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Abstract

:

Multifunctional materials and devices with captivating properties can be assembled from cellulose and cellulose-based composite materials combining functionality with structural performance. Cellulose is one of the most abundant renewable materials with captivating properties, such as mechanical robustness, biocompatibility, and biodegradability. Cellulose is a low-cost and abundant biodegradable resource, CO2 neutral, with a wide variety of fibers available all over the world. Over thousands of years, nature has perfected cellulose-based materials according to their needs, such as function vs. structure. Mimicking molecular structures at the nano-, micro-, and macroscales existing in nature is a great strategy to produce synthetic cellulose-based active materials. A concise background of cellulose and its structural organization, as well as the nomenclature of cellulose nanomaterials, are first addressed. Key examples of nature-designed materials with unique characteristics, such as “eternal” coloration and water-induced movement are presented. The production of biomimetic fiber and 2D fiber-based cellulosic materials that have attracted significant attention within the scientific community are represented. Nature-inspired materials with a focus on functionality and response to an external stimulus are reported. Some examples of 3D-printed cellulosic materials bioinspired, reported recently in the literature, are addressed. Finally, printed cellulosic materials that morph from a 1D strand or 2D surface into a 3D shape, in response to an external stimulus, are reported. The purpose of this review is to discuss the most recent developments in the field of “nature-inspired” cellulose-based active materials regarding design, manufacturing, and inspirational sources that feature existing tendencies.
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1. Introduction


Anselme Payen isolated cellulose, a water-insoluble substance, from green plants in 1838. Payen observed isomerism with starch and determined the empirical formula, C6H10O5 by elemental analysis [1,2]. Some species of bacteria, such as the nonpathogenic bacteria Komagataeibacter xylinus, former Acetobacter, and Gluconacetobacter, can also produce cellulose [3,4,5]. In addition, cellulose can also be produced by some algae, oomycetes, the amoeboid protozoa Dictyostelium discoideum, and by a group of special marine animals, such as tunicates [6,7,8]. Clarification of the polymeric structure of cellulose can be traced back to 1920 with the revolutionary work of Hermann Staudinger [9]. Cellulose is composed of a 𝛽-D-glucopyranose unit linked by (1→4) glycosidic bonds, as can be observed in Figure 1. Cellulose is a main-chain polymer that results from the reaction of glucose molecules with the condensation of water. Cellulose is a linear-chain polymer that presents a large number of hydroxy groups (three per anhydroglucose unit (AGU)). In order to adjust the preferred bond angles of acetal oxygen bridges, every second AGU ring is rotated 180° in the plane. The repetitive unit of cellulose is cellobiose [10,11,12].



The supramolecular structure of cellulose is responsible for its insolubility in water and in a large number of organic solvents. The supramolecular structure can be defined by the degree of crystallinity, crystallographic parameters, crystallite dimensions and presence of defects, structural indices of amorphous domains, and dimensions of fibrillar formations [13]. The physicochemical properties of cellulose are established by a particular hierarchical order in supramolecular structure and organization. The molecular structure conveys cellulose with its distinguishing properties, such as chirality, hydrophilicity, degradability, and extensive chemical variability, introduced by the high donor reactivity of the –OH groups [12]. One of the explanations for the stability of cellulose is that it exists generally in the form of crystals that have broad van der Waals attractive forces, as well as hydrogen bonds [14,15,16].



Interest in biobased materials, such as cellulosic materials, is continuously increasing in response to growing environmental awareness. Natural cellulose fibers that exhibit a wide range of sizes are excellent candidates to pave the way for the development of biobased high-performance materials with low environmental impact.



Cellulose Micro-/Nano- and Macroscale


Several studies have pursued isolation, characterization, and new applications for cellulose. Innovative approaches for their production scales from top-down methods, including enzymatic/chemical/physical methodologies using wood and forest/agricultural residues, to the bottom-up production of cellulose microfibrils by bacteria, have been presented. The cellulosic materials accomplished using these methodologies are commonly referred to as nanocelluloses [17]. The American Paper & Pulp Association (TAPPI WI 3021, Peachtree Corners, GA, USA) established a classification for nanocellulose based on the nanocellulose dimensions. The nomenclature, abbreviation, and dimensions defined for each group are described in Figure 2.



Cellulose microfibrils (CMF) can be obtained from suspensions of wood-based cellulose fibers using extensive mechanical methods, such as high-pressure homogenizers. This mechanical treatment delaminates the fibers and microfibrils with widths ranging from 10 to 100 µm and lengths ranging from 0.5 to 10 µm [18,19,20]. Cellulose nanofibrils (CNFs) are stretched aggregates of elementary nanofibrils that alternate with amorphous domains. The most common method to produce CNFs is through the mechanical delamination of softwood pulp in high-pressure homogenizers without any pretreatment or after chemical or enzymatic pretreatment. Pretreatments such as 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation, carboxymethylation, and mildly acidic or enzymatic cellulose hydrolysis, among others have been used to facilitate the mechanical disintegration process [21].



Cellulose nanocrystals (CNCs), also designated as nanowhiskers, consist of short, stiff, rod-like cellulose crystals [17,22,23,24]. According to The American Paper & Pulp Association (TAPPI WI 3021), the CNCs present widths in the range of 3–10 nm and aspect ratios larger than 5 and less than 50. They are obtained by the removal of amorphous sections of a purified cellulose source through acid hydrolysis [25], often followed by ultrasonic treatment. Disordered or amorphous regions of cellulose are favorably hydrolyzed, while crystalline regions that have higher resistance to acidic attack and cellulose rod-like nanocrystals are produced, as illustrated in the scheme presented in Figure 3.



One of the oldest and most conventional procedures used to obtain CNCs consists of subjecting pure cellulosic material to strong acid hydrolysis under rigorously controlled conditions of temperature, agitation, and time [28]. For example, if the hydrolysis is performed with hydrogen chloride, HCl, weakly negatively charged particles are obtained, but if sulfuric acid, H2SO4, is used, the particles are more negatively charged, and approximately one-tenth of the glucose units can be functionalized with sulfate ester groups [17,24]. In both cases, the CNC suspension must be successively diluted with water and rinsed with consecutive centrifugations, to control the value of the pH of the suspension. Dialysis using distilled water is then accomplished to remove any free acid molecules from the dispersion. Additional steps such as filtration, differential centrifugation, or ultracentrifugation can also be used [17]. The dimensions of the crystals depend on the duration of the hydrolysis, and a longer reaction time produces shorter crystals [29]. The dimensions of the crystals produced are also dependent on the source and degree of crystallinity of the origin of cellulose [17]. The preparation of nanocellulose from cellulose requires two main stages. The first stage is dedicated to the pretreatment (chemical, physical, physicochemical, biological, or combined) of feedstocks to obtain pure cellulose, whereas the second is dedicated to the transformation of cellulose to nanocellulose [28].



Bacterial nanocellulose (BNC) is produced by some species of bacteria, such as Acetobacter, Acanthamoeba, and Achromobacter spp. The molar mass, the molar mass distribution, and the supramolecular structure of the produced BNC can be controlled by selecting the substrates, cultivation conditions, various additives, and finally the bacterial strain. Quite a few strains of K. xylinus produce extracellular cellulose, a biofilm of varying thickness that is responsible for maintaining a high oxygenation of the colonies near the surface is formed, which also acts as a protective barrier against dehydration, natural enemies, and radiation [5]. In contrast to C and CNC isolated from cellulose sources, BNC is formed by the bacteria as a polymer and nanomaterial by biotechnological assembly processes, which involve a large number of genes coding individual enzymes and regulatory proteins [30], from low-molecular-weight carbon sources, such as D-glucose. BNC comprises a nonwoven nanofiber network, with fiber diameters spanning from 20 to 100 nm, and presents a remarkable water content of 99%. A high degree of polymerization and high crystallinity with values of 60–90% are also important features to mention in BNC [12,17].



In recent years, cellulose nanomaterials have been proven to be one of the most promising green materials in modern times. Their attractive characteristics, such as abundance, mechanical properties, renewability, biocompatibility, and high aspect ratio, have gained growing interest. Table 1 summarizes some examples of recent and emerging uses of cellulose nanomaterials in the field of biomedical engineering and materials science, which present high potential to be used in the near future by industry.





2. Nature-Designed Materials


Millions of years of natural selection have resulted in the design of cellulose-based structures that combine structure–function and are an inspiration for the production of synthetic materials. In this section, we describe some key examples of structures found in nature with unique characteristics, such as support, coloration, and movement. Plants present one interesting feature: the outer layer known as the cuticle, made of lipids embedded on a typically hydrophobic polymeric matrix [76], which can confer several properties to the plant. One of the most recognized examples is the self-cleaning mechanism present in the common lotus leaf. The micro- and nanostructured surface of the lotus leaf provides a highly effective antiadhesive effect, allowing the plant to protect itself against contamination [76]. Plants can also comprise, at different scales, anisotropic cellulose structures that are responsible for color and/or movement. These interesting features of plants inspired and continue to inspire scientists and engineers to pursue new biomimetic and actuating materials/devices that can change, for example, color and/or shape [77]. The majority of the colors that plants exhibit are due to pigments and dye molecules that are ephemeral and disappear with time [78,79]. Another approach used in the plant kingdom to exhibit lively and attractive colors is accomplished by the interaction of light with ordered structures at the micron and nanoscale [80], defined as structural color. Iridescent colors, similar to the interference colors observed in soap bubbles or thin soap films [81,82], are colors that differ with the observing angle or lighting geometry; these features can also be observed in plants and result from ordered structures existing in the plants [83].



Whitney et al. [84] identified and explained that the iridescence observed in the Hibiscus trionum flower is attributed to a regular nanoscale pattern (striations or wrinkles) sculpted into the cuticle that covers the surface of the petal. These patterns present a biological purpose, since it was found that it could interact with its pollinators, predominantly bumblebees, through iridescent signals due to diffraction gratings [84]. Other authors determined that the microstructures embedded in the surface of the petals can act as a tactile signal used by the bees in the course of pollination to discriminate between different textures [85]. Structural colors do not disappear, and, in fruits, this permanent bright coloration increases the probability of dispersal [86]. A well-known example of structural coloration is the fruit from Pollia condensata preserved by Clark in the herbarium of the Royal Botanic Gardens, Kew, UK [86]. The fruit collected in 1974, continues to display its strong blue coloration. Vignolini et al. investigated its photonic response and reported that a multilayer helical structure composed of cellulose microfibrils is associated with the structural color presented by the fruit [86]. L Margaritaria nobilis fruit presents a structural iridescent green-blue color when fresh and a pearlescent color when dry. The color variation is reversible and is associated with the presence/absence of water in the fruit structure [87]. This performance is also assigned to a helical structure in the cell wall of the fruit. In the absence of water, the fruit dries, the seeds shrink, and a layer of air between the seeds and the endocarp is formed, blocking light absorption and decreasing the contrast. In the presence of water, the layer of air disappears due to fruit expansion, and the seeds interact with the endocarp, boosting the appearance of the blue-green color. Structural color has been more extensively studied in the animal kingdom, since there are several examples such as the cuticles of beetles, the wings of butterflies, and the feathers of numerous birds [88]. Animals shift their color for different reasons and by varied mechanisms. A well-known example is chameleons, which can suddenly modify their color to adjust to a new environment, to communicate, and to adjust temperature [89].



Micro- and nanofibers produced by plants are fundamental elements that assist in vital functions, for example, reproduction or weight support. Climbing plants are a notable example of organisms that use filaments as support; these structures are designated as tendrils. Darwin reported in 1865 that tendrils can create 2D structures (spirals) if they do not find a support point or 3D structures (helices) if they do [90]. Micro-nano-helical structures can also be found in water and the nutrient transport system and can be isolated from the leaves of different plants. For example, in Agapanthus africanus and Ornithogalum thyrsoides, the filaments are tightly coiled and present the same cellulosic skeleton but with different mechanical properties and surface morphology. These differences were revealed by the texture observed in nematic liquid crystal droplets pierced by these microfilaments [91]. Some advantages described for plants to exhibit helical structures are the enhancement of the mechanical properties and also the ability to present iridescent colors. In 2010, Murugesan et al. [92] developed a model based on the Landau–de Gennes theory, in which the helical arrangement of the plant cell wall presents improved mechanical resistance performance against the propagation of fractures by diverting the direction of the spread of cracks. The enhancement of the mechanical properties in structures composed of fibers that present helicoidal alignment was also reported by Tan et al. in 2017 [93].



Plant cell walls with crystalline cellulose microfibrils engrained in an amorphous matrix of polysaccharides, aromatic compounds, and structural proteins are the most common plant tissues that present hygroscopic behavior. A broad range of complex movements in plants can be triggered by numerous water-controlled actuators that combine different layers of cellulose [94,95]. The movements observed are due to anisotropic cellulose-based micro- and nanostructures that are specifically assembled to change shape when the environmental conditions change [77]. Plant movements rely on differential water content within the plant cell tissues, i.e., the water is capable of flowing differently through the tissue, inflating the cells on one side and diminishing the cells on the other, therefore generating movement that can also exist in nonliving sections of plants, such as seeds and awns [96,97]. The steering forces for these mechanisms are the formation or breaking of hydrogen bonds and the entropic forces linked with the dilution of the molecular or macromolecular components. These swelling processes are easily mutable by controlling the humidity variations of the environment or changing the chemical potential of the swelling agent, since no intramolecular bonds are broken [97].



The seed-dispersal method of the true rose of Jericho, Anastatica hierochuntica, a desert plant, is correlated with the water-absorption-driven motion of the entire dead skeleton. The dead branches, which consist of dead cellulosic tissue, present a curling motion in the presence of water, allowing the fruit valves to open and release seeds. The closing process is associated with the rapid drying of the xylem vessels existent on the upper side of the stem [98,99]. The spike moss Selaginella lepidophyla also presents a water-driven motion, due to a different response to water by the inner and outer stems of the spike moss (Figure 4a). This type of movement is vital for plant survival, since it avoids photoinhibitory and thermal damage being a mechanism that overcomes stress due to sun radiation, high temperatures, and water scarcity. The water-driven movement of the stems can occur for several cycles without structural impairment. Water loss within the internal capillary spaces of parallel cellulose fibers in the cell walls, and the consequent shrinking of the cell wall is the driving force responsible for stem curling [100]. Pine cones can also fold their scales when moist air is present, and seed dispersion cannot occur, whereas in the absence of water, the scales open, and the seeds are released to be carried by the wind [101]. The asymmetrically oriented design of the cellulose fibrils in pine-cone scales is responsible for the conversion of local swelling/shrinking to a large-scale bending movement [102,103,104]. The presence of hygroscopic motion in coalified pine cones from the Eemian Interglacial period (≈126,000–113,000 years ago) and from the Middle Miocene period (≈16.5–11.5 million years ago) was reported by Poppinga et al. in 2017 [105].



Moist-driven movement is also abundant in plants that present spore dispersion. In the absence of water, the spores dry and deform, the sporangia (capsule in which the reproductive spores are produced and stored) opens, and the spores are released [106,107,108]. An interesting example is Equisetum spores, which present four flexible ribbon-like elaters (flexible ribbon-like limbs, designated elaters, that upon dehydration, unfold, and impel the spore). The elaters fold back in moist air; this mechanism allows the spores to move randomly [109]. Seedpods also present macroscopic deformations due to the nanoscale anisotropic expansion of their tissues. Leucaena, Jacaranda, and Erythrina pods open up over gradual bending and twisting in response to moisture absence (Figure 4b) [110]. The two initially flat pod valves curl into helical strips of opposite handedness. The pods present a layered structure composed of microfibrils oriented perpendicular to each other and at 45° to the pod axis. When the content of water in the tissues that constitute the pods decreases, the two layers shrink along perpendicular axes and shape distortion occurs [111,112]. A group of plants that also presents hygroscopic movement is the Geraniaceae family [113]. These plants are distinguished by the presence of a beak-like fruit. The moisture-driven helical movement of the Erodium (Figure 4c), a representative of this family, is due to the presence of the tilted helical configuration of the microfibrils in which the axis of the helix is at an angle to the long axis of the cell [113,114]. Consequently, changes in water content result in the coiling and uncoiling of the awn and self-burial of the seed [115,116,117,118].
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Figure 4. Macroscopic moisture-driven deformation in plants: (a) Spike moss Selaginella lepidophylla hydrated state (left) and desiccate state (right). Adapted from Ref. [119]; (b) (i) Leucaena, (ii) Jacaranda and (iii) Erythrina seed pods; (c) Erodium seed and awn from the Geraniaceae family. Adapted from Ref. [113]. 
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The term “nature inspired” is linked with the desire to understand, synthesize, and emulate a natural motif or phenomenon, to better understand nature. The scope of this review is to clarify and consolidate the knowledge and highlight emerging opportunities in cellulose-based active materials. The examples presented in the following sections, by no means exhaustive, were chosen among the innumerous works already reported, to exemplify the rich diversity of works on the production and development of fascinating multifunctional cellulose-based materials that merge functionality with structural performance using nature as inspiration.




3. Cellulose Biomimetic Fiber for Developing Functional Materials


Nature is full of extraordinary examples, some of them already mentioned previously in this review, of active materials with remarkable properties and performances. In this topic, the production of biomimetic fiber and fiber-based cellulosic materials that have attracted significant attention within the scientific community will be presented. The main strategy of biomimetic materials is to observe and understand the function of unique structures present in nature, and then use that knowledge to obtain similar structures and functionality. Jiang et al. [120] prepared cellulose membranes that can present a variety of predetermined deformations in the presence of moisture. Thin cellulose membranes from balsa wood fibers through a series of procedures that include chemical, mechanical, and heat treatment were prepared. The high humidity response presented by the thin membrane is due to a self-maintained moisture gradient induced by an asymmetric design of the membrane surfaces, strengthened by the hygroscopic swelling of the cellulose matrix. The authors designed and built a hydro-driven robot hand using these cellulose membranes. The hydro-driven robot hand could controllably grab and release objects 40 times heavier than its weight (Figure 5a). The high capability of load uptake is attributed to the fairly rigid cellulose elements in the membranes. These results are presented as a good option to achieve new smart structures and devices, such as flexible robots and self-unfolding structures produced from an environmentally friendly and recyclable source [120].



The scientific community has shown increased interest in the manufacture of electrospinning fibers. Using this process, it is possible to produce membranes and three-dimensional constructions with a wide range of polymers of different sizes and shapes and small pores. The fibers have diameters in the submicron range, and the surface area is remarkably high. Cao et al. [121] reported that it is possible to produce fiber-based nanoporous membranes that mimic spider webs using jute cellulose nanocrystals (CNCs) in their composition. For this purpose, different polyacrylonitrile (PAN), crosslinked polyvinyl alcohol (PVA), and silica membranes were produced using electrospinning. The electrospun membranes (Figure 5b) were later immersed in a solution of dodecyl trimethyl ammonium bromide (DTAB) and jute CNCs. The membranes obtained were produced using a low-energy consumption method and presented pores in the submicron range, very useful for ultrafiltration [121]. Later, also inspired by spider webs, Wang et al. [122] manufactured a fiber-based membrane composed of 48% functionalized sulfhydryl cellulose (SC) and polyacrylonitrile (PAN). The reusable membrane produced via electrospinning presented a great water–oil separation capability. To increase the concentration of cellulose nanocrystals that could be used, functionalized sulfhydryl cellulose nanocrystals were also added to the membrane composition. This strategy made it possible to manufacture ultrathin and porous membranes with better mechanical properties and with a separation efficiency of 99.9% [122].
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Figure 5. Biomimetic cellulosic fiber and fiber-based materials: (a) moisture-driven robot hand produced with balsa wood fibers. Adapted from Ref. [120]; (b) field-emission scanning electron micrograph of porous jute cellulose nanocrystals nanofibrous membranes. Adapted with permission from Ref. [121]. Copyright 2012 Elsevier; (c) scanning electron microscopy micrograph of porous cellulose acetate electrospun fibers. Adapted from Ref. [123]. 
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Shigezawa et al. [124] were inspired by the water collection mechanism used by Berkheya purpurea. This plant, found in arid areas, has hydrophobic hairs (60–80 µm thick) and fine fibers (3–8 µm) to collect fresh water from the air. The authors mimicked this system using electrospinning to produce cellulose acetate fibers on a nylon mesh as support to capture water from fog. They studied different CA electrospinning times (10 s, 1 min, 5 min, 10 min) and concluded that the fibers electrospun for 1 min were the ones that had the best performance to capture water [124].



Electrospinning membranes have also begun to be used in tissue engineering with the aim of mimicking the extracellular matrix (ECM) to restore, maintain, or improve tissue function. Cellulose acetate membranes, produced using electrospinning, capable of mimicking this three-dimensional structure were reported by Han et al. [125]. These membranes will help in cell differentiation, tissue, and organ growth and also facilitate the cellular response [126]. Over the years, electrospun fibers of cellulose acetate combined with other polymers such as gelatin [127], polycaprolactone [128], polyvinyl alcohol [129], zein [130], and polyurethane [131] have been used in the field of wound-healing applications. An interesting example reported by Beikzadeh et al. [132] was the development of electrospinning membranes of cellulose acetate with encapsulated essential oil of lemon myrtle (LMEO), a natural antibacterial agent. It was proven that these membranes eradicated Escherichia coli and Staphylococcus aureus bacteria. In addition, the cellulose acetate membrane s released LMEO for a prolonged time, allowing the fibers to maintain their antimicrobial activity [132]. Laboy-López et al. [123] reported a bioactive cellulose acetate electrospun mat as a scaffold to replicate bone structure and promote tissue regeneration. A porous CA fiber mat (Figure 5c) was developed and chemically modified to bioactivate its surface in order to promote new tissue formation [123].



A smart moisture-wicking fabric produced with biomimetic micro- and nanofibrous Murray cellulosic membranes, with antigravity directional water transport and quick-dry performance for uninterrupted sweat release, was described by Wang et al. [133]. Moisture wicking is correlated with the capillarity force, which is responsible for driving the sweat through tiny capillary pores within the fabric. The authors used as inspiration the directional water transport systems present in nature, such as the hierarchical multibranching porous structure responsible for the transpiration in vascular plants, where the antigravity water movement from the soil to the plant stems and leaves happens by a passive wicking effect. The hierarchically porous membranes are produced using a bottom-up layer-by-layer deposition of three-layered fibrous membranes with multibranching macro-, micro-, and sub-micro-sized pores that comply with Murray’s law. Murray’s law states that the volumetric flow rate is proportional to the cube of the radius in a cylindrical channel optimized to require the minimum work to drive and maintain the fluid [134]. Murray membranes were prepared based on three criteria: antigravity directional water transport under differential capillary forces, ultrafast water transport and evaporation through hierarchical multibranching porous matrix, and extremely dry inner layer due to the surface energy gradient. Taking this into consideration the authors produced first an electrospun cellulose acetate fibrous membrane which is deposited on a polylactic acid nonwoven substrate. After that, the bilayer is dip-coated with microfibrilated cellulose, resulting in a three-layered leaf-vein-like nanofibrous membrane [133].



Guan et al. [135] reported a bacterial-cellulose-inspired lotus-fiber-like spiral-structure hydrogel, which they named biomimetic hydrogel fiber (BHF). BHF is described as a promising hydrogel fiber in biomedicine applications. Its exceptional stretchability and energy dissipation characteristics make it an ideal candidate for surgical sutures. BHF with lotus-fiber-mimetic spiral structure is built taking advantage of the bacterial cellulose hydrogel 3D cellulose nanofiber network [135].




4. Biomimetic Cellulosic Active Films


The development of nature-inspired materials with a focus on functionality and response to an external stimulus has been reported for several years. A one-step method to produce monolayer cellulose-based Janus-like membranes with reversible behavior of the micro-/nanostructures and solvent-responsive properties was reported by Liu and coworkers [136]. The structural difference among the top and bottom surfaces, due to the anisotropic self-assembly of cellulose nanocrystals (Figure 6a), enables the solvent-responsive curling of the film in different solvents with a rapidly reversible bending motion for many cycles [136]. Gevorkian et al. [137] reported a planar single-layer cellulose-based hydrogel with anisotropic structures. Shear-induced-orientation cellulose nanocrystals resulted in anisotropic mechanical and swelling properties of the cellulose hydrogel. Multiple complex 3D shapes from the same hydrogel were prepared according to the degree of its structural anisotropy [137]. Inspired by the plant movements triggered by the water content within nano- and mesoscale cellulose fibrillar structures, Wang and coworkers [138] developed a thin film of cellulose nanofibrils (CNFs) that presents humidity-controlled reversible actuation. To mimic the water-dependent curling and blooming of the glory flower, the authors prepared a four-petal CNF film “flower” that gradually folded the petals and that bloomed and recovered its original shape as a consequence of the presence or absence of moisture, respectively. The curling and blooming mechanism is due to the formation of a dynamic bilayer-like structure in the thin film that comprises the difference between the water-swollen surface and the other surface [138].



Freestanding, flexible, and porous moisture-driven actuators inspired by M. pudica and pine cone were reported by Zhu et al. [139]. The active films consisted of poly (vinyl alcohol-co-ethylene) nanofibers and cellulose nanocrystals. The films prepared were applied to switches, soft robots, and humidity regulation. The locomotion of the actuator produced could be adjusted by cutting the film in different directions, and is a reflection of the orientation of the CNC existing in the film. The film could bend to an angle of 180° and recover its shape in less than 1 s for more than 100 cycles when the environment moisture decreased [139]. A flexible and flat photonic CNC with poly(ethylene glycol) (PEG) or glycerol composite films that present structural colors ranging from blue to red was reported by Duan et al. [140]. The CNC-PEG composite film presents reversible structural color change as the structure swells and dehydrates. The CNC-glycerol film presented diversified color changes in response to an external stimulus, depending on the content of the film additive. These films are described as low-cost materials suitable for colorimetric biosensors, optically active ingredients, inks, and decorative coatings [140].



Wu et al. developed a hyper-reflective, photonic cellulose nanocrystal-based nanocomposite film that mimics the shell structure of the Chrysina genus of beetles. The authors produced an asymmetric sandwich-like film by assembling hydrophilic cellulose nanocrystal (CNC) and poly(ethylene glycol) diacrylate (PEGDA) layers with a uniaxial orientation of the polyamide-6 layers. Humidity-triggered movement and variation of the reflected color is observed as a result of the asymmetric swelling of the hydrophilic components in the film, CNC and PEGDA. These interesting characteristics make this material suitable for color-changing sensors and actuators with a response in function of the environment [141].
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Figure 6. Cellulose-based active films: (a) cellulose-based Janus-like membranes composed of acylated cellulose nanocrystals (CNCs) and graphene oxide (GO) presenting solvent-responsive bending movement after exposed to tetrahydrofuran (THF) and water. Adapted from Ref. [136]; (b) optical photographs of the CNC/PEGDA film under deformation. Adapted with permission from Ref. [142]. Copyright 2020 American Chemical Society; (c) diagram of stealthy robot and photographs of the camouflage process of the CNC elastic film. Adapted with permission from Ref. [143]. Copyright 2020 American Chemical Society. 
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Motivated by the elastic skin of chameleons, Zhang et al. [142] developed a freestanding highly flexible film with structural color produced with cellulose nanocrystals in a poly(ethylene glycol)-based network. The biomimetic structural film showed reversible structural color change when stretched, visible to the naked eye (Figure 6b). The prepared films also presented water- and compression-responsive properties in controlled environmental conditions. This bioinspired and biobased photonic film is described as suitable for chromogenic sensing, encryption, and anticounterfeit applications [142]. More recently, Zang et al. [143] also reported a ternary coassembly and post-UV-irradiation polymerization strategy to build a flexible and elastic CNC composite film that mimics chameleon skin. The smart skin produced presented the ability to adapt to the surrounding environment for camouflage simply by adjusting the stretching of the film (Figure 6c). The film presented vivid structural coloration and stretching-induced reversible color change from red to blue with relatively low stretching strain [143].



A biomimetic hydrogel based on CNCs inspired by human natural skin was produced by Lin et al. [144]. The simple method to develop a stretchable electronic device is by incorporating conductive polymers into a hydrogel matrix. The conductive polymers cannot tolerate large deformations; therefore, the authors added Ag nanoparticles into the hydrogel matrix composed of a polyvinyl alcohol (PVA) CNC system. To immobilize and stabilize the Ag nanoparticles on CNCs, the CNCs were initially coated with tannic acid (TA). The composite hydrogel presented enhanced conductive capability and stretchability, exceptional antibacterial properties, and repeatable self-healing capability. The hydrogels were manufactured into a flexible/self-healable capacitive sensor, and that was capable of sensing both large and subtle body motions, such as bending of joints, face expression, and breath, important features to replicate the tactual sensation of human skin [144].



Inspired by stomata, the structure existing in plant leaves responsible for the control of the rate of gas exchange, Hou et al. [145] prepared a bilayer intelligent hydrogel film. The authors presented a one-step casting strategy to produce an N-isopropylacrylamide/clay gel reinforced with a bacterial cellulose network. The anisotropic swelling promoted by the bilayer structure provided a rapid temperature-induced tunable shape modification with reversible behavior. As result, a bionic leaf stoma was built where the vapor could pass and fill the space above to achieve moisture circulation, as well as temperature and air balance. Moreover, taking into consideration the rapid shape transformation of the film, a circuit was built, and the film was used as a smart switch, where it was possible to accurately control the bending direction for turning the circuit on and off in a hygrothermal environment. This work presents a simple strategy to produce biomimetic actuators with applications in soft robotics, such as environmental regulation of temperature and moisture [145].




5. Printed 3D Structures


Traditional fabrication technologies struggle to accurately reproduce or imitate the complex structures existing in nature, which have specific mechanical, hydrodynamic, optical, and electrical properties. Three-dimensional (3D_ printing is reported as a suitable technology to fabricate structures with complex and arbitrary geometry [146,147]. The classification standards of the American Society for Testing and Materials (ASTM) define seven categories in 3D printing technology: powder bed fusion molding (PBF), material extrusion molding (ME), binder injection molding (BJ), photopolymerization curing, material inject forming (MJ), direct energy deposition (DED), and sheet lamination (SL) [148,149]. The standard term for 3D printing technologies and a description of each generalized term is represented in Table 2.



The most commonly used 3D bioprinting technologies are extrusion, injection, laser-assisted, fusion deposition, and direct ink writing [148]. In this topic, we will address some bioinspired examples of 3D-printed cellulosic materials recently reported in the literature.



In 2019, Kam et al. [150] reported a method called direct cryo writing (DCW) that combines freeze casting and 3D printing in a single step. The authors used an aqueous mixture of cellulose nanocrystals and xyloglucan to produce an aerogel with an internal structure mimicking plant cell walls. Directly printing onto a cold platform enables the direct post-processing of the resulting 3D-printed aerogel with aligned structures via lyophilization. DCW allows obtaining structures with a low solid content coupled with controlled porosity and tunable architecture, making this method suitable for the production of custom-designed biological scaffolds [150].



Three-dimensional (3D) bioprinting of a hierarchical nano- to macrofibrillary artificial human tissue with high resolution and integrity was reported by Mendes et al. [151]. The authors developed a nanocomposite bioink of platelet lysate hydrogel reinforced by cellulose nanocrystals, presented as suitable to print dynamic and personalized 3D living constructs that mimic the structure and composition of native tissues [151].



A lightweight (~90 mg/cm3) and super-strong (16.6 MPa compressive Young’s modulus) all-cellulose honeycomb structure, mimicking a paper wasp nest, was fabricated using direct-ink-writing 3D printing technology. The produced structure demonstrates superb elasticity and flexibility when wet, whereas the dried structure is a rigid and strong material capable of supporting 15,800 times its own weight. The authors describe this material as being applicable in biomedical, environmental, and structural engineering areas [152].



Two-layer cellulose-based scaffolds were 3D printed to mimic the osteochondral structure (bone structure), as reported by Guo et al. [153]. The scaffold consisted of a top pristine cellulose and a bottom cellulose/bioactive glass hydrogel. The printed scaffold exhibited superior performance for repairing the osteochondral defect by promoting osteoinduction and the formation of new bone inside the implanted scaffold. These results indicate that this cellulose-based printing system is suitable for application in tough tissue engineering applications [153].



Liu et al. reported a 3D-printed cellulose acetate nanoporous network that mimics water absorption in plant roots. The authors describe that this artificial root model produced using biomaterial-derived ink has immense potential for applications in plant science and bioengineering [154].



The possibility of 3D printing materials with nano/microscale orders was reported recently by Esmaeili et al. [155]. Three-dimensional (3D) complex geometries inspired by Bouligand structures, i.e., chiral arrangement of fibrous materials responsible for structural color in some beetles and berries, were produced using cellulose nanocrystal-based inks. The chiral assembly during the printing process is related to the shear forces inside the 3D printer’s nozzle [155]. This biomimetic approach expands 3D printing beyond what has been reported so far.




6. 4D-Printed Cellulosic Responsive Materials


Four-dimensional (4D) printing is a one-step process, where time is considered the fourth dimension, in which the properties of the printed materials allow morphing a 1D strand or 2D surface into a 3D shape, or converting a 3D shape into another 3D shape, in response to an external stimulus such as the presence of water [156]. This technique was first introduced in 2013 by Skylar Tibbits at a TED conference [157]. As mentioned above, 4D printing can produce dynamic structures with adjustable shapes, properties, or functionality [158,159]. The 4D printing market is predicted to reach USD 510 million in the 2022–2030 period [160]. Gladman et al. [161] printed a series of functional folding-flower architectures using a biomimetic composite hydrogel with nanofibrillated cellulose. The printed material successfully reproduces the complex architecture of the orchid Dendrobium helix. The materials used present encoded anisotropy that promotes the appearance of an intricate shape when the printed structure is immersed in water [161]. Throughout the printing process, when the ink flows, fibril arrangement is induced, and anisotropic stiffness and longitudinal swelling are introduced in the structure. The printed programmable bilayer architecture enables petals to be closed or twisted upon swelling according to the orientation of the printed layers [161].



Siqueira et al. reported a monomer-based ink with cellulose CNCs dispersed in a mixture of 2-hydroxyethyl methacrylate (HEMA) monomer, polyether urethane acrylate, and a UV-light-cured photoinitiator, suitable for 3D printing. The structures printed with the inks showed shear-induced alignment of the CNC and enhanced stiffness along the printing direction. The authors state that this type of formulation is a suitable option for the biomimetic 4D printing of programmable reinforcer materials that can be reactive to external stimuli [162]. Natural fiber biocomposites are reported as a new class of smart materials, as they can be used in 4D printing to build unique shape-changing materials and structures. The fibers used in these biocomposites can be derived from hemp, flax, coconut, or wood [163,164,165].



Correia et al. described the printing of 4D pine scale and flap structures capable of multiphase movement [166]. This printed hydromorphic structure was structurally programmed and presented multiphase motion similar to that observed during the desiccation of natural pine cones (Figure 7a). The authors used 3D printing with a fused filament of wood polymer composite (fibrous filler from wood-derived fibers combined with co-polyester polymer matrix) and acrylonitrile butadiene styrene (ABS). The prepared composite mimics the properties of the swellable layer of the pine-cone scale, and the ABS acts as the stiffer and much less swellable layer, the resistance layer. The 4D-printed scales successfully exhibited a two-phase movement capable of recreating the natural scale behavior. The procedure used allowed defining local hygroscopic anisotropies and local nonhygroscopic movements that paved the way for the development of new advanced and passively actuating systems, with highly tailored shape-changing capabilities [166]. Mulakkal et al. developed a cellulose hydrogel composite ink to print a complex structure with predetermined layout rules to respond differently to hydration/dehydration. They used carboxymethylcellulose hydrocolloid with cellulose pulp fibers, also adding montmorillonite clay to the mixture to enhance the storage stability of the ink formulations and to facilitate the extrusion process during printing [167].



Wang et al. developed a starch, cellulose, and protein-based 2D film that changed to a 3D shape in the presence of moisture. The use of 4D printing in the food industry is of great interest since it can help to customize the product and develop unique characteristics that change in response to external stimuli such as flavors, textures, and aroma [168,169,170]. More recently, Lai et al. were capable of printing out a series of simple and complex morphing structures, using single ink, composed of a mixture of alginate and methylcellulose. By controlling the 2D architecture, the authors were able to obtain prescribed 3D morphologies after immersion in a calcium chloride solution (Figure 7b). The excellent printability combined with anisotropic swelling and consequent shape morphing of this cellulose-based hydrogel makes it adequate to be used in tissue engineering, biomedical devices, and soft robotic fields [171].
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Figure 7. Four-dimensional (4D) printing inspired by nature structures of cellulosic materials: (a) 4D pine-scale-like structures capable of multiphase movement (left), according to several different predetermined patterns (center) using a 3D printer and a multimaterial process (right). Adapted with permission from Ref. [166]. Copyright 2020 The Royal Society; (b) designated 4D printed pattern alginate and methylcellulose hydrogel and their corresponding 3D complex structures from side and top view immersed in 0.1 M calcium chloride. Adapted from Ref. [171]. 
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7. Conclusions and Future Directions


Stimuli-responsive nature-inspired cellulose-based materials have paved the way for a wide variety of applications, namely in actuators, sensors, soft robotics, biomedicine, tissue engineering, and smart fabrics. Cellulose and cellulose derivatives are easily available and low-cost polymers that have been widely used in commercial applications. Here, we have shown that cellulose and cellulose-based materials are excellent candidates to mimic the structures and functions existing in some plants and animals. The development of stable and innovative active materials/devices requires: (1) a full understanding of the underlying mechanisms after being exposed to external stimuli; (2) tunable fabrication of the smart cellulose-based materials; and (3) evaluation and continuous improvement of the active materials/devices performance regarding the desired sensitivity, specificity, and stability.



Cellulose has been used for centuries and will continue to be one of the most abundant natural polymeric sources for structural and functional materials. There is, therefore, no doubt that the sprouting of the next generation of cellulose-based interactive materials inspired by nature will be in the markets within the next few years or decades.
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Figure 1. Molecular structure of cellulose (n = degree of polymerization). Cellobiose is the repetitive unit of cellulose, and the formation of hydrogen bonds is due to the existence of –OH. 
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Figure 2. Standard terms established by The American Paper & Pulp Association (TAPPI WI 3021). Adapted from Ref. [18]. 
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Figure 3. Cellulose nanomaterials: (a) schematic representation of the process to produce cellulose nanocrystals by means of acid hydrolysis, in which the amorphous regions are hydrolyzed and removed by the acid while the crystalline fractions are maintained. Adapted from Ref. [26]; (b) scanning electron microscopy image shows the top surface of a nanocrystalline cellulose freestanding film obtained by solvent casting of a CNC water suspension. Adapted with permission from Ref. [27]. Copyright 2020 Springer Nature B.V. 
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Table 1. Bioapplications using cellulose nanomaterials.
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Cellulose Nanomaterial

	
Field of Application

	
Ref






	
Cellulose Nanocrystal

(CNC)

	
Tissue regeneration

	
[31,32,33]




	
Scaffolds

	
[34,35,36,37,38]




	
Drug delivery systems

	
[39,40,41,42,43]




	
Food industry

	
[44,45,46,47,48]




	
Cellulose Nanofibril

(CNF)

	
Wound healing

	
[49,50,51]




	
3D cell culture

	
[52,53,54]




	
Drug delivery systems

	
[55,56,57,58]




	
Food industry

	
[59,60]




	
Bacterial Nanocellulose

(BNC)

	
Tissue regeneration

	
[61,62,63]




	
Scaffolds

	
[64,65]




	
Food packing

	
[66,67,68]




	
Wound dressing

	
[69,70,71]




	
Drug delivery systems

	
[72,73,74,75]
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Table 2. Standard terms for 3D printing technologies. Please refer to the ISO/ASTM standard for a complete description of each generalized term [149], adapted with permission under a Creative Commons Attribution 4.0 International License [148].
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Standard Term

	
Commercial Term

	
Description






	
PBF

(Powder bed fusion

molding)

	
SLS—Selective Laser Sintering

	
Powder media is deposited on a build platform and subsequently bonded together through a heating process.




	
SLM—Selective Laser Melting




	
DMP—Direct Metal Printing




	
DMLS—Direct Metal Laser Sintering




	
EBM—Electron Beam Melting




	
MJF—Multi Jet Fusion




	
ME

(Material extrusion

molding)

	
FDM—Fused Deposition Modeling

	
Material is dispensed, usually through a heated nozzle, onto a build platform.




	
FFF—Fused Filament Fabrication




	
BJ

(Binder injection

molding)

	
CJP—ProJet Color Jet Printing

	
Liquid agents are selectively dropped onto powder media. Subsequent infiltration or heating may be required.




	
Photopolymerization

curing

	
SLA—Stereolithography apparatus

	
Liquid photopolymer is selectively exposed to a light source facilitating layer-by-layer curing.




	
DLP—Direct Light Processing




	
CLIP—Continuous liquid interface

production




	
MJ

(Material inject

forming)

	
NPJ—Nanoparticle Jetting

	
A print head dispenses droplets of media, usually a photopolymer, onto a build platform where each layer is solidified or cured.




	
DOD—Drop-on-Demand




	
PolyJet




	
MJP—PolyJet Multijet Printing




	
DED

(Direct energy

deposition)

	
LENS—Laser Engineered Net Shape

	
Focused application of energy and material selectively melted and fused on a build platform or part.




	
EBAM—Electron Beam Additive

Manufacture




	
SL

(Sheet lamination)

	
LOM—Laminated Object

Manufacturing

	
Discrete layers of material are fused or glued together to form a 3D object.
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