Tubular Structured Bacterial Cellulose-Based Nitrite Sensor: Preparation and Environmental Application. J. Solid State Electrochem. 2017, 21, 3649–3657. [Google Scholar] [CrossRef]

	



Lv, P.; Zhou, H.; Mensah, A.; Feng, Q.; Lu, K.; Huang, J.; Li, D.; Cai, Y.; Lucia, L.; Wei, Q. In Situ 3D Bacterial Cellulose/Nitrogen-Doped Graphene Oxide Quantum Dot-Based Membrane Fluorescent Probes for Aggregation-Induced Detection of Iron Ions. Cellulose 2019, 26, 6073–6086. [Google Scholar] [CrossRef]

	



Hosseini, H.; Kokabi, M.; Mousavi, S.M. BC/RGO Conductive Nanocomposite Aerogel as a Strain Sensor. Polymer (Guildf.) 2018, 137, 82–96. [Google Scholar] [CrossRef]

	



Kim, S.-S.; Jeon, J.-H.; Kim, H.-I.; Kee, C.D.; Oh, I.-K. High-Fidelity Bioelectronic Muscular Actuator Based on Graphene-Mediated and TEMPO-Oxidized Bacterial Cellulose. Adv. Funct. Mater. 2015, 25, 3560–3570. [Google Scholar] [CrossRef]

	



Bhardwaj, N.; Bhaskarwar, A.N. A Review on Sorbent Devices for Oil-Spill Control. Environ. Pollut. 2018, 243, 1758–1771. [Google Scholar] [CrossRef]

	



Park, S.; Kang, S.-O.; Jung, E.; Park, S.; Park, H.S. Surface Modification and Partial Reduction of Three-Dimensional Macroporous Graphene Oxide Scaffolds for Greatly Improved Adsorption Capacity. RSC Adv. 2014, 4, 899–902. [Google Scholar] [CrossRef]

	



Gui, X.; Wei, J.; Wang, K.; Cao, A.; Zhu, H.; Jia, Y.; Shu, Q.; Wu, D. Carbon Nanotube Sponges. Adv. Mater. 2010, 22, 617–621. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yadav, S.; Heinlein, T.; Konjik, V.; Breitzke, H.; Buntkowsky, G.; Schneider, J.J.; Zhang, K. Ultra-Light Nanocomposite Aerogels of Bacterial Cellulose and Reduced Graphene Oxide for Specific Absorption and Separation of Organic Liquids. RSC Adv. 2014, 4, 21553. [Google Scholar] [CrossRef]

	



Mensah, A.; Lv, P.; Narh, C.; Huang, J.; Wang, D.; Wei, Q. Sequestration of Pb(II) Ions from Aqueous Systems with Novel Green Bacterial Cellulose Graphene Oxide Composite. Materials 2019, 12, 218. [Google Scholar] [CrossRef] [PubMed]

	



Ghasemi, E.; Heydari, A.; Sillanpää, M. Superparamagnetic Fe3O4@EDTA Nanoparticles as an Efficient Adsorbent for Simultaneous Removal of Ag(I), Hg(II), Mn(II), Zn(II), Pb(II) and Cd(II) from Water and Soil Environmental Samples. Microchem. J. 2017, 131, 51–56. [Google Scholar] [CrossRef]

	



Lee, A.; Elam, J.W.; Darling, S.B. Membrane Materials for Water Purification: Design, Development and Application. Environ. Sci. Water Res. Technol. 2016, 2, 17–42. [Google Scholar] [CrossRef]

	



Abbas, Z.; Ali, S.; Rizwan, M.; Zaheer, I.E.; Malik, A.; Riaz, M.A.; Shahid, M.R.; Zia-ur-Rehman, M.; Al-Wabel, M.I. A Critical Review of Mechanisms Involved in the Adsorption of Organic and Inorganic Contaminants through Biochar. Arab. J. Geosci. 2018, 11, 448. [Google Scholar] [CrossRef]

	



Chen, X.; Cui, J.; Xu, X.; Sun, B.; Zhang, L.; Dong, W.; Chen, C.; Sun, D. Bacterial Cellulose/Attapulgite Magnetic Composites as an Efficient Adsorbent for Heavy Metal Ions and Dye Treatment. Carbohydr. Polym. 2020, 229, 115512. [Google Scholar] [CrossRef]

	



Hu, Y.; Chen, C.; Yang, L.; Cui, J.; Hao, Q.; Sun, D. Handy Purifier Based on Bacterial Cellulose and Ca-Montmorillonite Composites for Efficient Removal of Dyes and Antibiotics. Carbohydr. Polym. 2019, 222, 115017. [Google Scholar] [CrossRef]

	



Wang, B.; Qi, G.; Huang, C.; Yang, X.-Y.; Zhang, H.-R.; Luo, J.; Chen, X.-F.; Xiong, L.; Chen, X.-D. Preparation of Bacterial Cellulose/Inorganic Gel of Bentonite Composite by In Situ Modification. Indian J. Microbiol. 2016, 56, 72–79. [Google Scholar] [CrossRef]

	



Stoica-Guzun, A.; Stroescu, M.; Jinga, S.I.; Mihalache, N.; Botez, A.; Matei, C.; Berger, D.; Damian, C.M.; Ionita, V. Box-Behnken Experimental Design for Chromium(VI) Ions Removal by Bacterial Cellulose-Magnetite Composites. Int. J. Biol. Macromol. 2016, 91, 1062–1072. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Tian, X.; Wang, Z.; Guan, Z.; Li, X.; Qiao, H.; Ke, H.; Luo, L.; Wei, Q. Multifunctional Adsorbent Based on Metal-Organic Framework Modified Bacterial Cellulose/Chitosan Composite Aerogel for High Efficient Removal of Heavy Metal Ion and Organic Pollutant. Chem. Eng. J. 2020, 383, 123127. [Google Scholar] [CrossRef]

	



Cheng, R.; Kang, M.; Zhuang, S.; Shi, L.; Zheng, X.; Wang, J. Adsorption of Sr(II) from Water by Mercerized Bacterial Cellulose Membrane Modified with EDTA. J. Hazard. Mater. 2019, 364, 645–653. [Google Scholar] [CrossRef] [PubMed]

	



Shoukat, A.; Wahid, F.; Khan, T.; Siddique, M.; Nasreen, S.; Yang, G.; Ullah, M.W.; Khan, R. Titanium Oxide-Bacterial Cellulose Bioadsorbent for the Removal of Lead Ions from Aqueous Solution. Int. J. Biol. Macromol. 2019, 129, 965–971. [Google Scholar] [CrossRef] [PubMed]

	



Peng, W.; Li, H.; Liu, Y.; Song, S. A Review on Heavy Metal Ions Adsorption from Water by Graphene Oxide and Its Composites. J. Mol. Liq. 2017, 230, 496–504. [Google Scholar] [CrossRef]

	



Nupearachchi, C.N.; Mahatantila, K.; Vithanage, M. Application of Graphene for Decontamination of Water; Implications for Sorptive Removal. Groundw. Sustain. Dev. 2017, 5, 206–215. [Google Scholar] [CrossRef]

	



Picheth, G.F.; Pirich, C.L.; Sierakowski, M.R.; Woehl, M.A.; Sakakibara, C.N.; de Souza, C.F.; Martin, A.A.; da Silva, R.; de Freitas, R.A. Bacterial Cellulose in Biomedical Applications: A Review. Int. J. Biol. Macromol. 2017, 104, 97–106. [Google Scholar] [CrossRef]

	



Dugan, J.M.; Gough, J.E.; Eichhorn, S.J. Bacterial Cellulose Scaffolds and Cellulose Nanowhiskers for Tissue Engineering. Nanomedicine 2013, 8, 287–298. [Google Scholar] [CrossRef]

	



Khan, S.; Ul-Islam, M.; Ikram, M.; Islam, S.U.; Ullah, M.W.; Israr, M.; Jang, J.H.; Yoon, S.; Park, J.K. Preparation and Structural Characterization of Surface Modified Microporous Bacterial Cellulose Scaffolds: A Potential Material for Skin Regeneration Applications in Vitro and in Vivo. Int. J. Biol. Macromol. 2018, 117, 1200–1210. [Google Scholar] [CrossRef]

	



Roman, M.; Haring, A.P.; Bertucio, T.J. The Growing Merits and Dwindling Limitations of Bacterial Cellulose-Based Tissue Engineering Scaffolds. Curr. Opin. Chem. Eng. 2019, 24, 98–106. [Google Scholar] [CrossRef]

	



Torgbo, S.; Sukyai, P. Bacterial Cellulose-Based Scaffold Materials for Bone Tissue Engineering. Appl. Mater. Today 2018, 11, 34–49. [Google Scholar] [CrossRef]

	



Li, Y.; Jiang, K.; Feng, J.; Liu, J.; Huang, R.; Chen, Z.; Yang, J.; Dai, Z.; Chen, Y.; Wang, N.; et al. Construction of Small-Diameter Vascular Graft by Shape-Memory and Self-Rolling Bacterial Cellulose Membrane. Adv. Healthc. Mater. 2017, 6, 1601343. [Google Scholar] [CrossRef] [PubMed]

	



Portela, R.; Leal, C.R.; Almeida, P.L.; Sobral, R.G. Bacterial Cellulose: A Versatile Biopolymer for Wound Dressing Applications. Microb. Biotechnol. 2019, 1, 586–610. [Google Scholar] [CrossRef] [PubMed]

	



Ullah, H.; Santos, H.A.; Khan, T. Applications of Bacterial Cellulose in Food, Cosmetics and Drug Delivery. Cellulose 2016, 23, 2291–2314. [Google Scholar] [CrossRef]

	



Lee, S.E.; Park, Y.S. The Role of Bacterial Cellulose in Artificial Blood Vessels. Mol. Cell. Toxicol. 2017, 13, 257–261. [Google Scholar] [CrossRef]

	



Kumar, P.; Huo, P.; Zhang, R.; Liu, B. Antibacterial Properties of Graphene-Based Nanomaterials. Nanomaterials 2019, 9, 737. [Google Scholar] [CrossRef]

	



Szunerits, S.; Boukherroub, R. Antibacterial Activity of Graphene-Based Materials. J. Mater. Chem. B 2016, 4, 6892–6912. [Google Scholar] [CrossRef]

	



Zhang, Q.; Wu, Z.; Li, N.; Pu, Y.; Wang, B.; Zhang, T.; Tao, J. Advanced Review of Graphene-Based Nanomaterials in Drug Delivery Systems: Synthesis, Modification, Toxicity and Application. Mater. Sci. Eng. C 2017, 77, 1363–1375. [Google Scholar] [CrossRef]

	



Yang, K.; Feng, L.; Liu, Z. Stimuli Responsive Drug Delivery Systems Based on Nano-Graphene for Cancer Therapy. Adv. Drug Deliv. Rev. 2016, 105, 228–241. [Google Scholar] [CrossRef]

	



Akhavan, O. Graphene Scaffolds in Progressive Nanotechnology/Stem Cell-Based Tissue Engineering of the Nervous System. J. Mater. Chem. B 2016, 4, 3169–3190. [Google Scholar] [CrossRef]

	



Zhao, P.; Gu, H.; Mi, H.; Rao, C.; Fu, J.; Turng, L. Fabrication of Scaffolds in Tissue Engineering: A Review. Front. Mech. Eng. 2018, 13, 107–119. [Google Scholar] [CrossRef]

	



Jennifer, M.; Maciej, W. Nanoparticle Technology as a Double-Edged Sword: Cytotoxic, Genotoxic and Epigenetic Effects on Living Cells. J. Biomater. Nanobiotechnol. 2013, 04, 53–63. [Google Scholar] [CrossRef]

	



Xu, M.; Zhu, J.; Wang, F.; Xiong, Y.; Wu, Y.; Wang, Q.; Weng, J.; Zhang, Z.; Chen, W.; Liu, S. Improved In Vitro and In Vivo Biocompatibility of Graphene Oxide through Surface Modification: Poly(Acrylic Acid)-Functionalization Is Superior to PEGylation. ACS Nano 2016, 10, 3267–3281. [Google Scholar] [CrossRef] [PubMed]

	



Mu, Q.; Su, G.; Li, L.; Gilbertson, B.O.; Yu, L.H.; Zhang, Q.; Sun, Y.-P.; Yan, B. Size-Dependent Cell Uptake of Protein-Coated Graphene Oxide Nanosheets. ACS Appl. Mater. Interfaces 2012, 4, 2259–2266. [Google Scholar] [CrossRef] [PubMed]

	



Hsieh, C.-T.; Chen, W.-Y. Water/Oil Repellency and Work of Adhesion of Liquid Droplets on Graphene Oxide and Graphene Surfaces. Surf. Coat. Technol. 2011, 205, 4554–4561. [Google Scholar] [CrossRef]

	



Wang, A.; Pu, K.; Dong, B.; Liu, Y.; Zhang, L.; Zhang, Z.; Duan, W.; Zhu, Y. Role of Surface Charge and Oxidative Stress in Cytotoxicity and Genotoxicity of Graphene Oxide towards Human Lung Fibroblast Cells. J. Appl. Toxicol. 2013, 33, 1156–1164. [Google Scholar] [CrossRef]

	



Chang, Y.; Yang, S.-T.; Liu, J.-H.; Dong, E.; Wang, Y.; Cao, A.; Liu, Y.; Wang, H. In Vitro Toxicity Evaluation of Graphene Oxide on A549 Cells. Toxicol. Lett. 2011, 200, 201–210. [Google Scholar] [CrossRef]

	



Sahu, A.; Choi, W.I.; Tae, G. A Stimuli-Sensitive Injectable Graphene Oxide Composite Hydrogel. Chem. Commun. 2012, 48, 5820. [Google Scholar] [CrossRef]

	



Liu, C.; Yu, W.; Chen, Z.; Zhang, J.; Zhang, N. Enhanced Gene Transfection Efficiency in CD13-Positive Vascular Endothelial Cells with Targeted Poly(Lactic Acid)–Poly(Ethylene Glycol) Nanoparticles through Caveolae-Mediated Endocytosis. J. Control. Release 2011, 151, 162–175. [Google Scholar] [CrossRef]

	



Ali-Boucetta, H.; Bitounis, D.; Raveendran-Nair, R.; Servant, A.; Van den Bossche, J.; Kostarelos, K. Purified Graphene Oxide Dispersions Lack In Vitro Cytotoxicity and In Vivo Pathogenicity. Adv. Healthc. Mater. 2013, 2, 433–441. [Google Scholar] [CrossRef]

	



Ramani, D.; Sastry, T.P. Bacterial Cellulose-Reinforced Hydroxyapatite Functionalized Graphene Oxide: A Potential Osteoinductive Composite. Cellulose 2014, 21, 3585–3595. [Google Scholar] [CrossRef]

	



Si, H.; Luo, H.; Xiong, G.; Yang, Z.; Raman, S.R.; Guo, R.; Wan, Y. One-Step In Situ Biosynthesis of Graphene Oxide-Bacterial Cellulose Nanocomposite Hydrogels. Macromol. Rapid Commun. 2014, 35, 1706–1711. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.Y.; Low, H.R.; Loi, X.Y.; Merel, L.; Mohd Cairul Iqbal, M.A. Fabrication and Evaluation of Bacterial Nanocellulose/Poly(Acrylic Acid)/Graphene Oxide Composite Hydrogel: Characterizations and Biocompatibility Studies for Wound Dressing. J. Biomed. Mater. Res. Part B Appl. Biomater. 2019, 107, 2140–2151. [Google Scholar] [CrossRef] [PubMed]

	



Javanbakht, S.; Shaabani, A. Encapsulation of Graphene Quantum Dot-Crosslinked Chitosan by Carboxymethylcellulose Hydrogel Beads as a PH-Responsive Bio-Nanocomposite for the Oral Delivery Agent. Int. J. Biol. Macromol. 2019, 123, 389–397. [Google Scholar] [CrossRef] [PubMed]

	



Mianehrow, H.; Moghadam, M.H.M.; Sharif, F.; Mazinani, S. Graphene-Oxide Stabilization in Electrolyte Solutions Using Hydroxyethyl Cellulose for Drug Delivery Application. Int. J. Pharm. 2015, 484, 276–282. [Google Scholar] [CrossRef] [PubMed]

	



Luo, H.; Ao, H.; Li, G.; Li, W.; Xiong, G.; Zhu, Y.; Wan, Y. Bacterial Cellulose/Graphene Oxide Nanocomposite as a Novel Drug Delivery System. Curr. Appl. Phys. 2017, 17, 249–254. [Google Scholar] [CrossRef]








[image: Ijms 21 06532 g001 550] 





Figure 1. Processing routes reported for the preparation of BC- graphene oxide (GO) nanocomposites. In the first route, the pure BC membrane is disintegrated and a GO-BC suspension is prepared in order to prepare a composite BC-GO film (a). In the second route, GO is incorporated into the preserved BC network (b). In the third processing route, the BC growing medium is modified by the addition of a GO suspension and the BC network is synthetized in the presence of GO (c). For the fourth processing route a conventional growing medium is used to grow a first BC pellicle. Then, a modified growing medium is prepared adding a GO suspension. This modified medium is sprayed onto the first BC pellicle forming a thin layer of culture medium on which new BC nanofibres are synthetized in presence of GO (d). 
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Figure 2. Schematic representation of an electronic capacitor (a) and a flexible electrochemical double-layer capacitor (EDLC) (b). 
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Table 1. Summary of bacterial cellulose (BC) and graphene properties.
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Properties

	
Value

	
Observation

	
References






	
Bacterial cellulose network




	
Diameter

	
35–90 nm

	
Individual nanofibres

	
[22]




	
Length

	
580–960 µm

	
Individual nanofibres

	
[23]




	
Young’s modulus

	
78 GPa

	
Individual nanofibres

	
[22]




	
Porosity

	
65–75%

	
BC native network hydrogel

	
[24]




	
Surface area

	
20 m2/g

	
BC native network hydrogel

	
[25]




	
Water holding capacity

	
201%

	
BC native network hydrogel

	
[25]




	
Graphene




	
Surface area

	
2600 m2/g

	
Theoretical prediction

	
[26]




	
Mobility

	
15,000 cm2 V−1 s−1

	
Room temperature

	
[26]




	
Electric conductivity

	
106–107 S m−1

	
Isolated single particle conductivity

	
[27]




	
Thermal conductivity

	
5.8 × 103 Wm−1K−1

	
-

	
[26]




	
Young’s modulus

	
1 TPa

	
-

	
[26]
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Table 2. Conductivity of BC-graphene nanocomposites reported by different studies.
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	Nanocomposite
	Graphene Content (%)
	Conductivity (S∙m−1)
	References





	BC-Graphene
	18.4–26.8
	70–80
	[49]



	BC-RGO
	2.5–10
	0.001–0.01
	[69]



	BC-RGO
	30
	12
	[70]



	BC-Graphene-PANI
	-
	170
	[52]



	BC-RGO-NH4I
	30
	0.013
	[71]
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Table 3. Conductivity, specific capacitance and cycling stability of flexible electrodes prepared from BC-graphene nanocomposite films.
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	BC-Graphene System
	Conductivity

(S m−1)
	Specific Capacitance

(F g−1)
	Cycling Stability

(%)
	Reference





	BC/GO
	171
	160
	90.3, after 2000 cycles
	[41]



	BC/GE/PANI
	1660
	645
	82.2%, after 1000 cycles
	[48]



	Polypyrrole/Bacterial Cellulose/Graphene
	1320
	556
	95.2, after 5000 cycles
	[36]



	BC/RGO
	-
	216
	86, after 10,000 cycles
	[34]



	Nitrogen-Doped Carbon Networks/Graphene/Bacterial Cellulose
	-
	263–318
	~100, after 20,000 cycles
	[77]
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Table 4. Biocompatibility of BC-graphene based nanocomposites tested for different biomedical applications.
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	Type of Matrix
	Type of Graphene
	Biocompatibility Test
	Viability (Cells)
	Potential Application Assessed
	Reference





	BC hydrogel
	Graphene oxide (GO)
	Mouse fibroblast cell line (L929), CCK-8 assay
	0.55–1.1 (O.D. = 450 nm †)
	Drug delivery system
	[129]



	BC hydrogel pellets
	Graphene oxide (GO)
	Mouse peritoneal macrophages-RAW264.7, MTT assay
	~75 × 104 cells (72 h)
	Drug delivery system
	[44]



	BC film
	Reduced graphene oxide (RGO)
	Human marrow mesenchymal stem cells (hMSCs)
	~5.5 × 104 cells (72 h)
	-
	[45]



	BC/Hydroxyapatite porous structure
	Graphene oxide (GO)
	MG-63 and NIH 3T3 cells, MTT
	110–120% (MG-63 cells, 24 h)

80–110% (NIH 3T3 cells, 24 h)
	Tissue engineering
	[124]



	BC/PEDOT film
	Graphene oxide (GO)
	PC12 neural cells, MTT
	95% (24 h)
	Regenerative medicine
	[51]



	BC hydrogel
	Graphene oxide (GO)
	Human dermal fibroblast
	80% (24 h)
	Wound dressing
	[126]







† O.D.: Optical density, absorbance.
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