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Abstract

:

The growing bioeconomic demand for lightweight materials with combined sustainability, large-scale production, ease in functionalization and competitive mechanical properties has seen the revival of cellulose as a scaffold for several applications. In particular, due to its multifunctional features, cellulose has found application in sensor and biosensor fabrication. Nonetheless, the great variety of cellulose properties and formulations makes the choice of the best suited cellulose-based material for a specific sensing strategy a difficult task. This review offers a critical discussion and guide for the reader towards the understanding of which of the multiple cellulose derivatives and properties can be exploited for the optimal performance of the desired sensing device. We introduce the unique molecular structure, nanoarchitecture and main properties of cellulose and its derivatives. The different functionalization approaches for anchoring receptors on cellulose derivatives and the processing methodologies for fabricating cellulose-based sensors are explored. As far as the use and performance of cellulose-based functional materials in sensors is concerned, we discuss the recent advances of optical and electrochemical sensors and biosensors for biomedical and environmental monitoring.
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1. Introduction


Cellulose is the most abundant, natural and renewable biopolymer obtained from agricultural and forest biomass residues. Indeed, cellulose is an essential part in the plant cell wall, and it plays an important role in maintaining plant stiffness and strength. Given its inherent biocompatibility and chirality, cellulose has found new applications in the immobilization of peptides [1] and proteins [2] (including enzymes [3] and antibodies [4,5]), as well as in the separation of enantiomeric molecules [6,7]. Additionally, given the cellulose strength and reinforcing ability, it has been frequently used alone or as composite with synthetic polymers and biopolymers as a support matrix for several applications, including their incorporation in sensing and biosensing devices [8,9,10,11].



The fabrication of physical and chemical sensors has commonly witnessed the use of plastic, ceramics, glass and other non-renewable materials. Nonetheless, sensibilization about environmental pollution calls for the implementation of more sustainable materials for sensor development [12]. In this context, cellulose has been reported as an inexhaustible, renewable material and the highest hallmark for green materials. In addition to its biosustainability, cellulose presents different scales of arrangements and ease on functionalization and formulation, which translates into its applicability in field spanning from electronic devices to photonic films and biosensors. For example, cellulose has been used as a platform for immune essays and diagnostic, either as a scaffold for the linking antibodies, or as a support matrix alone or in combination with other polymers [13]. In addition, cellulose membranes have been used for the fabrication of fluorescent sensors for the monitoring of a variety of analytes in different environments. For these reasons, there is a growing trend in the use of cellulose and cellulose derivatives as a substitute of petroleum-based polymers (e.g., polyethylene, PET and PVC), metals or glass for sensors fabrication [14]. This review addresses the topic of cellulose and its derivatives as functional materials in the fabrication of sensors and biosensors. We briefly highlight the different types of celluloses and their properties, emphasizing the characteristics that can contribute to enhance sensor performance and expand the application of sensors in a sustainable manner. The methods to modify the surface of cellulose, including the functionalization with receptors or labelling units (such as fluorophores or redox molecules), and the fabrication methodologies for processing celluloses into functional materials are reviewed. We then introduce the progress of cellulose-based materials for the development of physical and chemical sensors and biosensors with different transduction mechanisms. We close the review by discussing the future prospects for developing cellulose-based sensors.



1.1. Cellulose Chemical Features


Cellulose, literally the sugar “ose” from cells, was firstly isolated by extraction from green plants by the French chemist Anselme Payen in 1838 [15,16]. Nonetheless, it was in the 1920s that Sponsler, Dore [17] and Haworth [18] resolved cellulose molecular structure and that Staudinger recognized its polymeric nature, giving birth to polymer science and chemistry [19].



In nature, cellulose is biosynthesized by several living organisms, spanning from higher and lower plants (i.e., algae, Valonia species), sea animals (tunicate), bacteria (Gluconacetobacter xylinus), fungi and even some amoebae (i.e., Dictyostelium discoideum) [20]. Additionally, great advances in the in vitro synthesis of cellulose [21] and the chemosynthesis of cellulose derivatives [22,23] have been achieved in the last 30 years. A single cellulose chain is a linear homopolymer composed of anhydroglucopyranose units (AGU) linked together by β-(1 → 4)-glycosidic linkages (Figure 1a).



The knowledge of the molecular structure of cellulose is of prime importance to explain its characteristic physicochemical properties, such as hydrophilicity, chirality, biodegradability and high functionality. Indeed, the presence of three equatorial hydroxyl groups in each AGU—the two secondary alcohols in position C2 and C3, and the primary alcohol, the hydroxymethyl group, in position C5—donate chirality and hydrophilic properties to cellulose. Additionally, the numerous axial C-H present in the sugar rings give a hydrophobic character to the polymer [20,24]. In addition, the chemical difference of the two ends of the molecule—the non-reducing (C4-OH group) and reducing (C1-OH group) ends—provides the polarity character to the cellulose chain, which also confers interesting properties to the crystalline architecture and chain alignments (i.e., polar or antipolar) [25]. For these reasons, cellulose exhibits an amphiphilic nature and an intrinsic structural anisotropy (Figure 1a,b) [20,24].




1.2. The Hierarchical Structure of Cellulose—From Single Chains to Cellulose Fibers


The size of cellulose polymeric chains is defined by the average degree of polymerization (DP), while the product of the average DP and the molecular mass of a single AGU defines the cellulose molecular weight [26,27]. Cellulose chains present a variability of DP depending on the sources [28]. For example, native celluloses in wood pulp have a DP ranging between 300 and 1700, while cotton and bacterial cellulose have DP values in the range of 800–1000 and cellulose regenerate fibers present 250 to 500 repeating D-glucose units per chain [20]. Additionally, plant cellulose DP depends on the part of the plant from which it is extracted [29]. To date, plant-derived cellulose is produced from mechanochemical extraction from six main plant sections (i.e., bast, core, grass, reed, leaf and seed) [30] but, as a general note, cellulose DP is always reduced by purification processes [30].



In the plant cell wall, cellulose is usually combined with lignin, hemicelluloses (arabinoxylan, xyloglucan and high-molecular weight mixed-linkage glucan) [31], pectin and water (Figure 2a(i)). Conversely, cellulose extracted from other sources, such as bacteria, is highly pure with a high water content [20]. Native cellulose is organized in a hierarchal fashion (from a single AGU to cellulose fibers), where cellulose chains are held together by an extensive network of intra- and inter-chains hydrogen bonds (Figure 1a) [24]. Structurally, cellulose is a semi-crystalline polymer where the basic crystalline components are linked together by disordered amorphous domains to form cellulose microfibrils, often referred to as microfibrillated cellulose (MFC—Figure 2a(ii),b(i)) [11]. The amorphous regions give rise to some imperfections/dislocations along the microfibril length at the interface of microcrystalline domains. In turn, cellulose microfibrils aggregate to form cellulose fibers, which are aligned with the cell axis in a super-helicoidal structure to form the plant cell wall [24].



The extraction of cellulose microfibrils from bark, wood or leaves is performed by a combination of enzyme (i.e., cellulase-catalyzed hydrolysis) or chemical pre-treatment of the raw fibers [20,25]. In particular, milling and bleaching remove lignin and hemicelluloses, while processes such as contact with ionic liquids [32], TEMPO-oxidation [33] and ultrasonication [34] enhance fibrils accessibility. These pre-treatment steps can be followed by the cellulose fibrils’ disintegration (mechanical shearing at high pressure) and/or hydrolysis (acid treatment) to form nanocellulose structures (Figure 2a(iii),b(ii–iv)) [30]. Importantly, if performed correctly, these steps preserve the cellulose semicrystalline structure and native crystal form [20]. Due to its fibrillated structure and the high water hold capacity, MFC is able to form hydrogels with competitive properties in comparison to other artificial polymers, such as high yield stress and viscosity, a shear-thinning behavior and a high water holding capacity [30]. The extraction and processing of MFC has been widely developed in the industry to manufacture paper and textiles [20,35].
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Figure 2. (a) Schematic representation of (i) the components of lignocellulosic biomass in plant cell wall (PCW) divided in cellulose, hemicelluloses and lignin, (ii) microfibrillated cellulose (MFC), (iii) nanocelluloses and (iv) cellulose derivatives. (b) Scanning electron microscopy (SEM) or transmission electron microscopy (TEM) images illustrating the morphology of different cellulose forms: (i) SEM of microfibrillated cellulose (MFC) [30], (ii) SEM of cellulose nanofibrils (CNFs) [30], (iii) SEM of bacterial cellulose (BC) [30] and (iv) TEM of cellulose nanocrystals (CNC) from cotton [36]. Copyrights: all images have been adapted and reproduced with permission from: (b) (i–iii) © The Royal Society of Chemistry 2020, (iv) © The Royal Society of Chemistry 2010. 
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Cellulose microfibrils present a ribbon-like shape with a flattened rectangle cross-section, which donates amphiphilic properties to MFC surface thanks to both (i) the presence of the hydroxyl groups pointing outwards the short edges of the cross-section and (ii) the C-H groups displayed at the broad edges of the cross-section and perpendicular to the main plane of the glucose ring (Figure 1b) [24]. The existence of these surfaces donates to cellulose an efficient lateral packing propensity, as bricks in a wall [25].



Depending on the sources, cellulose microfibrils present a great variation in their dimensions (length and diameter) [24]. In these fibrils, two different environments can be identified: (i) the surface chains which are accessible and reactive to molecule in solution and (ii) the chains within the crystal (bulk chains), which are instead densely packed and inaccessible without breaking cellulose organization. Indeed, surface chains have a greater conformational freedom in comparison to bulk chains, given their fewer hydrogen bond interactions. For these reasons, cellulose surface chains are partially disorganized, have higher chemical reactivity and have affinity for adsorbed species, such as water molecules, hemicelluloses and lignins [24]. Hence, when the cellulose structure is maintained, only the surface hydroxyl groups react with external reagent and cellulose derivatization occurs exclusively on the surface [24].





2. The Great Variety of Cellulose Types and Properties


Recent studies demonstrate that celluloses present withstanding physicochemical and mechanical properties for the production of various environmentally friendly cellulose-based functional materials, including mesoporous cellulose structures, transparent thin films with high flexibility, hydrogels and aerogels. The different forms of celluloses, from either plant or bacterial sources, processed and/or functionalized, are inherently safe, non-toxic and environmentally friendly. For these reasons, cellulose and its derivatives have the potential to revolutionize the material and biomedical fields with their applications. Herein, we summarize the different kinds of today existing celluloses, making a distinction based on (i) allomorphic form, (ii) nanocelluloses and (iii) cellulose derivatives with surface or chains functionalization.



2.1. Cellulose Allomorphs


The crystal structure of cellulose has been investigated for more than a century, with Nishikawa and Ono being the firsts to obtain X-ray diffraction traces from wood, hemp and bamboo [37]. Cellulose can exist in six different allomorphic forms, namely Iα, Iβ, II, IIIi, IIIii, IVi and IVii [20]. Cellulose Iα and Iβ are the native forms of cellulose found in plants and in primitive microorganisms [37,38]. The other allomorphs, on the contrary, are obtained from diverse thermochemical treatments of cellulose Iα and Iβ. Indeed, both cellulose native allomorphs (Iα and Iβ) can be converted, in an irreversible manner, into cellulose II through mercerization or regeneration [39] or into cellulose IIIi by treatment with liquid ammonia and other amines [40,41]. Cellulose II is thermodynamically the most stable crystalline form of cellulose. Cellulose IV, also called “high-temperature cellulose”, is prepared from cellulose II or III by treatment in glycerol at 260 °C. Interestingly, cellulose I cannot be transformed directly into cellulose IV [42]. The allomorph cellulose IVi is exclusively formed from cellulose IIIi treatment, while the allomorph cellulose IVii is obtained from both cellulose II and IIIii as source material. Recently, cellulose IVi has been re-classified as Iβ [42]. Nishiyama et al. revised the crystallographic structures of cellulose and reported the H-bond networks by applying synchrotron X-ray and neutron diffraction studies [37,38,39,41,42,43].




2.2. Nanocelluloses


Nanocelluloses are commonly produced from wood pulps and residual paper fibers, bacteria or tunicates. Nanocelluloses from different sources have different characteristics, including different purity, morphology, nano-dimension geometry and crystallinity [44]. Basically, nanocelluloses are classified into two families according to their length, diameter and aspect ratio.



2.2.1. Cellulose Nanofibers (CNFs) and Bacterial Cellulose (BC) Fibers


CNFs are celluloses produced by either mechanical (i.e., high-pressure, grinding, homogenization, cryo-crushing and refining) and/or chemical (i.e., alkali treatments of fibers, the steam explosion of alkali-treated fibers, bleaching and acid treatment) methods from plant and tunicate sources [45]. Chemical treatments during CNFs extraction can lead to surface functionalization. For example, TEMPO-oxidation introduces a large amount of carboxylate groups into the cellulose nanofibers [46]. CNFs are semicrystalline and present a web-like structure with the fibers’ diameter ranging from ~5 to 20 nm and a length from 0.5 to 2 μm (high aspect ratio), high flexibility and large surface area. CNFs present high strength (1 to 3 GPa) and crystal modulus (~138 GPa), low density (~1.5 g cm−3) and can form viscous and shear-thinning aqueous gels with very low dry content (between 2 and 7% w/w). In addition, CNFs form transparent films upon solvent evaporation [30].



BC fibers are synthesized from several bacteria (most commonly from Gluconaetobacter xylinus and Acetobacter xylinum) with high yield, high DP (up to 8000), high purity (BCs do not require chemical processing for the elimination of lignin and hemicelluloses) and high crystallinity (84–89%). In addition, BCs present chemical purity, as they exclusively present hydroxyl groups on their surfaces. BCs are ribbon-shaped fibrils which have uniaxial orientation, high elastic modulus and elevated water holding capacity (they are able to create a 3D network and, in turn, hydrogels) and, when compressed into sheets, they present a highly planar orientation. Due to their high purity and withstanding mechanical properties, BCs are commonly used for biomedical applications, such as tissue and bone growth. Nonetheless, BC fibrils are tightly packed with a dense mesh, thus limiting opportunities for cell growth [30].




2.2.2. Cellulose Nanocrystals (CNCs)


CNCs can be isolated from many sources, including wood, hemp, algal and bacterial cellulose. CNCs are produced from MFCs and CNFs by hydrolysis of their amorphous regions with concentrated hydrochloric or sulfuric acids. The amorphous regions present a higher susceptibility to breakdown at the glycosidic bonds level, which results in a longitudinal cleavage of the cellulose microfibrils and nanofibers, yielding shorted crystalline moieties. CNC nanoparticles are therefore highly crystalline and present a needle-like morphology with a diameter of 3–7 nm and a length of ~100 nm [30].



The introduction of negative charges on the CNCs’ surface could occur under certain hydrolysis conditions, which in turn highly influence the CNCs’ properties. Hydrolysis with hydrochloric acid results in the degradation of the amorphous phase but does not introduce negative charges, so that CNCs are not stable in a water dispersion and the suspension flocculate [47]. On the contrary, hydrolysis with sulfuric acid results in charged sulphate groups on the CNCs’ surface, and the resulting dispersions are very stable in water. Nonetheless, these sulphate groups are labile and rapidly removed under mild alkaline conditions [44]. An alternative route for the introduction of more stable negative charges on the CNCs’ surface is TEMPO-mediated oxidation, which involves the selective conversion of the surface hydroxymethyl groups into carboxylic groups while maintaining the cellulose morphological integrity and native crystallinity [33,46].



CNCs present an elastic modulus comparable with CNFs (up to 140 GPa), but their shorter length and higher crystallinity are a drawback in terms of flexibility [48]. In water, the CNCs’ suspension can form, beyond a critical concentration, an anisotropic chiral nematic liquid crystal phase. The CNCs’ large surface area and rod-like shape make them a good material for film/membrane preparation [25]. Favored by the nanoscale dimension, high crystallinity and competitive elastic modulus, CNCs mostly find application as reinforcement polymer in nanocomposites [49]. In addition, the appropriate modification of the CNCs’ surface can donate outstanding and tailored physical, chemical, biological and electronic properties to this material, enlarging the span of its applications [30].




2.2.3. Cellulose Derivatives


It was the Hyatt Manufacturing Company, in 1870, which paved the way to industrial scale production of chemically functionalized cellulose by-synthesizing cellulose nitrate via reaction with nitric acid [20]. From that point onwards, the engineering of cellulose surface and, in turn, its interfacial properties have become of paramount importance in the development of assembled materials for various applications. For these reasons, a large variety of strategies have been developed and applied to functionalize cellulose surface. In general, either heterogeneous or homogeneous functionalization of cellulose can be achieved, depending on the working conditions. In the first case, cellulose is in a swollen state and the microfibrillar nature of cellulose hinders the access to some hydroxyl groups. Depending on the type of solvent used, the cellulose’s fibrous morphology can be retained or considerably changed, according to the occurrence of disruption of interchain hydrogen bonds during swelling [24]. In the second scenario, the homogeneous functionalization strategy, cellulose is completely dissolved in solution, and the functionalization is achieved through all the cellulose single chains [20].



Given the inherent cellulose insolubility in water and in most organic solvents (i.e., trifluoroacetic acid, dimethyl sulfoxide or N,N-dimethylacetamide) [24], heterogeneous methods are the ones applied for the production of most commercially available cellulose derivatives. Nonetheless, homogeneous methods are important to finely control the total degree of substitution and to introduce new functional groups, opening new avenues in product design. For these reasons, the strategies for the complete dissolution of cellulose have been on the focus [50], although mostly relying on the use of unusual solvents with high ionic strength and harsh conditions. Nonetheless, ionic liquids have recently appeared as a “green” alternative for cellulose dissolution [32].



Industrially important chemical modifications of cellulose generally involve a reaction with its 2-, 3- and 6-hydroxyl groups (Figure 2a(iv)) [25]. These hydroxyl groups present different reactivity depending on their degree of organization and the establishment of hydrogen bonds. Specifically, hydroxyl groups in an amorphous structure have similar accessibility and therefore the same reactivity, while those in a crystalline structure will present a reactivity influenced by their degree of organization. Indeed, a study conducted by Rowland et al. [51] on cellulose samples with different degrees of crystallinities demonstrated a correlation between the crystallite index of the cellulose samples and the hydroxyl groups accessibility. In particular, 2-hydroxyl groups are generally the most accessible. In contrast, the 3-OH group is the least accessible to chemical agents in highly crystalline Valonia or bacterial celluloses, while it presents a higher reactivity in cotton cellulose where the degree of organization is less perfect. The 6-hydroxyl group shows an intermediate reactivity, also depending on the crystallinity index of the cellulose.



The reactivity of the hydroxyl group is highly correlated with the hydrogen-bonding network of cellulose. Indeed, the lack of reactivity of the 3-hydroxyl group suggests that the strong 3-OH ⋯ O-5 hydrogen bond observed in the crystalline structure persists at the cellulose surface of the cellulose materials, whereas the higher reactivity of the 2-OH and 6-OH groups suggests that the hydrogen bonds involving these groups are partially disrupted at the surface (ref. to Figure 1a for the H-bond network). In addition, the difference in reactivity between the hydroxymethyl group and 2-OH can be explained by their chemical diversity. Indeed, the hydroxyl group in C6 is highly accessible, while the hydroxyl in C2 is highly acidic and in close proximity to the acetal function [25]. The described reaction sites undergo most of the common reactions of alcohols, such as oxidation, etherification, acylation (formation of esters) and deoxygenation. Among these, etherification and esterification are particularly important and have been frequently used for cellulose functionalization [25].



The etherification of cellulose can be achieved using alkyl halides in the presence of a strong base (Williamson ether synthesis), this strategy being commonly used to produce carboxymethyl, hydroxypropyl and hydroxyethyl celluloses [24]. Alternatively, ether formation from unsaturated compounds can be achieved by Michael addition [25]. Cellulose esters, such as cellulose formate, cellulose acetate or cellulose nitrate, are usually synthetized by acylation with the appropriate acid, its anhydride or its acid chloride in the presence of an activating agent (i.e., N,N-dicyclohexylcarbodiimide, DCC) and a basic catalyst (i.e., pyridine or thiethylamine) [25].



The deoxygenation reaction of cellulose involves the removal of the 2-, 3- or 6-OH group and its replacement with a different group with no oxygen directly attached to that cellulose position. For example, the replacement of the 6-OH with an aliphatic diamine produced the so-called aminocellulose derivatives, which will be further discussed due to their application in bio coupling [3].



Finally, oxidation reactions can be accomplished either at the hydroxymethyl group level (6-OH) or at the C-2 and C-3 levels. Oxidation of the hydroxyl group in C6 involves the use of nitroxy radicals, such as the well-known 2,2,6,6-tetramethylpiperidine-1-oxy radical (TEMPO), which oxidizes the primary hydroxyl group to a carboxyl group in a regioselective manner [52,53]. The introduction of this new functional group allows for the further derivatization via amide coupling by using N-ethyl-N-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS). This strategy has been used to couple the carboxyl groups of oxidized cellulose with an amine derivative, such as aminated polymers [54], amino acids [55], peptides [56] and proteins [57].



In contrast, the oxidative cleavage of the C-2 and C-3 bonds leads to the formation of the corresponding dialdehyde, which can be further oxidized to a diacid or reduced to a dialcohol. The oxidation can be performed either by sodium periodate (NaIO4) [58] or by ceric ammonium nitrate (CAN) [59]. In the first case, the oxidized cellulose can be further derived by amination reaction into an imino-cellulose, which can be further reduced using agents such as NaBH3CN [60]. The second oxidation process, instead, leads to the formation of an aldehyde group and a radical function on a carbon atom bearing a hydroxyl group. The resulting compounds can be further polymerized with acrylonitrile to form cellulose–polyacrylonitrile graft copolymer [59].



Besides chemical functionalization of bulk cellulose, many attempts and advances have been made in its in vitro ex-novo synthesis, which could guarantee a more defined regiocontrol in cellulose functionalization and, in turn, self-assembly. Bottom-up processes include the production of bacterial nanocellulose from glucose by bacteria, as well as chemoenzymatic approaches and solid-state synthesis. In the context of chemoenzymatic approaches, the loose specificity of some enzymes allows for the introduction of modifications along the cellulose chain [23]. For example, cellodextrin phosphorylase from Ruminoclostridium thermocellum has been used for the synthesis of glucosamine derivatives of cellulose type II [61], as well as for the decoration of cellodextrin chains with fluorine atoms in a regiocontrolled manner, giving rise to a new cellulose allomorph [22]. Finally, advances in the solid-state synthesis of cellulose and its derivatives, such as the glycosynthesizer developed by Seeberger et al., allows for the fine decoration of cellodextrin chain with high regioselective control [62].






3. Cellulose-Based Materials


The great variety of existing cellulose forms, the high molecular weight of the polymer and its ability to form 3D networks give rise to various morphologies and assembled materials in the form of sheets, fibers and globular particles (Figure 3). These structures are generally held together by a fine balance of supramolecular forces, such as hydrogen bonding and hydrophobic interactions. In addition, different processes, for example freeze-drying, solution casting and evaporating as well as 3D printing and spinning, lead to the production of various cellulose formulations (i.e., cellulose aerogels, films/membranes and fibers, respectively). Each one of these formulations presents characteristic properties, which are important for the development of different sensing strategies. Herein, we report an overview of the most common forms in which cellulose is formulated.



3.1. Cellulose Hydrogels (CHGs)


Hydrogels are soft matter systems which present a solid-like behavior even though they are mostly composed by water. The ability of hydrogels to preserve a solid form has been attributed to the creation of cross-links between the gelator molecules, which results into a gelator 3D network, as well as to the propensity of water to interact with the formed network [68]. The ability of cellulose to form a 3D network thanks to its fibrillar form and/or to the establishment of several supramolecular interactions, such as hydrogen bonds and van der Waals interactions, has been widely exploited for the formulation of hydrogels. Indeed, cellulose-based hydrogels have been on the sight for more than three decades, and roughly all the celluloses in their possible forms (MFC, nanocelluloses, cellulose derivatives) are able to hold high amounts of water and preserve a solid-like behavior (Figure 3(i)).



Cellulose is able to produce hydrogels alone, by modulation of its concentration [63,69] and/or the solution pH [70], in composite systems [71] or in the presence of additives, such as salt [72], surfactant [73] or alcohols [74]. For example, the introduction of carboxyl functional groups into the cellulose chain/surface, as in the case of carboxymethyl cellulose or TEMPO-oxidized nanocelluloses, allows for the formulation of reversible hydrogels based on the formation of metal ion coordination complexes [72,75]. Indeed, the addition of salts reduces the Debye length of anionic cellulose derivatives and, in turn, suppresses electrostatic repulsion between the cellulose chains. The cellulose propensity to form gels can also be enhanced by the use of cosolvents, i.e., alcohols, in addition to water. For example, the ability of TEMPO-oxidized CNFs to gelate in the presence of methanol, ethanol and propanol has been reported and the mechanism of gelation thoroughly studied both from the perspective of fibrils overlapping [74] and water structuration [68].



Cellulose-based hydrogels possess attractive properties for the development of sensors. Indeed, on top of their inherent biocompatibility, biodegradability and renewability, they present excellent mechanical performances, such as high strength and high toughness [76].




3.2. Cellulose Aerogels (CAGs)


Aerogels are lightweight, porous, solvent-free materials typically prepared from solvent swollen gels or polymeric solutions [77]. Importantly, for aerogel formulation, the uncontrolled collapse of the network during solvent removal must be avoided. To this end, freeze-drying, solvent exchange with ethanol and supercritical CO2 drying have usually been performed in cellulose dispersions and hydrogels to obtain the respective aerogel [77]. Cellulose aerogels (Figure 3(ii)) are typically formed by MFCs [78], CNFs [79,80] or BCs [81,82] due to their fibrillar form, although formulations of aerogels from CNCs have also been reported [36]. In particular, the resulting porosity, density, surface area and morphology (from nanofibrillar to sheet-like skeletons) depend on the starting material and on the process used for solvent removal [79]. Cellulose aerogels find application in various fields, including thermal and acoustic isolation, templating and catalyst supports [36]. For example, electroconductive CNF-based aerogels were obtained from the incorporation of an electrically conducting polyaniline-surfactant solution into the CNF matrix and subsequent removal of unbound molecules [79]. In addition, due to their competitive properties, cellulose aerogels are good candidates for the further development of aerogel-based sensors [83].




3.3. Cellulose Films (CFs)


Cellulose has been demonstrated to be a great film-forming material. The most common and famous film constituted of cellulose is paper, classified as a random fiber network [84] or as an orthotropic continuous medium [85] held together by hydrogen bonds [86,87]. Paper sheets are not exclusively constituted by cellulose microfibril, but also by pectin and hemicelluloses. The presence of these additional components, which act as binders between the MFCs, highly influence the paper/sheet mechanical behavior, such as the load transfer when subjected to stress. For these reasons, pulp extraction processes have to be carefully considered. For example, in a work reported by Dufresne et al., it was demonstrated that pectin removal decreased the tensile modulus of films made from sugar beet pulp in dry atmosphere [88]. Importantly, paper finds extensive use in the formulation of disposable sensors for on-site testing in POC devices (for further details, we refer the reader to the reviews published by the research groups of Güder [48] and Golmohammadi [89]), and as a substrate for electrochemical micro devices [35].



Generally, cellulose film formulation is subsequent to the cellulose purification and derivatization steps. In particular, cellulose derivatization is often carried out to improve its solubility [90]. For example, the production of another very famous transparent cellulose film, cellophane, involves cellulose derivatization into sodium cellulose xanthate, which is then reconverted into cellulose II or regenerated cellulose [91]. Additional common film-forming cellulose derivatives are cellulose acetate, methyl cellulose and carboxymethyl cellulose [91].



More recently, nano-paper attracted attention in various fields, including (bio)sensing technology [89]. Hence, particular attention must be given to nanocelluloses (BC, CNFs and CNCs), which can be formulated into thin films (Figure 3(iii)). Importantly, differences in self-assembly lead to films with different optical properties, spreading from transparency to scattering and to photonic pigments [44,92]. Nanocellulose films are generally produced by evaporation-induced self-assemblies upon solvent-phase removal (film casting). Additional routes for film formulation involve spin coating and the Langmuir–Blodgett techniques [90].



Thin films made of pure CNFs are optically transparent [93], have low density and high tensile strength (σ = 250–350 MPa) with strain to failure reaching ε = 10% [94]. On the other hand, pure films of CNCs present special optic features given the propensity of these colloidal particles to organize into a liquid crystalline (LC) phase. Indeed, it is well known that, above a certain concentration, CNCs spontaneously organize into a cholesteric LC phase with chiral nematic order, which is preserved upon drying. Hence, this supramolecular assembly gives rise to helicoidal structures in the solid state, resulting in an iridescent structural color which depends on the pitch (p), the average refractive index (n) and the orientation of the helical axis (m) [95,96]. Nonetheless, given the formation of grain boundaries which promote crack propagation, these films are generally brittle [97]. Recently, the formulation of self-standing thin film with competitive mechanical properties with TEMPO-oxidized CNCs was reported [55]. In addition, to push the boundaries of the CNC films’ mechanical performance, additional supramolecular binding motifs can be introduced on the CNCs’ surface upon functionalization. For example, the introduction of simple amino acids into the TEMPO-oxidized CNCs’ surface leads to films with competitive mechanical properties, tailored by the delicate balance within the already present supracolloidal nanocellulose–nanocellulose interactions and the newly introduced supramolecular forces (i.e., electrostatic repulsion, π–π-stacking and cation-π interactions) [55].




3.4. Cellulose Nanoparticles (CNPs)


Since the first report by Ragauskas et al. in 2007 [98], the CNPs field has expanded from non-functionalized cellulose [99] to nano amino cellulose [100], nano carboxycellulose [101,102], cellulose acetate [66,103] and composites [104]. Cellulose nanoparticles (Figure 3(iv)) can be formulated by homogenous processes involving the dissolution of the cellulose I amorphous regions with acid hydrolysis [105], or by acid-free heterogeneous processes, with the consequent preservation of the original crystalline structure and of the amorphous regions [106] followed by nanoprecipitation [107]. CNPs are highly hydrophilic spherical particles with diameters ranging from 100 to 500 nm [98], which can present either amorphous and/or crystalline structures and show specific chemicophysical properties, such as good accessibility, high functional group content and sorption ability [102]. CNPs are typically used for the immobilization of active pharmaceutical ingredients or as fillers in pharmaceutical formulations and cosmetics, as well as supporting materials for catalysis and enzymes for biosensing [102,108].




3.5. Spun Celluloses or Cellulose Yarns (CYs)


The formulation of celluloses via processes such as wet spinning [109], dry spinning [109], melt spinning [110] or electrospinning [111] results in the construction of fibril-like, filamentous structures (Figure 3(v)). In order to obtain fibers with reproducible sizes and properties, a careful selection of solvents and co-solvents as well as an optimization of the formulating parameters (i.e., solution viscosity and shear rate) are required. Usually, soluble cellulose derivatives (for example, cellulose acetate and hydroxypropyl cellulose) are used in spinning techniques. The formulation of celluloses via spinning techniques makes it possible to modulate the fibers and the filaments’ degree of alignment, which in turn translates into tailored mechanical properties, such as changes in the fibrils Young’s modulus and stress at break [112]. Indeed, in nature, plant cell wall strength highly correlates with the angle between cellulose microfibrils axis: where higher stiffness is required, fibrils show a lower angle, and vice versa. An explanation can be found in the anisotropy of cellulose crystallites, which present a Young’s modulus up to 160 GPa and 8–57 GPa in the longitudinal and in the transverse directions, respectively [113].





4. Cellulose in (Bio)Sensing


The aforementioned features of the various cellulose formulations reflect into cellulose applicability as a platform for (bio)sensing. In fact, celluloses are excellent scaffolds for hosting various nanomaterials, such as plasmonic NPs, photoluminescent NPs, carbon nanotubes, as well as biological receptors such as proteins, from antibodies to enzymes and DNA/aptamers. Furthermore, cellulose nanocrystals can act as signal transducer themselves due to the optic properties of the cholesteric phase. For these reasons, cellulose-based hybrid materials have been employed for the fabrication of sensors for various applications, ranging from biochemical sensing (from gases and ions to drugs, biomarkers and pathogens) to physical sensing (i.e., strain, proximity and pressure sensors) and humidity sensing.



Herein, details of cellulose application in (bio)sensing will be discussed, with a focus on which form of cellulose is most appropriate for each sensing strategy. We will try to answer the following questions: (1) why does the use of cellulose lead into advances in the sensor fabrication and (2) which kind of cellulose should be used to develop a sensor with defined functions. To do so, for each of the reported sensing strategies we will show a few selected examples of cellulose applied in sensor development.



To help the reader, we divided this section of the review into the most common employed (bio)sensing strategies (i.e., optical and electrochemical sensing). Given the extensive use of cellulose, a comprehensive description of all the cellulose-based systems developed for each sensing strategy is beyond the scope of this review. For further details, we will address the reader to specific reviews of different sensing approaches.



4.1. Cellulose in Optical (Bio)Sensing


In this section, some examples of cellulose used in optical sensing, including surface-enhanced Raman scattering (SERS), fluorescent and colorimetric methods, nanoplasmonic systems and surface plasmon resonance (SPR) will be discussed.



4.1.1. Surface-Enhanced Raman Scattering (SERS)


Given its high selectivity and sensitivity, SERS is nowadays considered one of the most powerful tools for (bio)chemical detection. Thanks to its unique properties, cellulose is an important component in the design of SERS substrates. In particular, cellulose can act as a reducing component for the preparation of plasmonic nanoparticles and as host of NPs for SERS applications. Indeed, nanostructured metals, such as Au, Ag and Cu, have been reported to generate a strong surface plasmon resonance (SPR) in the visible and near-infrared regions. These NPs give rise to local surface plasmon resonance (LSPR) which, in turn, generate SERS hotspots—highly localized regions of intense local field where the signal of adsorbed molecules is enhanced with factors higher than 106. Importantly, signal enhancement is highly affected by composition, shape, size and interparticle spacing of the noble metal NPs [114,115]. For these reasons, metal NPs embedding into a porous and flexible substrate has been researched as a strategy to maximize the SERS number of hotspots.



Metal nanoparticles are generally synthesized by the reduction in the corresponding metal salt with reducing agents such as NaBH4, hydrazine (NH2NH2), hydroxyl amine (NH2OH), triethanol amine (TEA), poly(ethylene imine) (PEI), and dimethylformamide (DMF) [115]. The nanoparticles are then stabilized in a polymeric matrix, commonly composed by polyvinylpyrrolidone (PVP), poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) or silanes. The introduction of functional groups into the polymeric scaffold (i.e., thiol, carboxylic acid and/or amino groups) can anchor the metal nanoparticles and minimize aggregation. Tannic acid and sodium citrate have been widely used both as reducing and stabilizing agents in the synthesis of metal nanoparticles [116]. Nonetheless, the use of reducing chemical agents can generate by-products, while some polymers used as SERS matrix give interference and background signals during signal acquisition [115].



In these regards, cellulose has been demonstrated to be an optimal platform due to its minimal SERS signal interference, high stabilization performance and, when functionalized, its ability to control the growth of metal nanoparticles with various shapes and dimensions. In particular, fibrillated celluloses (paper, MFC, CNF and BC) are able to create a flexible 3D network with tailored porosity and morphology and are, therefore, excellent platforms to prevent the agglomeration/aggregation of metal NPs.



For example, the deposition of Ag nanoparticles on paper [117,118] or cellophane [119] has been investigated to produce handy SERS substrates which have been used for the detection of organic compounds such as carbazole, 1-aminopyrene, benzoic acid, crystal violet and acetamiprid, but those systems showed low Raman signal enhancement in comparison with Ag colloids [115]. In a recent study, a significant improvement in the paper matrix mechanical and thermal stability was achieved by layering a silver–chitosan nanocomposite in paper cellulose. The formulation of this composite maximized the porosity of the paper, which translated into an increased number of hotspots and into a capability to filtrate small molecules. The fabricated system was used for the SERS detection of 4-aminothiophenol with a detection limit of 5.13 ppb [120].



Cellulose derivatives, including cellulose acetate (CA), methylcellulose (MC), nitrocellulose, hydroxyethylcellulose (HEC) and hydroxymethylcellulose (HMC), have been employed for the preparation of SERS substrates, principally due to their ability to dissolve in organic solvents (i.e., CA dissolves in formamide–acetone solvent mixture) or water and hereafter to produce hydrogel or membranes [115]. Lately, more focus has been given to nanocelluloses and their use in sensing. The use of bacterial cellulose (BC) as a SERS substrate was firstly reported for the development of a sensor for the determination of thiosalicylic acid and 2,2-dithiodipyridine, demonstrating the BC nanofibrillar structure to be an efficient matrix for the NPs’ nucleation and growth [114,121]. In addition, in a work reported by Park et al., it was shown that spatial deformation/contraction of the BC 3D network due to drying resulted in a considerable enhancement of the SERS signal intensity due to a decrease in the distance between the NPs [122]. The sensor robustness was tested for the label-free detection of 4-fluorobenzenethiol and phenylacetic acid (PAA), the last being detected even without showing any affinity for the AuNP surface thanks to the contraction of the AuNP-BC hydrogels [122].



Importantly, in addition to its ability to act as supporting matrix, it was demonstrated that celluloses are able to act as a reducing, capping and shape-regulating agent in nanoparticles synthesis. For example, it was reported that CNC is able to act as a reducing agent in a hydrothermal synthesis reaction for the formation of palladium nanoparticles [123,124]. Moreover, it was shown that negatively charged celluloses, sulfuric acid hydrolyzed CNC [125] and TEMPO-oxidized nanofibrillated celluloses [126] are able to act as capping agents in the synthesis of spherical Ag nanoparticles. Recently, cellulose nanofibers were decorated with AgNPs to yield water-dispersible plasmonic cellulose nanofibers, AgCNFs (Figure 4a(i)). The proposed synthetic approach yielded to the formation of fiber bundles that bring the AgNPs into close proximity, resulting in SERS hotspots. The rapid SERS analysis of pesticides and fungicides by this water-dispersible substrate was demonstrated (Figure 4a(ii)) [127]. In addition, Jiang et al. reported on the dual capping and shape-regulating ability of TEMPO-oxidized CNF towards AgNPs, which resulted in an effective detection of rhodamine 6G [128]. Plasmonic flower-like silver nanostructures were also prepared in aqueous solution by using 2,2,6,6-tetramethylpiperidine-1-oxyl-oxidized nanocellulose fibers (T-NCFs, or TEMPO-oxidized CNFs) and trisodium citrate (TSC) [129]. The authors demonstrated that the shape and size of flower-like Ag morphology was controlled by T-NCF, which acted as a reducing and as a capping agent, allowing for the directional growth of Ag T-NCF structures (Figure 4b).



Flexible and high sensitivity nanocellulose SERS substrates were recently fabricated and applied for the detection of pesticides directly on apple peel [130]. The SERS substrate was prepared by assembling gold nanoflowers (AuNFs) and silver-coated gold nanocubes (Au@AgNCs) on a CNC film via electrostatic adsorption (Figure 5). The obtained composite films can be easily bent (Figure 5(ii)) thanks to the good mechanical strength and flexibility of nanocellulose films. The flexible SERS substrate allows for the detection of pesticide residues directly on the apple’s surface (Figure 5(iii)), with LODs for dimethoate and acetamiprid of 4.1 and 10.7 μg/L, respectively.




4.1.2. Fluorimetry


The immobilization of fluorophores in a polymeric matrix has been widely used to donate analyte-dependent optical properties (i.e., fluorescence) to the polymer itself and develop highly sensitive fluorescence sensors. In this context, cellulose is an excellent matrix for fluorescence-based sensing due to its high hydroxyl content, which makes it possible to introduce fluorescent groups with high yields. Nonetheless, a pre-activation step, with oxidants such as sodium hypochlorite and sodium periodate, for example, is usually required to enhance the reactivity of the surface hydroxyl group of cellulose and therefore improve chromophore coupling [131,132].



Various fluorescent dyes [131] and photoluminescent polymers [133] coupled with cellulose have been investigated. For example, cellulose nanocrystals coupled with fluorescein-5′-isothiocyanate (FITC) and rhodamine B isothiocyanate (RBITC) resulted in a pH sensor able to detect pH ranging from pH 3.5 to pH 8.0 by measuring the fluorescence emission intensities at λem = 520 nm and 570 nm for FITC and RBITC, respectively [134]. The coupling of fibrillated bacterial cellulose with 5-(4,6-dichlorotriazinyl) aminofluorescein allowed for the sensitive detection of cellulase enzymes [135], while the coupling of electrospun cellulose acetate nanofibrous membranes with hydrolyzed poly[2-(3-thienyl) ethanol butoxy carbonyl methyl urethane] resulted in the detection of methyl viologen (MV2+) and cyt c in an aqueous solution [136].



The sensitivity of fluorescence sensors is highly dependent on the interaction between the analyte and the fluorescent molecule. In comparison with other polymers, cellulose presents high processability and a large surface area, with a consequent improvement of the interaction between analytes and fluorophores. For example, the work reported by Davis et al. [137]. clearly shows how cellulose features, its fibrillar structure and ability to form a 3D network, as well as its functionalization/defunctionalization capability and its processability, can be strategically used to improve sensor performances. Indeed, the authors described the formulation of the fluorescence sensing material by the electrospinning of cellulose acetate (AC) nanofibers with an incapsulated ionic fluorescent dendrimer (Figure 6a). The AC deacetylation step enhanced the system porosity and, in turn, favored molecular interactions between the analyte and the fluorophore, which enhanced the sensitivity of the sensor. The developed system was tested for the detection of metalloproteins, including cytochrome c (cyt c), hemoglobin (Hgb) and bovine serum albumin (BSA). The first two proteins were detected by a quenching mechanism attributed to both energy and electron transfer upon interaction between the anionic dendrimers and the positive patches of such globular proteins (Figure 6b). In the case of BSA, however, an increase in fluorescence was observed, attributed to a reduction in the π-π stacking between the negatively charged dendritic fluorophores due to repulsion forces operated by the negatively charged BSA proteins (Figure 6c) [137].



Importantly, the work reported by Fontenot et al. clearly outlines the structure–function relationships of cellulose and nanocellulose-based sensors, including specific surface area (SSA), degree of substitution and transducer surface properties [138]. In particular, they described the bioactivity and related transducer surface properties of cellulose and nanocellulose matrices such as peptide–cellulose fluorescent sensors for the detection of human neutrophil elastase (HNE), a biomarker for the stalled inflammatory state of chronic wounds. The tested cellulose (filter paper and print cloth) and nanocellulose (wood cellulose nanocrystals) transducers and their composites (blends of CNC and MFC with a ratio of 66/33 and 50/50) showed a clear correlation between sensor sensitivity and film-specific surface area [138].



Electrospinning was also employed for the preparation of a microporous nanofiber film from 1,4-dihydroxyanthraquinone (1,4-DHAQ) and cellulose acetate [139]. The fluorescence intensity of the resulting film decreased linearly with the concentration of Cu2+ with high selectivity, indicating the potential applications of this fluorescent sensor in environmental monitoring. Paper-based fluorescent test strips for the detection of toxic nitroaromatic compound pollutants, such as 2,4,6-trinitrotoluene (TNT), were prepared by absorbing hydrophilic pyrene-functionalized polymer into cellulose-based filter papers (Figure 7a,b). Upon exposure of the contaminated sample to the test strips, the paper substrate allows for an ultrafast and spontaneous capillary force driving diffusion of TNT into the hydrophilic matrix, resulting in an efficient quenching of pyrene. This paper-based test strip enables both the fluorescent and naked-eye (Figure 7c) detection of TNT even at a low-ppm level [140].



It should be highlighted that, besides its capability to form functionalized films suitable as transducer surface, cellulose can also play an active role in the recognition process. For example, the natural chirality of cellulose has been exploited in the design of a chiral fluorescence sensor for aromatic nitro compounds containing central and axial chirality [141]. Indeed, it is well known that benzoate and phenylcarbamate derivatives of cellulose show excellent chiral discrimination for racemates, such as amino acids, π-basic or π-acidic aromatic compounds, with different types of chirality (central, axial, planar, helical and topological chirality) [142]. Hence, a cellulose derivative bearing π-conjugated terthienyl pendants as fluorescent signaling units has been developed, resulting in a chiral fluorescent sensor capable of discriminating various types of chirality in aromatic nitro compounds (ANC). A clear difference was observed in the quenching efficiency between (R)- and (S)-ANC, with (R)-ANC quenching the terthienyl cellulose derivative emission in a more efficient way compared to the (S)-ANC stereoisomer. Notably, the authors reported on the importance of the helical chirality of the cellulose rather than on the central chirality in the repeating glucose units for chiral fluorescence sensing [141].




4.1.3. Colorimetry (“Naked Eye” and UV-Absorbance)


Optical visual sensors are important sensing systems as they allow for the rapid detection of analytes in screening applications. Importantly, in these systems, signal transduction is achieved by a change in color, detectable by the naked eye. In addition, color changes can be accurately referred to analyte concentration thanks to the use of image analysis software. For example, from ImageJ Photoshop software, variation in colors intensity [143] as well as variation in lightness (white to black), color ranges from red to green, and color ranges from yellow to blue [143] can be derived.



To achieve environment-responsive coloring, synthetic dyes (i.e., cresol red, bromocresol blue/green/purple, xylenol blue, etc.), natural colorants (i.e., curcumin and anthocyanin from red cabbage, black rice and purple sweet potatoes) and/or metal nanoparticles (i.e., gold, silver and platinum NPs) have been used as indicators. These chromic materials are able to reversibly change color upon an external stimulus such as light, heat, pH and exchange-processes with the analyte.



As described in the previous section, cellulose is excellent both (i) as substrate for the anchoring of chromophore and (ii) as a scaffold for nanoparticles and biomolecules embedding. For example, pH (and NH3) sensing was achieved by anchoring red cabbage (RC) pigment into CNF [144] and carboxymethyl cellulose (CMC) [145], either alone or in composite systems. In particular, electrospun non-woven cellulose fibers (Cs-ESNW) loaded with the RC pigment (RC/Cs-ESNW) showed visibly distinct colors over a wide range of pH (Figure 8a). In other examples, colorimetric systems based on BC embedded with curcumin were developed for (i) Pb2+ ions detection thanks to the color change from yellow to red upon formation of the curcumin-Pb2+ chelation complex (Figure 8b) [146], (ii) a colorimetric metal-complexing indicator-displacement assay (M-IDA) for zoledronic acid (ZA) (Figure 8c) [147], and (iii) sensing of human serum albumin (HSA) in human blood serums due to the ability of HAS to prevent curcumin alkaline hydrolysis/degradation at low pH (Figure 8d) [148], demonstrating the versatility of these systems towards both chemo- and biosensing.



In addition, the aggregation or etching (decrease in population density of the metal NPs and increase in the interparticle distance) of embedded metal NPs into cellulose scaffolds have been exploited for optical sensing. For these systems, the use of cellulose as a scaffold can enhance sensor performance by modulating the size, shape, composition and interparticle distance of the NPs, as previously described for the SERS-based sensors. In particular, cellulose presents a 3D network with tailorable porosity, high content of hydroxyl group or other functional groups that can be used as a reducing and/or anchoring component for metal NPs synthesis and stabilization and a large specific surface area that facilitates metal NPs–analyte interaction. Among celluloses, we rationalize that CNFs and BCs better represent the properties described above due to their purity, nanoscale, fibrillar network, high spinnability and film-forming properties.



In the literature, there are several examples of metal NPs embedded into BCs networks. For instance, BC has been used for the formulation of NPs embedded in BC films with optical sensing capabilities. In a work reported by Morales et al., the formulation of AgNP-BC and AuNP-BC composites (Figure 9(i)) was reported for the sensing of methimazole or iodine, on one side, and thiourea or cyanide, on the other side. For these systems, the metal NPs’ aggregation leads to a change in color of the NPs–BC composites towards darker shades and to a red shift in the UV-vis spectra. Specifically, the interaction between the thiol groups of methimazole and the AgNPs promoted the aggregation of particles with consequent changes in color of the AgNP–BC composite system from yellow to dark yellow. AgNPs’ interaction with thiourea, instead, leads to a color change of the AuNP–BC composite system from red to dark red and to a local minimum in the UV-vis spectra in the range of 430 to 440 nm (Figure 9(ii)). Particles etching, on the contrary, was reported to cause a change in color of the NPs–BC system towards lighter shades and a concentration-dependent blue shift in the UV-vis spectrum. In particular, AgNPs’ interaction with iodide cause a change of the AgNPs–BC composite from yellow to light yellow, while the interaction between AuNPs and cyanide determines a change of the AuNPs–BC composite from red to light pink (Figure 9(iii)) [121].



In another example, Teodoro et al. developed a colorimetric sensor based on a AgNPs–CNC composite, which displayed high sensitivity (detection limits of 0.014 μM) and selectivity (no interference with Cu2+, Zn2+, Fe2+, uric acid and glucose) toward H2O2 detection in water and milk matrices. In this system, a decrease in the AgNP absorption band at 410 nm together with a color change from yellow to colorless was caused by the catalytic decomposition of AgNPs at increasing concentrations of H2O2 [149].



Recently, the use of carboxymethyl cellulose (CMC) as a scaffold for the performance of a nanozyme (Prussian blue nanoparticles, PB NPs)–enzyme (glucose oxidase, GOx) cascade reaction in the colorimetric detection of glucose has been reported (Figure 10(i,ii)) [150]. In this system, CMC plays multiple roles as it acts (i) as a capping agent for the synthesis, immobilization and protection from coalescence of PB NPs, (ii) as a biocompatible polymer due to its ability to preserve GOx activity, (iii) as a compartmentalizing agent which confines the integrated enzyme–nanozyme system in proximity, favoring in this way the cascade reactions (Figure 10(iii)), and (iv) as a protective agent for the nonspecific adsorption of biomacromolecules (i.e., serum proteins from complex biological samples) on the nanozyme surface. The sensing strategy in the developed biosensor relied on the catalytic oxidation of glucose by GOx into H2O2, and in the subsequent catalytic reduction in H2O2 by the PB NPs in the presence of ABTS (chromophore), which resulted in the formation of the dark green ABTS•+ product, detectable at 420 nm [150].



Cellulose paper is a promising material for catalysts and enzymes support, as it provides unique geometry and hydrophilic/hydrophobic balance [151]. For these reasons, in recent times, cellulose filters or chromatography papers have been on the focus as biocompatible and inexpensive materials, ideal for enzymes immobilization. In particular, cellulose-paper fine fiber matrix, together with its inherent hydrophilicity, provides an excellent biocompatible microenvironment for the preservation of the enzymes’ catalytic activity [152]. In addition, the introduction of hydrophobic functionalization on cellulose surface allows for the efficient absorption and immobilization of the enzymes due to the hydrophobic interactions [153]. For example, a paper-based colorimetric biosensor based on phenylalanine ammonia lyase (PAL) hybrid nanoflowers was proved to semi-quantitatively detect the concentration of phenylalanine from urine samples with a good linearity to the phenylalanine concentrations (60 to 2400 μM) and a response time of only about 10 min [154].



A particular case of naked-eye sensors based on cellulose is the one of CNC, which is able to form photonic films by solvent-evaporation-driven self-assembly. Indeed, given its chiral nematic structure, CNC films can reveal distinct colors without the use of chromophores. These films can undergo color change on the bases of the chiral nematic step (helix pitch) and on the CNC pseudoplanes interspaces. For these reasons, CNC films have been used for humidity sensing, with a change in color driven by water absorption when exposed to environments with high relative humidity [92]. For example, the work reported by Bumbudsanpharoke et al. showed a color switch from pink to bluish (shift of 160 nm towards longer wavelengths) in a film composed by NaCl and CNC upon moisture absorption [14,155]. Besides moisture detection, the same adsorption principle has been used for the detection of volatile inorganic and organic compounds. For example, Shidong et al. reported on a detection system of ammonia based on CNC films doped with Cu2+. In this case, Cu2+ was used as a color tuning agent given the strong chelation between the metal and the negatively charged CNC [156]. Song et al. on the contrary, managed to obtain CNC films with different color patterns by the selection of the films’ thickness and by aiding the close packing of CNCs with 1-butyl-3-methylimidazolium, an ionic liquid able to screen the repelling electrostatic charges between CNCs. The introduction of amine groups into the films allowed for the visual detection of formaldehyde and propanal gases without interference from other molecules [157]. Finally, reversible stimuli-responsive stretchable optics based on CNC were obtained by embedding an elastomer into a CNC network (Figure 11). Indeed, the mechanically induced switch between the CNCs chiral nematic and pseudo-nematic arrangement determines the appearance/disappearance of a vivid interference color [158].




4.1.4. Cellulose-Based Lateral Flow Assays (LFA)


Optical sensing strategies combined with portable and easy-to-handle devices are pivotal for the easy, fast and accurate detection of an analyte at points of care (POCs) for diagnosis purposes or for environmental and agro-food safety monitoring, among others. Lateral flow assays (LFAs) tests are the hallmark of portable and disposable devices. LFAs are composed by a supporting and adhesive backing card or a plastic housing where a sample pad, a conjugate release pad, an analytical strip and an absorbent pad are mounted. The liquid sample is introduced into the sample pad and mixed with the reagents needed for the test in the release pad; it then flows through the analytical strip, where the signals are generated and detected, and finally ends up in the absorbent pad which acts as a sink. The analytical strip is of particular importance as it involves critical steps in the LFAs: (i) the formation of the immunocomplexes and (ii) the visualization of the LFAs response.



In conventional LFAs, the analytical strip is typically made of porous nitrocellulose (NC) membranes/films casted to reach a thickness of about 100 to 150 μm [159]. These films are usually mixed with surfactants to moderate the natural hydrophobicity of NC and improve its wettability and capillary flow rate. Thanks to its inherent hydrophobicity, NC is able to establish both hydrophobic and hydrogen bond interactions with proteins, which translates into a high protein immobilization capability. For example, it was reported that NC absorbs more than 100 μg of IgG per cm2 [159]. However, since protein molecules absorb almost instantaneously in NC, a blocking step, such as saturation of NC with BSA, is required to allow for the flow of the protein in the tested sample [160]. Additional advantages of the use of NC are its wide range of pore size and porosity, its brightness and its competitive price. Nonetheless, NC also presents some shortcoming for LFAs development. First, the inherent brittleness of NC makes it difficult to formulate and handle unbacked membranes. To overcome this issue, the casting of NC onto polyester films was proven to be an effective way to produce a handling membrane as NC does not easily delaminate from polyester. In addition, NC presents high sensitivity to humidity, flammability and lot-to-lot analytical reproducibility variability. Finally, the interaction with proteins via absorption indicates an inherent inability to present the receptor at a precise and correct orientation, with a consequent loss in recognition activity and a need to use an excess of proteins. For these reasons, alternatives to the NC analytical strip have appeared in the literature, with a high focus on the use of paper. For example, the ability to use paper from different sources (acacia, birch, eucalyptus and spruce) and different chemical treatment hardness (bleaching) and the addition of other cellulose derivatives, such as CMC, to improve handling has been tested [160]. In particular, 80 g/m2 of paper made of unbeaten, bleached eucalyptus pulp with a dosage of 2.5 g/kg PAE (a wet strength additive) as a membrane material for a noncompetitive immunoassay test for hemoglobin and morphine was demonstrated [160,161]. Nonetheless, this work also demonstrates how the variability of the paper’s physical properties (i.e., brightness, wet strength and lateral flow speed) is predominantly determined by the source of the native fiber and by how the fibers and fibrous network are modified and treated during the papermaking, which can be an issue for analytical reproducibility [160]. However, these works represent a pivotal step forward in the use of cellulose not just in the sample and absorbent pads, as conventionally done, but also in the formulation of analytical strips.



Besides its role as LFAs support membrane, the use of cellulose to enhance LFAs sensitivity has recently been reported. LFAs sensitivity is commonly related to the paper porosity, with smaller pores correlating with a higher sensitivity. Nonetheless, a general reduction in pore size along the analytical strip can lead to difficulties in flow. To prevent this, the layering of cellulose nanofibers (CNFs) only at the test line area of the NC strips has been proposed. This modification leads to a higher concentration of bioreceptors in the strip surface, which translates into an increased density of selectively attached gold nanoparticles (AuNPs), resulting in an average boost of 36.6% in sensitivity for IgG detection [162].



Recently, Natarajan et al. proposed to combine the use of commercially available cellulose filter paper as LFA analytical strip with the use of CNF for sensitivity enhancement, demonstrating the feasibility of replacing an NC-based analytical strip with standard cellulose paper filter (chromatography paper Whatman N.1) without loss in LFAs performance [163]. The efficiency of developed LFAs was tested for the quantitative detection of cardiac troponin I (cTnI), with detection and quantitation limits equivalent to those reported for standard NC LFA (1.28–1.40 ng/mL and 2.10–2.75 ng/mL for LFAs with cellulose and cellulose CNF strips, respectively).




4.1.5. Cellulose for Surface Plasmon Resonance (SPR) Immunosensing


Surface plasmon resonance (SPR) is a surface spectroscopic technique that allows the label-free detection of the analyte–receptor binding event. Briefly, the interaction between an electromagnetic wave under suitable conditions and the free electrons at the interface of a thin metal, typically gold, and a dielectric medium leads to collective charge (electron) oscillations. The reflectivity is measured as a function of the incident angle of the light on the thin gold layer. The resonance condition, which determines the excitation of these surface plasmons (surface plasmon resonance, SPR), results in a dip in the reflected light at a specific angle. Following a binding event between a receptor, immobilized on the gold surface, and the analyte, introduced by a flowing solution, a change of the curve reflectivity versus incident light is measured.



Originally, receptors (usually antibodies) are immobilized on the gold surface, previously functionalized with self-assembled monolayers (SAMs), in order to prepare a layer of antibody on the gold surface [164,165], even though this approach results in low sensitivity and specificity of the SPR immunosensor [166]. An alternative approach involves the use of 3D hydrogel coating for the immobilization of the antibody on the gold surface. In this regard, cellulose has been demonstrated to be an exceptional material for the fabrication of SPR immunosensors interface.



In particular, given its ease in functionalization and wide processability, cellulose can form films/membrane with tailored porosity (as in the case of cellulose acetate), which is particularly important in SPR analysis as it makes it possible to monitor the binding of the analyte on the multilayers immobilized antibody with high sensitivity [167]. Importantly, the use of acetate cellulose and nitro cellulose was also reported for their capillary flow-inducing properties [167]. In particular, biosensors based on cellulose derivatives have been developed for the detection of human IgG using immobilized anti-human IgG (produced in goats) from non-homogenized milk; the authors demonstrated the ability of the biosensor surface functionalized with a cellulose membrane to prevent the interference with the fat globules, which are highly concentrated in non-homogenized milk [167]. In this study, anti-human IgG was immobilized on the cellulose surface by a spontaneous adsorption process. Even though protein surface adsorption has been widely used for the formation of immunoassays, current limitations such as adsorption in regions not accessible to the antigen or desorption processes must be tackled. In this regard, the formulation of cellulose into soft cellulose II nanospheres (NPcat) adsorbed on ultrathin films of CNF was reported as a strategy to form colloidal nanogels with a remarkably enhanced protein affinity, as demonstrated by the improved nonspecific (BSA) and specific (human immunoglobulin G) protein adsorption [108].



Carboxylated cellulose derivatives, such as TEMPO-oxidized cellulose or carboxymethyl cellulose (CMC), have been reported to directly conjugate antibodies by amide coupling, preventing in this way desorption processes [5,57]. Importantly, the SPR immunosensors’ performance is highly dependent on the ability of the analyte (antigen) to bind the immobilized antibody. In this regard, the stability of the protein folding is sometimes hindered by a chemical conjugation, which can result in up to 50% of loss of the recognition ability. In order to prevent this shortcoming, the concomitant adsorption of the protein-grafting polymer into another cellulose surface has been proposed, in a process defined as assisted conjugation. For example, in a work reported by Orelma et al. [5], the functionalization of a cellulose model surface by the irreversible adsorption of CMC, followed by the covalent linking of anti-hemoglobin antibodies to CMC was proposed. The resulting biointerface allowed for the detection of hemoglobin with an LOD of 0.1 μg/mL.



In addition to its anchoring properties, CMC has been demonstrated to reduce nonspecific interactions with other proteins (antifouling) in a comparable manner to poly (ethylene glycol) (PEG). This property has been attributed to the ability of CMC to create a protective layer composed of tails and loops due to its ability to swell and to form a highly hydrated layer [5]. The prevention of non-specific adsorption of proteins from complex samples is fundamental to develop reliable sensing interfaces.



Anionic carboxylated cellulose derivatives are not the only suitable candidates for the formation of bioconjugates. Indeed, another class of cellulose derivatives, aminocelluloses, have been reported to effectively graft and stabilize oxidoreductases enzymes—glucose oxidase (GOx), horseradish peroxidase (HRP) and lactate oxidase (LOD)—with different coupling strategies [3,168,169,170]. Importantly, the presence of amino functional groups on cellulose surface, as well as its demonstrated biocompatibility, opens the venue for the use of aminocellulose for oriented antibody immobilization [171].





4.2. Cellulose in Electromechanical, Electrochemical and Opto-Electronic (Bio)Sensing


Electromechanical and electrochemical sensors based on cellulose have been largely employed for the detection of various analyte and environmental stimulus. Electromechanical sensors translate pressure and/or strain into variations of electrical properties measured as increase/decrease in electrical current, changes in electrical voltage and/or changes in the systems resistance. In electrochemical sensing, instead, the signal is generated by the electrochemical reduction/oxidation of the analyte directly (electroactive species) or indirectly. Importantly, both transduction methods are highly sensitive, selective, simple, stable and cost effective [14]. In addition, opto-electronic sensors are able to couple electrochemical response (like current intensity) with optic properties (like absorption or emission). These hybrid sensors overcome the shortcoming of the two detection techniques alone, improving the analytical performances [172].



For these transduction techniques, the choice of the material for either the fabrication of the electrode or its surface modification is pivotal. Indeed, electrode surfaces are generally modified with different nanomaterials (i.e., metal nanoparticles or carbon-based nanomaterials such as CNTs or graphene) to enhance their sensing threshold and response by improving their electrical conductivity, specificity or electrocatalytic properties. These nanomaterials are usually embedded into a polymeric matrix with which the electrode is coated. Specifically, coating materials directly affect the electrode-specific surface area and the immobilization of the receptor (and, in turn, its interaction with the analyte) as well as the sensor sensitivity, specificity and detection limit. Thanks to its physicochemical properties, cellulose is a very promising material for electrode modification, despite its inherent nonconductivity. In fact, substantial efforts have been made towards the development of cellulose-based electrical sensing devices. In short, cellulose applicability for electrode modification falls into its hydrophilicity, high aspect ratio and large surface area, high presence of hydroxyl group for biomolecules functionalization, 3D network and film-forming ability, tailorable porosity, thermal stability and good mechanical and optical properties [173].



Besides the use of cellulose in electrode modification, a new class of functional material, called nanomaterial-modified conductive cellulose (CP) has recently emerged. CP found application in the development of wearable, lightweight and portable POCs devices. Indeed, paper has been demonstrated to present competitive properties for POCs electrical devices due to (i) the high surface-to-volume ratio, which allows for the storage of reagents in high amounts, (ii) the mesoporous structure, in which electrolytes and ions can diffuse and (iii) the stability in electrochemical and mechanical performances. For further information about CP and its application, we refer the reader to the topic-specific review recently published by Kumar et al. [174].



4.2.1. Electromechanical Sensing


Regarding electromechanical sensing, cellulose-based substrates have found several applications in strain, pressure and even proximity sensing. For these systems, the detection is based on a change in the system conductivity and relative resistance under an applied mechanical input. For these types of sensors, a well-connected conductive network exists in the initial state. Under application of tensile force, slippage creates discontinuities in the conductive network which translates into an increased resistance. Under compressive force, instead, the increased contact between the conductive network translates into a decreased resistance.



For example, an anti-freezing and conductive cellulose-based hydrogel with strain-sensing properties has been developed by Chen et al. [175]. Briefly, hydroxypropyl methylcellulose (HPMC) was dissolved in an aqueous zinc chloride solution and grafted with acrylonitrile and acrylamide copolymers (HPMC-g-AN/AM-ZnCl2) using ceric ammonium nitrate as initiator. The obtained hydrogels showed ultra-stretchability (1730%), excellent tensile strength (160 kPa), high elasticity (90%), good toughness (1074.7 kJ/m3), fatigue resistance, as well as electric conductivity (1.54 S/m) and anti-freezing performance (−33 °C). In particular, the ion mobility in the hydrogel matrix, together with the dispersion of metal ions in the cellulose medium, were attributed to the hydrogel’s good electrical conductivity. Additionally, the hydrogel exhibited changes in conductivity, measured as the relative variation of resistance, upon application of different strains (Figure 12a). In particular, for this system, compression strain and tensile strain both resulted in an increase in conductive resistance due to the narrowing of the water molecule channels and increase impedance in ions movement [175].



A particular application of cellulose is given by its inherent anisotropy, which has been translated into a strain sensor able to respond differently to forces applied parallel or perpendicular to the aligned cellulose chains. In particular, thermal treatment under N2 atmosphere converted the nonconductive crepe cellulose paper into a conductive carbon fiber network while retaining its original anisotropic structure (Figure 12b). Hence, the obtained carbonized crepe paper (CCP) showed high flexibility, fast response (<115 ms), high durability (10,000 cycles), negligible hysteresis and, in particular, extremely different gauge factors (GFs) in bending perpendicular and parallel to the fiber direction. In addition, the application of the developed system in detecting complex human motions and controlling a 2-degree-of-freedom robot arm as a wearable device have been demonstrated [176].



In a work reported by the research group of Ikkala, the combination of CNFs with few-walled carbon nanotubes (FWCNTs), both in aerogel form, led to the formation of a mechanoresponsive pressure-sensing system, which appeared to have different performance (conductivity and relative resistance) based on the composite system morphology. In fact, the investigated systems presented a sheet-like or a fibrillar structure based on the freezer-drying process (with liquid nitrogen or with liquid propane, respectively) [177].



In another work, CNC grafted with reduced graphene oxide (GOr–CNC) showed proximity sensing, as demonstrated by the measurement of current-voltage-resistance of the sample. GOr–CNC was reported to be a non-linear semiconductive material with a lower current in comparison to GOr alone. In particular, the increase in resistance and, in turn, the decrease in conductivity was attributed to the CNCs’ ability to create a hole-depletion region near the interface with the reduced GOs, hence the interference of CNCs on GOr network [178].




4.2.2. Electrochemical (Bio)Sensing


In electrochemical sensing, the interaction of an analyte and its receptor in an electrolyte solution is usually transduced by potentiometry and amperometry. Common problems associated with electrochemical detection, which can hinder their applications in real (clinical and environmental) samples, are fouling (i.e., adsorption of large organic surfactants, proteins or reaction products to the electrode surface) and selectivity. Importantly, cellulose has been demonstrated to be an ideal membrane to overcome the mentioned issues.



For example, cellulose acetate was shown to have both antifouling and permselective properties; the first thanks to its ability to form a barrier against organic surfactants transport [179], the second thanks to its tailorable permeability, controlled by different time periods of the alkaline hydrolysis [180]. Hence, electrodes modified by cellulose acetate have shown increased stability and selectivity in the anodic stripping of trace metals [181], the amperometric detection of organic compounds [182] and in the selective detection of ionic neurotransmitters [180].



Besides its antifouling and permselective properties, cellulose has been employed as a solubilizing agent. For example, the hydrophilic nature of some cellulose derivatives (methyl cellulose, hydroxypropyl cellulose, hydroxypropyl methyl cellulose, carboxymethyl cellulose) has been used to solubilize water insoluble macromolecules, such as poly-aniline (PAni) for hydrazine detection [183]. Aniline monomers were grafted on methyl cellulose, hydroxypropyl cellulose and hydroxypropyl methyl cellulose chains (MC, HPC and HPMC) and then polymerized by addition of ammonium persulfate APS as an oxidation initiator, resulting in PAni-cellulose derivatives with hydrazine-sensing capabilities [183]. The authors compared the sensitivity enhancement obtained by the use of these different types of cellulose derivatives, attributing the best sensitivity of 0.0143 ppm−1 reported for PAni-MC to the less steric hindrance effect by the methyl substituents in MC. In another example, a gas sensor based on PAni nanorods was prepared via a co-doping method with 5-sulfosalicyl acid (SSA) and poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (PAMS) on a bacterial cellulose substrate [184].



In recent years, the combination of cellulose with carbon nanomaterials, such as graphene [185], graphene oxide (GO) [186], single-walled carbon nanotubes (SWCNT) [187], multi-walled carbon nanotubes (MWCNTS) [188] and nanodiamonds [189], has emerged as a promising strategy to prepare nanocomposite materials for different electrochemical applications, including amperometric sensing. Transparent, ultrastrong and printable conductive nanocomposites have been obtained from the combination of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized cellulose nanofibrils (TOCNFs) with SWCNTs [187]. A recent study addressed the stability of four different nanocomposites comprising fibrillar nanocellulosic materials with different functional groups (sulfate, carboxylate and amino-silane) and MWCNTs. The investigated nanocomposites showed an excellent stability over a wide potential range (-0.6 to +1 V) and in different electrolytes [188]. Owing to the excellent electrochemical properties, various nanocomposites comprising nanocelluloses and MWCNTs or SWCNTs have been proposed as electrode materials for the amperometric detection of biomolecules. For example, a composite membrane assembled from MWCNTs and sulfated nanofibrillar cellulose (SNFC) has been employed for the selective and sensitive detection of dopamine at nanomolar concentrations (LOD of 65 nM) [190]. A modified electrode was successfully prepared by using a nanocellulose/MWCNTs hybrid for the detection of diclofenac in pharmaceutical products and biological fluids [191]. Differential pulse voltammetry (DPV) allowed for the determination of diclofenac on the modified electrode with a detection limit of 0.012 mM. Electrodes with large surface areas, good conductivity and high porosity were obtained from a nanocomposite made of nanocellulose and single-walled carbon nanohorns (SWCNH). The modified electrodes were employed for the simultaneous detection of guanine and adenine by linear sweep voltammetry [192].



Paper-based screen-printed electrodes modified with carbon nanotubes and ferrocene (Fc)-labelled DNA (Fc-DNA) were also developed for the detection of microRNAs (miRNAs) in serum samples (Figure 13) [193]. The combination of DNA on paper-based modified electrodes leads to high stability and sensitivity of the bioassay, holding great potential for point-of-care (POC) diagnosis. Recently, a composite paper made of cellulose fibers, carbon fibers (CFs, which confers conductivity), and graphene oxide (GO, which confers electrocatalytic activities) was prepared by adapting a conventional papermaking method [194]. This large-scale approach allows for the fabrication of low cost, high-performance paper-based electrochemical sensors. Indeed, the composite paper showed stable and reproducible electrochemical properties and provided electrocatalytic activities for the development of sensitive amperometric sensors.



Finally, thanks to its inherent chirality, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized cellulose nanocrystals (TOCNCs) was used as a coating agent of a l-cystine (l-Cys)-modified Au electrode for the design of a novel enantioselective electrochemical sensor. In this case, in which cellulose acts as an enantio-selective receptor, TOCNC expressed weaker interaction with l-amino acids than with d-amino acids, resulting in a higher peak current in cyclic voltammetry (CV) and differential pulse voltammetry (DPV) [195].




4.2.3. Optoelectronic (Bio)Sensing


Optoelectronic sensing devices, hybrid systems with coupled optical and electrochemical transduction, require an electrode substrate with high transparency for optical detection and good electrocatalytic activity/conductivity for electrochemical detection. In this context, cellulose is an ideal material for the formulation of highly transparent, mechanically competitive, biocompatible membranes able to finely disperse a variety of nanomaterials, such as indium tin oxide, graphene, carbon nanotubes and/or metallic nanowires. Among these, metallic nanowires (especially Ag NWs), which are particularly promising for application in flexible electronic devices, have shown better adhesion to cellulose [196] in comparison to other conventional transparent flexible substrates [197]. For example, a regenerated cotton cellulose transparent film was spray-coated with Ag NWs and its performance under stretching and bending (strain sensor) was evaluated by measuring the sheet resistance variation in the Ag NW transparent film. Interestingly, UV-visible transmittance measured in the range of 200–800 nm shows an absorption band between 300 and 400 nm, whose intensity increases upon increase in Ag NWs concentration. Nonetheless, no studies about changes in the transmittance intensity or wavelength upon application of strain were reported [196].



Recently, nanocelluloses, thanks to their exceptional mechanical and optical properties, have also found applications in optoelectronic devices. In particular, fibrillar nanocelluloses, CNFs and BCs, have been reported to form highly transparent and mechanically competitive films. For example, an electro-opto-mechanical sensing device composed by CNF and ZnO has been developed by Zhai et al. [198]. In this work, TEMPO-oxidized CNFs films embedded with ZnO showed a lowest transparency of 80% in the visible light range for 50 mM of ZnO and piezoelectric properties upon strain application, attributed to the dipolar orientation between the ZnO nanorods and the CNF film surface. In addition, the generation of induced current outputs under UV irradiance was reported. Interestingly, a higher current output was generated when the cellulose side was exposed to radiation (3 mW/cm2), in comparison with the ZnO nanorods side, an effect which is attributed to a lower scattering of the UV irradiance from cellulose [198].



In another example, a transparent film of BCs was used as a coating membrane in screen-printed electrodes (SPE). In particular, Prussian blue was used as a probe for the opto-electrochemical detection of acetaminophen. The sensing mechanism involves electron transfer from acetaminophen (reducing agent) to Fe3+. The hence formed Fe2+ reacts with ferricyanide to form PB, with a consequent change of color from yellow to blue and spectrophotometric absorbance at 710 nm, with the absorption peak intensity proportional to acetaminophen concentration in the range of 20–100 μM and a limit of detection (LOD) of 5.4 μM. Cyclic voltammetry analysis, instead, showed the appearance of anodic and cathodic current peaks related to the mixtures of PB/K3Fe(CN)6/FeCl3 solutions, which gradually increased upon increase in acetaminophen concentration. The developed BC–SPE system exhibited a linear amperometric response for acetaminophen concentration ranging from 10 to 100 μM, with a good linearity (r = 0.997) and an LOD of 2.2 μM [199].






5. Conclusions and Outlook


We have reviewed the fascinating properties of cellulose and cellulose derivatives, highlighting why this material is very suitable to develop sensors and biosensors for detecting varied analytes and physical changes. In particular, some of the cellulose features can be ascribed to (i) its molecular structure and nanostructure, (ii) its long-range structural organization (i.e., the chiral nematic phase which allows for optic detection of physical changes) and high processability, as for example the formation of 3D fibril networks, nanoparticles or films, (iii) its surface functionalization, which allows for both the covalent conjugation of receptors (antibodies, enzymes, etc.) or chromophores and the establishment of supramolecular interactions for the non-covalent association with nanomaterials (e.g., metallic nanoparticles, carbon-based nanomaterials, etc.) and (iv) its high specific-surface area, which enhances the receptor–analyte interaction. In addition, cellulose is renewable, biodegradable, nontoxic, biocompatible, industrially available at low cost, thermally stable, printable and able to form highly transparent, flexible and foldable films. Given the just listed impressive features, cellulose stands out as a powerful alternative to replace petroleum-based polymers in the development of high-performance (bio)sensors.
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Figure 1. (a) Schematic representation of cellulose molecular structure and of the in-plane intrachain (orange) and interchain (dark blue) hydrogen bonds network responsible for the stable cellulose suprastructure. (b) Hydrophilic and hydrophobic surfaces of cellulose fibril, highlighting cellulose amphiphilic nature. 
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Figure 3. Representation of different approaches for processing cellulose dispersions resulting in (i) hydrogels from cotton CNC suspensions at different CNC concentrations [63], (ii) highly flexible CNF aerogel formed by freezer-drying of a CNF hydrogel [64], (iii) thin films prepared from a 10-times homogenized dispersion of MFC 0.13 wt% [65], (iv) nanoparticles of cellulose acetate (CA) formed by the dropwise adding of water into an 4 mg CA/mL acetone solution [66] and (v) SEM images of cellulose acetate (CA) yarns prepared by electrospinning 17 wt% CA solution in acetone/water (85/15 v/v) solution [67]. Copyrights: all images have been adapted and reproduced with permission from: (i) © 2014 Wiley Periodicals, Inc (ii) © The Royal Society of Chemistry 2011, (iii) © Springer Science+Business Media B.V. 2010, (iv) © 2008, American Chemical Society, (v) © 2004, American Chemical Society. 
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Figure 4. (a) Schematic representation of the in-situ synthesis of cellulose nanofibers (CNFs) decorated with AgNPs (i) to yield plasmonic cellulose nanofibers (Ag-CNFs), which serve as SERS substrate for the rapid and enhanced detection of (ii) mercaptobenzonitrile (MBN) [127]. (b) TEM images showing the evolution of flower-like morphology of Ag nanostructures (Ag NFs) prepared using T-NCFs, TSC and AgNO3: (i) initial worm-like Ag nanostructures on T-NCF; (ii) growth of Ag nanostructures by the addition of TSC; (iii) Ag NF nanostructures after 45 min; (iv) a fully evolved flower-like morphology after 60 min [129]. Copyrights: All images have been adapted and reproduced with permission from: (a) © 2020, American Chemical Society; (b) © 2016, American Chemical Society. 
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Figure 5. SEM images of CNC-S70/Au–Ag NCs prepared via self-assembly of gold nanoflowers (AuNFs) and silver-coated gold nanocubes (Au@AgNCs) on nanocrystalline cellulose (CNC) films (i) to yield high flexible SERS substrates (ii) for the detection of pesticides on the surface of apples (iii); SERS spectra of omethoate (iv) and acetamiprid (v) on apple peel with different concentrations [130]. Copyrights: All images have been adapted and reproduced with permission from: © 2021 Elsevier Ltd. 
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Figure 6. (a) Schematic representation of the preparation of electrospun nanofibers from cellulose acetate encapsulating anionic fluorescent dendrimer (AFD). (b) The fluorescence of the AFD-functionalized nanofibers is quenched by introduction of metalloproteins, such as cytochrome c, cyt c. (c) Stern-Volmer plots for cyt c (black) and Hgb (red) [137]. Copyright: images adapted and reproduced with permission from © 2010, American Chemical Society. 
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Figure 7. (a) Schematic representation of the preparation of a paper-based fluorescent test strip by absorbing hydrophilic pyrene-functionalized polymer into cellulose-based filter papers (i), followed by drying it (ii). The resulting fluorescent paper sensor was used for the detection of nitroaromatic compound (NAC) pollutants, consisting in the NAC-induced quenching of pyrene excimer emission (iii,iv). (b) Structures of the pyrene-functionalized polymer poly (HEMA-co-PyMA). (c) Fluorescence response (under UV lamp at 365 nm) of the paper-based sensor for detection of 25 ppm TNT sample in aqueous solution [140]. Copyright: images adapted and reproduced with permission from © 2017, American Chemical Society. 
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Figure 8. (a) Color scheme of the dyed RC/Cs-ESNW nanofiber mats, which developed different colors upon pH changes (pH 1–14), indicating that the color-changing ability of RC extract is retained after immobilization in the electrospun non-woven cellulose fiber (Cs-ESNW) matrix [144]. (b) Scanned images of the curcumin-embedded BC strip in the absence (control) and in the presence of different concentrations of Pb2+ ions (Scale bar: 0.5 cm) [146]. (c) Changes in absorption intensities and color (insert) of the curcumin-doped BC nano-paper coupled with Fe(III) ions (100 μM) at 427 nm with various concentrations of zoledronic acid (ZA) [147]. (d) UV-vis absorption spectra and photographical images (insert) of the curcumin-embedded BC nano-paper with various concentrations of HSA in the range of 0 to 400 mM [148]. Copyrights: all images have been adapted and reproduced with permission from: (a) © 2014 Elsevier B.V.; (b) © 2021, Iranian Chemical Society; (c) © 2019, Springer-Verlag GmbH Austria, part of Springer Nature; (d) © 2019 Elsevier B.V. 
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Figure 9. (i) Schematic representation (top) and photographical images of BC, AgNP–BC and AuNP–BC plasmonic nano-paper composites (from left to right). (ii) Change in UV-vis spectra and color of AgNP–BC paper composite upon addition of methimazole and of AuNP–BC upon addition of thiourea. (iii) Change in in UV-vis spectra and color of AgNP–BC upon addition of iodide and of AuNP-BC upon addition of cyanide [121]. Copyrights: all the images have been adapted and reproduced with permission from © 2015, American Chemical Society. 
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Figure 10. (i) Schematic representation of the integrated system composed of glucose oxidase (GOx) and Prussian blue nanoparticles (PB NPs) embedded within a CMC-based hydrogel (GOx-PB–CMC) and the catalyzed cascade reactions for the detection of glucose. (ii) UV-vis spectra of the ABTS•+ oxidation reaction upon addition of different concentrations of glucose and (iii) comparison of the catalytic reaction rate of PB–CMC–GOx integrated system (red curve) and of PB–CMC composites with free GOx added in solution (black dots) upon addition of 20 μM glucose, highlighting the proximity effect that cellulose operates by confining GOx and PB NPs [150]. Copyrights: all the images have been adapted and reproduced with permission from © 2022, Baretta et al., published by American Chemical Society. 
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Figure 11. Photographs of CNC-E stretching viewed under crossed polarizers (i), with color changes from white to blue to yellow to pink to green upon stretching, and (ii) schematic illustration of reorientation of CNCs from chiral nematic to a pseudo-nematic structure as the film is stretched [158]. Copyrights: all the images have been adapted and reproduced with permission from © 2019, Osamu Kose et al. published by Springer Nature. 
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Figure 12. (a) Change in the HPMC-g-AN/AM-ZnCl2 hydrogel sensor relative resistance upon finger (top) and wrist (bottom) bend/stretching, respectively [175]. (b) Sketch of the four different bending modes of the flexible cellulose-based carbonized crepe paper (CCP) strain sensor (i): tensile strain perpendicularly (ts⊥), tensile strain parallelly (ts∥), compressive strain perpendicularly (cs⊥) and compressive strain parallelly (cs∥) as well as the relative resistance change under various bending strains (ii) and the relative resistance change as a function of strain (iii) [176]. Copyrights: all the images have been adapted and reproduced with permission from: (a) © 2020, American Chemical Society; (b) © 2018 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim. 
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Figure 13. Preparation of paper-based electrochemical sensing platform for miRNA based on the immobilization of ferrocene (Fc)-labeled DNA (Fc-DNA) on paper (i). Detection of the lung cancer-specific biomarker miRNA-21 at different concentrations by differential pulse voltammetry (DPV) (ii) and the corresponding calibration curve (iii) [193]. Copyrights: all images have been adapted and reproduced with permission from © 2019, American Chemical Society. 
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