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ABSTRACT 

Due to its multifunctional character, nanocellulose (NC) is one of the most interesting 

nature-based nanomaterials and is attracting attention in a myriad of fields such as 

biomaterials, engineering, biomedicine, opto/electronic devices, nanocomposites, 

textiles, cosmetics and food products. Moreover, NC offers a plethora of outstanding 

properties, including inherent renewability, biodegradability, commercial availability, 

flexibility, printability, low density, high porosity, optical transparency as well as 

extraordinary mechanical, thermal and physicochemical properties. Consequently, NC 

holds unprecedented capabilities which are appealing to the scientific, technologic and 

industrial community. In this review, we highlight how NC is being tailored and applied in 

(bio)sensing technology, whose results aim at displaying analytical information related 

to various fields such as clinical/medical diagnostics, environmental monitoring, food 
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safety, physical/mechanical sensing, labeling and bioimaging applications. In fact, NC-

based platforms could be considered an emerging technology to fabricate efficient, 

simple, cost-effective and disposable optical/electrical analytical devices for several 

(bio)sensing applications including health care,  diagnostics, environmental monitoring, 

food quality control, forensic analysis and physical sensing. We foresee that many of 

the (bio)sensors which are currently based on plastic, glass or conventional paper 

platforms will be soon transferred to NC and this generation of (bio)sensing platforms 

could revolutionize the conventional sensing technology.  

 

INTRODUCTION 

Nowadays, biosensors represent an outstanding emergent technology that offers 

advantageous choices -in terms of simplicity, time and cost efficiency- in a wide variety 

of applications. Biosensing technology aims at revolutionizing the way we measure 

pivotal parameters related to diagnostics, environmental monitoring, safety and 

securityand other industrial uses. Consequently, biosensors are taking advantage of 

novel materials to simplify this technology and improve their overall performance and 

main characteristics such as sensitivity, specificity and reproducibility.1–3 

Nanomaterials have extraordinary physicochemical properties that are absent in their 

bulk counterpart. Hence, over the last decades, nanomaterials have been actively 

investigated and applied as the core of advantageous (bio)sensing applications.1–7 

Despite several beneficial properties of nanomaterials, their toxicological property on 

human and environmental health is one of the major concerns for their applications.8–10 
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Recently, the usage of renewable nature-based nanomaterials with biological and 

environmental benign composition that can be generated using a variety of biomaterials 

such as synthetic biodegradable polymers, proteins and polysaccharides are being of 

great interest to tackle these challenges. In this context, among the nature-based 

nanomaterials, cellulose nanomaterials or nanocelluloses (NCs) have attracted 

enormous attention during the recent decades as they offer remarkable properties and 

new opportunities.11–20 Herein, we discuss how NC is being tailored and applied in 

(bio)sensing technology along with future outlooks. 

 

Overall Structure, Preparation and Classification of NCs 

Cellulose is the most abundant renewable biopolymer available worldwide with an 

annual production around1011–1012 tons. This material can be defined as a linear 

homopolymer composed of repeating β-D-glucopyranose units that have been linked 

together by β(1- 4) glycosidic bonds. Cellulose chains with about 36individual cellulose 

molecules assemble are parallel bound and grouped together through van der Waals 

forces and hydrogen bonds to form basic structures called elementary fibrils with highly 

ordered (crystalline) and disordered (amorphous-like) regions, which are aggregated 

together to form larger units with three-dimensional(3D) networks known as 

microfibrillated/nanofibrillated cellulose (see Figure 1a).The cellulose fibrils, which have 

widths in the range of nanometers and lengths of up to several micrometers, are formed 

during cellulose biosynthesis.12,13,16–18,21–23 
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Typically, cellulose nanofibers (CNFs) can be isolated/purified from cellulose fibers of 

lignocellulosic resources such as wood and forest/agricultural residues by using various 

chemical, mechanical or chemo-mechanical processes such as homogenizing, grinding, 

acid hydrolysis, enzymatic–assisted hydrolysis, (2,2,6,6-Tetramethylpiperidine-1-oxyl)-

mediated (or TEMPO-mediated) oxidation, solvent-based isolation, electrospinning and 

high-intensity ultrasonication.13,16–18,22,24–26 In other synthetic routes that are especially 

used for production of bacterial CNFs, they are produced via biosynthesis-generating 

cellulose and building up bundles of NFs from low-molecular weight carbon sources, 

such as glucose by cellulose-producing bacteria, such as Acetobacter G. xylinus 

species, now renamed as Gluconacetobacter xylinus species.13,20,24,25,27,28 

In general, depending on the morphological features, functions, and preparation 

methods of NCs, which in turn rely mainly on the source of cellulosic material and 

processing conditions, they can be categorized into three main subcategories: cellulose 

nanocrystals (CNCs), nanofibrillated cellulose (NFCs) and bacterial nanocellulose 

(BNCs)16–18,29 (Figures 1b-d, respectively). Various forms of NCs as spherical particles, 

hydrogels, transparent films/papers and aerogels have also been depicted in Figures 

1e-j. 

Cellulose nanocrystals (CNCs), also called nanocrystalline celluloses (NCCs), 

crystallites, (nano)whiskers, rod like cellulose microcrystals, are high purity rod-like or 

whisker shape cellulose crystals, with nanoscaled diameters and lengths that are 

usually isolated from cellulose fibers through the removal of amorphous regions by acid 

hydrolysis or enzymatic-assisted hydrolysis. Due to the lack of amorphous regions in 
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the structure of CNCs, they are considerably less flexible  than other types of 

NCs.12,23,30–36 

Nanofibrillated cellulose (NFCs), also known as microfibrillated, nanofibrils, microfibrils, 

nanofibrillar and nanofibers made of cellulose, are composed of aggregates of long 

thread-like bundles of cellulose chain molecules with flexible, long and entangled CNFs 

and endowed with diameters below 100 nm and with lengths of several micrometers. 

NFCs are usually generated/extracted through the mechanical disintegration processes 

such as delamination of wood-based cellulose fibers before and/or after enzymatic or 

chemical treatment. NFCs as electrospun cellulose fibers can also be obtained by using 

electrospinning technique.37,38NFCs have a high aspect ratio and unlike CNCs, contain 

both crystalline and amorphous regions and exhibit a web-like structure.13,16,17,25,34,39,40 

Bacterial nanocelluloses (BNCs), also known as bacterial cellulose (BC), microbial 

cellulose, biocellulose, composed of continuous 3D network of CNFs in the form of 

randomly assembled ribbon shaped fibrils with diameters less than 100 nm and lengths 

of several micrometers that are usually produced as hydrogels or nanofilms via “bottom-

up” synthetic routes by synthesizing cellulose and building up the fine bundles of NFs 

from carbon sources such as glucose in the aqueous culture media of specific bacteria 

such as Gluconacetobacter xylinus, as described above, during a time period of days. 

The BNCs demonstrate better purity, crystallinity and mechanical stability compared to 

the CNCs and NFCs.17,28,29,41–43 

The CNFs paper, also called cellulose nanopaper or nanopaper, is usually defined as a 

sheet completely made of nanosized cellulose fibers. Since the NFs diameter and 
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spacing are both much less than the visible light wavelength (~one-tenth), the light 

scattering is considerably suppressed in their nanonetwork; therefore nanopapers 

exhibit high optical transparency.44–49 

Properties, Modifications and Applications of NCs 

NC offers a plethora of outstanding propertiesincluding inherent renewability, 

environmental sustainability, biodegradability, simplified end-of-life disposal, unique 

morphology, excellent chemical-modification capabilities so as to be functionalized, 

extraordinary mechanical strength (high elastic/Young‘s modulus, high tensile strength 

and high stiffness), thermal (high thermal stability, very low coefficient of thermal 

expansion), rheological features (high storage and loss modulus with pseudoplastic and 

shear-thinning behavior), advantageous optical properties (high optical transparency), 

high gas permeability and other physicochemical (low density, hydrophilicity, high 

porosity, high flexibility, high surface area, high crystallinity, etc.) 

properties.12,17,18,25,36,46,48,50–54Due to their multi-performance character and variety of 

morphologies –e.g., nanocrystals, nanofibrils, nanofilms and electrospun cellulose fibers 

– and different forms –e.g., papers, transparent films, hydrogels, aerogels, spherical 

particles, etc–,NCs have acquired increasing attention in numerous applications such as 

biomaterials engineering, biomedicine, energy (batteries and solar cells), membranes, 

opto/electronic devices, polymer nanocomposites, textiles and clothing, food, medical, 

cosmetic and pharmaceutical products, packaging industries, etc.12,17–19,21,24,25,32–

34,42,46,54–68 
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In order to improve and also to impart new certain properties to the surface of NCs for 

desired applications, according to the targeted applications, several strategies have 

been engineered to tune some interfacial, mechanical and optical properties of NCs and 

their compatibility, processability and reactivity using wide variety of materials such as 

hydrophobic matrices and various types of nanoparticles (NPs) and(bio)molecules. The 

chemical modification or functionalization of the hydroxyl groups onto the surface of 

NCs can offer specific functional groups via non-covalent surface modification (through 

adsorption of surfactants, oppositely charged entities/polyelectrolytes), sulfonation, 

TEMPO-mediated oxidation, esterification, etherification, silylation, urethanization, 

amidation, click chemistry and polymer grafting.12–14,22,24,29,32,35,39,53,69–71 In addition, an 

interesting portfolio of NCs-based composites has been developed. The literature has 

covered the chemistry, properties, characterization, modifications, production and 

overall applications of NCs and NCs-based composites.12–14,16–18,22–26,28,29,32–

36,39,40,43,46,53,54,63,69,70,72–75Herein, we highlight the state-of-the-art on the use of NCs in 

optical and electrical (bio)sensing and bioimaging, as well as future perspectives and 

potential applications in the field. 

 

(BIO)SENSING APPLICATIONS OF NCs  

The aforementioned outstanding features offered by NCs make them an excellent 

platform for (bio)sensing applications. In fact, NCs are excellent host substrates and 

bio-templates/scaffolds for immobilization of guest materials such as various types of  

plasmonic NPs, photoluminescent NPs, metal NPs, carbon-based nanomaterials, 
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conductive (nano)materials, biological compounds and fluorescent (bio)molecules for 

the fabrication of NCs-based organic/inorganic hybrid nanocomposites with 

extraordinary electrical, optical and mechanical properties25,28,30,33,42,53,57,62,64,66,75–97 that 

can be utilized as (bio)sensors for diverse sensing applications displaying analytical 

information in various fields such as clinical/medical diagnostics, environmental 

monitoring, food safety, physical sensing and also labeling and bioimaging applications. 

NCs-based hybrid materialshave been employed in several (bio)sensing applications so 

as to detecta variety of different analytes such as gases, biomarkers, drugs, proteins, 

DNA, pathogens, toxic and hazardous compounds; even in real samples –e.g. 

environmental, biological or clinical samples—. NCs-based nanocomposites have also 

been applied in humidity sensing and physical sensing; for instance, strain, proximity 

and pressure sensors. In the following sections, we will discuss in detail the 

(bio)sensing applications of NCs. 

 

NCs in Optical (bio)sensing 

In this section we highlight the most representative examples related to NCs in optical 

techniques, including surface enhanced Raman scattering (SERS), colorimetric 

methods, fluorescent approaches, nanoplasmonic systems and bioluminescence.  

SERS has been recently considered as one of the most powerful tools for (bio)chemical 

detection on account of its high sensitivity and selectivity. Since the molecules are 

adsorbed at the interstices adjoining metal NPs, so-called “hot spots”, the SERS signal 

intensity of the adsorbed molecules enhances, because of the strong electromagnetic 



10 

 

field associated with the SPR of metal NPs. The composition, shape, size and 

interparticle spacing of the noble metallic NPs, intensely affect the strength of the 

enhancement, owing to their effects on the optical features (e.g. scattering and 

absorption) of metal NPs. Hence, one of the beneficial ways to maximize the number of 

hot spots in the SERS sensing applications is the immobilization/synthesis of metal NPs 

on the porous and flexible substrates. In this regard, NCs, with unique flexible, 

multilayer and 3D nano-networked scaffold, can be considered as one of the most 

desirable substrates in SERS sensing. On the other hand, the immobilization of metal 

NPs on suitable supports is a key step towards the development of (bio)chemical 

sensors to prevent any undesirable agglomeration/aggregation of metal NPs98–102. 

As far as we are concerned, the first application of NCs in optical sensing was reported 

by Marques et al. They fabricated silver nanoparticle (AgNP)/BC nanocomposites via in 

situ chemical reduction of adsorbed silver ions onto the BC by citrate method. In this 

work, BC was applied as a biotemplate for in situ growth of AgNPs. The fabricated 

AgNP/BC nanocomposites were then utilized as an active surface enhanced Raman 

scattering (SERS) substrate for the determination of thiosalicylic acid and 2,2-

dithiodipyridine with a limit of detection (LOD) around10-4 M. The performance of 

AgNP/BC-based SERS substrates for bioanalysis was also assessed in the detection of 

amino acids such as L-phenylalanine, L-glutamine and L-histidine in aqueous solutions. 

Additionally, the authors found that in comparison to Ag colloids and other Ag 

nanocomposites based on vegetable cellulose, AgNP/BC nanocomposites were 

observed to be more sensitive in SERS applications, which was attributed to the 

particular microstructure of the BC. In fact, BCs with a 3D ribbon-like nanofibrillar 
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structure, in comparison to vegetable celluloses with wider cellulosic fibers, provide a 

greater interfacial area at their surfaces for the deposition of AgNPs, where the 

adsorbed testing analytes lead to stronger Raman enhancement.103 

BC hydrogels embedding gold nanoparticles (AuNPs) were fabricated by Park et al. 

through the in situ direct chemical reduction of adsorbed gold ions (Au3+) onto the NFs 

surface of BC to AuNPs by hydroxyl groups of BC fibers. The field emission scanning 

electron microscopy (FE-SEM) images of fabricated AuNP/BC hydrogels are shown in 

Figures 2a,b. The fabricated AuNP/BC hydrogels were then used as SERS substrates 

for the detection of 4-fluorobenzenethiol (4-FBT) and phenyl acetic acid (PAA). The 

authors also found that the SERS signal intensity could be considerably enhanced (up 

to 10 times) by spatially deforming/contracting the layered 3D-structure of the AuNP/BC 

hydrogels in the drying process because of decreasing the distance between AuNPs 

within BC and subsequently creating SERS hotspots (see Figures2c-e). Interestingly, as 

schematically shown in Figure 2f the contracting of AuNP/BC hydrogels can also lead to 

the detection of analytes with low affinity to AuNPs such as PPA, because of the 

reduced distance between AuNPs and PPA molecules.100 

Wei et al. synthesized AuNP/BC nanocomposites via one step in situ chemical 

reduction of HAuCl4-treated BC by sodium citrate solution. As a high-performance 

SERS substrate, they applied this hybrid material for the detection of SERS active dyes 

including, malachite green isothiocyanate (MGITC), Rhodamine 6G (R6G) as well as 

the herbicide atrazine (ATZ). They found that the HAuCl4 and citrate concentrations 

affect the AuNPs size and morphology, so that, by increasing the HAuCl4concentration 

the average size and the total number of synthesized AuNPs within the BC matrix are 
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increased and their morphology are also changed from uniform Au nanospheres to Au 

nanoplates. Similar to the work of Park et al.,in this study the SERS hot spots were 

produced as a result of drying the AuNP/BC nanocomposites. Interestingly, an ultra low 

concentration of MGITC with LOD~24 molecules can be detected by the dried AuNP/BC 

film. ALOD of 78 nM was also achieved for R6G which indicates that the developed 

sensor (in dried form) can effectively detect the molecules, even with low affinity to the 

surface of AuNPs.101 

Wei et al. also used the AuNP/BC nanocomposite as a sensing platform for sensitive 

and reproducible SERS detection of carbamazepine (CBZ) and ATZ. As shown in 

Figures 3a,b, the SERS peak intensities are increased by increasing the concentration 

of analytes. The Raman maps of CBZ, ATZ and blank solutions on AuNP/BC 

nanocomposite and “SERS barcodes” for MGITC, CBZ and ATZ have also been 

displayed in Figures3c,d.The developed SERS sensor could detect the analytes 

quantitatively in the range of 25 nM to 250 µM with LODs of 3 nM and 11 nMfor CBZ 

and ATZ, respectively. In this study, the affinity of the analytes to the AuNPs embedded 

in BC was enhanced by lowering the solution pH below the analyte’s pKa. In a further 

study, the authors demonstrated the broad applicability of the fabricated sensing 

platform for the detection of five additional analytes with low pKa (melamine, 2,4-

dichloroaniline, 4-chloroaniline, 3-bromoaniline and 3-nitroaniline).102 Although several 

research teams have exploited NCs as a SERS substrate, the modification of NCs with 

nanoparticles maximizing the SERS effect (such as nanostars or nanorods) has been 

scarcely explored. Additionally, both detection of complex molecules such as proteins 
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and detection of analytes in real matrices have also been scarcely studied using SERS 

substrates based on NCs. 

 

CNCs labeled with pH responsive fluorescent dyes (isothiocyanate and succinimidyl 

ester dyes) could be successfully utilized for pH sensing. A simple one-pot procedure in 

basic media was used for fluorescent labeling of CNCs with isothiocyanate dyes (see 

Figure 4a). Alternatively, the succinimidyl ester dyes were covalently grafted onto the 

surface of CNCs, which were amine-functionalized via esterification reaction followed by 

a thiol–ene Michael addition. The pH responsiveness of the fluorescently labeled CNCs 

was verified by suspending them in buffer solutions ranging from pH 3.5 to pH 8.0, for 

the isothiocyanate dyes labeled CNCs (see Figure 4b),from pH4.0 to 8.5 and from pH 

2.6 to 7.0 for two different succinimidyl ester dyes-labeled CNCs.104 

Davarayn and Kim developed an eco-friendly pH sensor by immobilizing a natural 

pigment (from red cabbage) onto the electrospun CNFs through adsorption and then 

chemical cross-linking reaction using a bifunctional cross-linker reagent 

(hexamethylenediisocyanate). The biocomposite-based pH sensor is reversible, 

recyclable, stable (under different temperatures at three different pHs 2, 5, and 10, and 

at prolonged storage time for over 1 month at room temperature) and also universal as 

it displays different colors for each pH value in the range of 1-14 (see Figures4c,d). 

Owing to these advantages, the authors suggest that it can be exploited as a diagnosis 

tool for health monitoring (e.g. to evaluate the certain illnesses such as infectious and 

digestive diseases and some types of cancer, or even diagnosis of alcoholic persons, 
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etc) because the pH changes of human biological fluids such as blood, urine, salvia, 

etc. can represent the status of many biological systems and processes.105 

The grafting of fluorescent poly(amidoamine) (PAMAM) dendrimers onto the surface of 

CNCs through carbodiimide-mediated amidation process and the pH-responsive and 

fluorescent behaviors of the resulting PAMAM/CNC have been reported by Chen et al. 

The fluorescent behavior of the synthesized composite material was mainly affected by 

the formation of aggregates. Stable dispersions of PAMAM-CNC with strong blue 

fluorescent emission were obtained at highly acidic (pH 4) or basic (pH 10) aqueous 

media where the large aggregates were not formed due to electrostatic attractions (see 

Figure 4e). Owing to the pH-responsive and fluorescent properties of the proposed 

material, the authors suggested that it could be potentially applied in pH responsive 

nanodevices, optical markers, fluorescence based sensors and nanoreactors.106 

Likewise, Tang et al. proposed CNCs covalently conjugated with a pH-indicator dye (5 

(and 6)-carboxy-2’,7’-dichlorofluorescein) via an amidation reaction, with an amino acid 

spacer linking (L-leucine). The attachment of spacer linker onto the surface of CNCs 

can effectively avoid the self-aggregation of CNCs. The fluorescence intensity of 

fabricated pH-sensitive CNCs was increased upon increasing of pH value from 2.28 to 

10.84.107 

Interestingly, light-emitting non-water-soluble compounds such as poly(9,9-

dioctylfluorene) (PFO) can be encapsulated by self-assembled nanomicells made of 

amphiphilic cellulose, leading to a water-soluble fluorescent nanocellulose-based 

hybrid. The fabricated fluorescent PFO/amphiphilic cellulose nanoa ggregates can be 

then utilized for detection of nitroaromatic explosives (NACs) such as 2,4,6-
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trinitrophenol (picric acid or PA), 2,4-dinitrotoluene (DNT) and 2,4,6-trinitrotoluene (TNT) 

in aqueous solutions via fluorescence quenching mechanism between the proposed 

composite as energy donor and NACs as energy acceptors. Wang et al. demonstrated 

that the sensitivity of the designed water-soluble composite towards NACs has been 

dramatically enhanced (over 50-fold) in comparison with PFO in organic solvent, which 

was attributed to the maximized interaction between PFO and NACs within the 

cellulose-based nanoaggregates.108 

Edwards et al. have reported a colorimetric and fluorimetric method for human 

neutrophil elastase (HNE) sensing by using peptide-linked cotton CNCs.– During 

inflammation, HNE is secreted by neutrophils and macrophages so as to destroy 

bacteria and host tissue. For the design and preparation of this sensor targeting HNE, 

n-Succinyl-Alanine–Alanine-Valine-paranitroanilide (Suc-Ala–Ala-Val-pNA) was 

covalently immobilized on glycine esterified CNC as a HNE tripeptide.  The enzymatic 

release of chromogen para-nitroaniline from the peptide-conjugated CNC in the 

presence of HNE and subsequently its reaction with color amplifying reagents 

enhancing the visible absorption of the chromogen was employed as sensing strategy 

for colorimetric/fluorimetric detection of HNE. In the developed method, the 

immobilization of peptide substrate on the CNC surface  has increased the surface 

area, sensor sensitivity and accessible peptide substrate efficacy.109 

Edwards et al. also reported the synthesis, characterization of fluorescent analogs and 

structure/function analysis of peptide biosensors conjugated to cellulosic and 

nanocellulosic materials that applied for fluorescence detection of HNE as low as 0.05 

U/mL in chronic wounds. The authors again found that among the cellulosic and 



16 

 

nanocellulosic based HNE biosensors, the CNC based biosensors, presented the 

highest sensitivity towards HNE due to their high surface area.110 

   Functional scaffolds based on CNCs and polyvinyl alcohol (PVA) have been 

developed by Schyrr et al. and proposed as fluorescence-based sensing platforms. Thin 

films of porous the PVA/CNC nanocomposite were deposited by dip-coating on glass 

substrates and then attached by heat-treatment. The deposited films were then 

functionalized with 2-(acryloxy)ethyl (3-isocyanato-4-methylphenyl)carbamate to 

produce the acrylated porous PVA/CNC nanocomposite films that can be afterwards 

used via thiol-ene reactions to immobilize any thiolated sensing motif.The resulting 

scaffold was first exploited for pH-sensing after immobilizing a fluorescein derivative 

(thiolated fluorescein-substituted lysine)on the surface of acrylated scaffold. The 

fluorescence response of the designed pH sensor was extremely rapid. The 

performance of the resulting scaffold was also applied for protease activity detection by 

immobilizing a thiolated fluorogenic peptide (FP-SH) via a peptide sequence on the 

acrylated scaffold. The sensing strategy of this sensor (FP-SH/PVP/CNC) is based on 

the cleavage of the peptide sequence that in the presence of protease enzyme will 

trigger the release of the quencher from the surface of the sensor and subsequently 

recovering the quenched fluorescence.111 

Zhou et al. have developed a multifunctional glyconanomaterial platform based on 

CNCs for lectin recognition. In this study, the carboxylated CNCs (CCNCs) were dually 

functionalized with a fluorescent dye(quinolone) and two carbohydrate ligands(Figure 

5a). The fluorescence intensity of the multifunctional fluorescent CCNCs was 

significantly decreased in the presence of lectin. Furthermore, the authors demonstrated 
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that the multifunctional fluorescent CCNCs could be utilized as bacterial affinity probes 

for Escherichia coli (E. coli) imaging by targeting lectin receptors at the surface of the 

bacterial cells (Figures5b,c). The noteworthy advantage of the developed method is the 

use of  the CCNCs as nanomaterials with low cytotoxicities toward human cells and 

tissues compared to other reported nanomaterials with high potential cytotoxicities that 

have previously been applied as glyconanomaterial platforms.112 

Recently, the authors of this review article have developed various nanopaper-based 

nanocomposites by embedding different plasmonic and photoluminescent NPs within 

the scaffold of BC nanopaper. The plasmonic and photoluminescence nanopaper-based 

nanocomposites were fabricated using three routes, which are depicted in Figures 6a-d. 

We exploit the hydroxyl reactive groups of the BC as a reducing agent for in-situ 

chemical synthesis of AgNPs within transparent BC nanopaper (Route a; see Figure 

6a). The authors also utilize BCs as a biotemplate/scaffold to embed AuNPs using a 

reducing agent during their synthesis (Route b; see Figure 6b). Alternatively, the 

authors attach protein/amino-functionalized photoluminescent NPs such as streptavidin-

coated CdSe@ZnS quantum dots (QDs), aminosilica-coated NaYF4:Yb3+@Er3+ up-

conversion NPs (UCNPs) and other aminated photoluminescent (nano)materials such 

as amine-functionalized carbon dots, photoluminescent graphene oxide, trypan blue 

and rhodamine onto BCs that were previously carboxylated using a TEMPO-mediated 

oxidation system (Route c; Figures6c,d).It was also demonstrated that BC nanopaper 

can be easily patterned according to different shapes or hydrophobic barriers, by using 

a wax printing machine or punch tools, to generate useful devices, including 2D 

cuvettes, 2D microwell plates, and spots for individual assays (Figure 6e).The authors 
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also reported that the photoluminescent or plasmonic properties of the fabricated 

nanopaper-based nanocomposites can be significantly modulated using different 

analytes to perform analytical tasks, including as 2-mercaptobenzothiazole (MBT), 

cyanide, iodide, thiourea, methimazol, E.coli and ammonia detection. As representative 

instances of some possible applications of the fabricated plasmonic nanopapers, the 

AgNP/BCwas exploited as a chemoprobe for optical monitoring of 2-

mercaptobenzothiazole (MBT) and cyanide ion in water samples. The fabrication 

process of plasmonic nanopaper and its application for colorimetric monitoring of MBT 

and cyanideare depicted in Figure 7a.As shown in Figure 7b, by increasing the 

concentration of cyanide, the intensity of the localized surface plasmon resonance 

(LSPR) absorption band of AgNP/BC nanopaper has been significantly decreased with 

a blue-shift to shorter wavelengths and consequently their color has been obviously 

changed from amber to light yellow, due to an etching process in the embedded AgNPs, 

which is shown in Figures 7g-3.Aside from this, upon the addition of MBT concentration, 

the color of AgNP/BC has been changed to dark brown color and subsequently the 

intensity of their LSPR absorption band has been dramatically decreased with a red 

shift to longer wavelengths (see Figure 7c), owing to the aggregation of AgNPs 

embedded within BC nanopaper (see Figure 7g-2).The sensing strategy for the 

colorimetric sensing of MBT and cyanide is based on the strong affinity of the thiol 

groups of MBT and cyanide towards the surface of the AgNPs embedded within BC 

nanopaper that would eventually lead to changes in their LSPR properties and the color 

of the reported plasmonic nanopaper. This plasmonic nanosensor can detect the 

analytes quantitatively, in the range of 2-110 µg mL-1 and 0.2-2.5 µg mL-1 with a LOD 
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1.37 µg mL-1 and 0.012µg mL-1for MBT and cyanide, respectively.85 The fabricated 

AgNP/BC was further utilized as a colorimetric-based sensing platform for the detection 

of methimazole and iodide, in the range of 0.5-10 µg mL-1 and 0.2-4 µg mL-

1,respectively.77 We also exploited AuNP/BC as a colorimetric sensor for the detection 

of thiourea and cyanide in water samples, in the range of 2-8 µg mL-1 and 0.5-4.5 µg 

mL-1, respectively (see Figures7c,d, respectively). The scanning electron micrographs of 

AuNP/BC, in the presence of thiourea and cyanide are shown in Figure 7h. 

The photoluminescence of QD/BC and UCNP/BC embedded in BC can also be 

modulated using graphene oxide (GO) as a universal long-range photoluminescence 

quencher. As can be seen in Figures8b-e, the photoluminescence intensity of QD/BC 

and UCNP/BC has been significantly quenched upon the addition of GO. In addition, the 

authors decorate QD/BC with antibodies targeting a large-sized analyte, that is, E. coli 

so as to use GO as a pathogen-revealing agent via fluorescence resonance energy 

transfer (FRET).Since FRET strongly depends on the distance between the involved 

photoexcited donors (antibody-decorated QD/BC) and the involved FRET acceptor 

(GO), upon addition of GO, the donors will display a strong photoluminescence 

emission in the presence of the large-sized analyte, whereas the donors will be 

quenched in the absence of the large-sized analyte (see Figures8f-h).Moreover, the 

authors demonstrate that BC nanopaper, in comparison with other conventional paper 

substrates (e.g.nitro/cellulose), could be utilized as an advantageous preconcentration 

platform/membrane that facilitates the analysis of small volumes (~4 μL) of optically 

active materials. The scanning electron micrographs of the reported nanopaper-based 

platforms are shown in Figures8i-l.77 
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Apart from this, it was also demonstrated that AgNP/BC bionanocomposite is amenable 

to detecting analytes in the gas phase. Interestingly, this hybrid material can be utilized 

as a nanoplasmonic sensor for visual detection of ammonia. The authors found that 

AgNPs embedded within BC are partially or entirely etched when exposed to ammonia 

vapor. Hence, the population density of the AgNPs decreases and the interparticle 

distance increases, leading to a decrease in the intensity of LSPR absorption spectra of 

the embedded AgNPs and a change in color from amber to light amber, which can even 

be visually determined. We also discovered that the size distribution of AgNPs 

embedded in BC is dramatically modulated showing a change in color from amber to 

grey or taupe in the presence of volatile compounds released during meat and fish 

spoilage, respectively (see Figure 9). The designed nanoplasmonic sensor has a great 

potential for smart packaging and other gas sensing-related applications.113 

Ruiz-Palomero et al. have applied β-cyclodextrin-decorated NC as a supermolecular 

sorbent in a solid phase microextraction (SPME) method for the selective fluorimetric 

determination of danofloxacin (DAN, a fluoroquinolone antibiotic). A β-cyclodextrin was 

covalently attached to amine-functionalized NC via amidation reaction. The developed 

SPME platform exhibited satisfactory reproducibility, reusability, selectivity and linearity 

within a concentration range from 8 to 800 μg L-1, and a LOD of 2.5 μg L-1. This system 

was also successfully employed in the fluorimetric recognition of DAN in milk samples 

with satisfactory recoveries.114 

The same research team has also fabricated highly photoluminescence gels by 

embedding Ru(II) bipyridine complex as a luminophore and sensitizer in the 

carboxylated NC hydrogels, leading to an efficient analytical tool for AgNPs sensing. As 

https://en.wikipedia.org/wiki/Fluoroquinolone
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a sensing mechanism, the photoluminscent gel matrix can be quenched upon addition 

of AgNPs owing to the electrostatic interaction between the ion pair electrons of the 

amine group of Ru(II) and the cationic groups of AgNPs. The incorporation of Ru(II)-

complex moieties in the 3D scaffold of NC hydrogel considerably enhanced the sensing 

signal (in comparison with Ru(II)-complex in aqueous solution) and specificity towards 

AgNPs owing to the electrostatic interaction of the anionic groups of carboxilated NC 

and the cationic amine groups of the Ru(II) complex. This sensing platform 

demonstrated a good reproducibility, selectivity and linearity in the concentration range 

from 18.5 µM to 148 µM with a LOD of 11.1 µM. This system was successfully utilized 

for the analysis of AgNPs in two real samples, deodorant and socks labelled with 

AgNPs, with acceptable recovery within the range of 83.7-94.2%.115 

Aiming at determining toxicity in liquid samples, BC nanopaper can also be decorated 

with bioluminescent bacteria (Aliivibrio fischeri), whose luminescence can be inhibited in 

the presence of toxic compounds such as herbicides, pesticides and flame retardants, 

as reported by Liu et al.116 Since BC promotes bacterial proliferation, the 

aforementioned bioluminescent bacteria can be easily cultured in situ, leading to a 

simple and cost-effective paper-based device for rapid screening of hazardous 

compounds even in real matrices such as lake and marine water. 

 

NCs in Bioimaging 
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Owing to their lack of cytotoxicity, biocompatibility, biodegradability and excellent 

functionalization abilities, fluorescently labeled NCs have been applied for the 

generation of emergent medical diagnostic tools– mainly used as carriers. 

A potential bioimaging and bioassay application of NCs was firstly reported by Dong 

and Roman. They covalently attachedfluorescein-5-isothiocyanate (FITC) to the surface 

of CNCs via a three-step reaction pathway, involving creation of primary amino groups 

on the CNCs surface and then coupling of FITC molecules to the aminated CNCs. The 

authors suggested that fluorescently labeled CNCs could be potentially exploited to 

study the interaction of CNCs with cells and the biodistribution of CNCs in vivo, which is 

very important for biomedical applications of NCs.117Theyalso synthesized folic acid-

conjugated CNCs and applied them for cancer targeting. The folic acid was conjugated 

to FITC labeled CNCs (see Figure 10a) and then utilized for selective targeting of the 

folate receptor-positive human and rat brain tumor cells (see Figure 10b).118Additionally, 

Grate et al, have covalently incorporated Alexa Fluor dyes onto the surface of CNCs 

using two different approaches for bioimaging applications. The Alexa Fluor-labeled 

fluorescent CNCs were deposited in polydimethylsiloxane, as a pore network 

microfluidic structure, and then the spatially localized solid cellulose materials was 

applied in microenvironments for bioimaging. They were also applied to observe and 

follow their disappearance under the action of hydrolytic enzymes or living 

microorganisms (see Figures10c,d).119 In addition, Colombo et al., evaluated the 

interaction of CNCs with living organisms and followed them in living animals (healthy 

mice). The CNCs were covalently labeled with a fluorescent dye, Alexa Fluor 633, which 

can be detected by in vivo optical imaging (see Figure 10e)120.Navarro et al, fabricated 
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a luminescent NC platform by labeling a graft blockcopolymer-modified CNF with a 

Lucifer yellow derivative and exploited this material for fluorescence-based optical 

sensing. The CNF uptake and biodistribution in living organisms such as Daphnia 

magna was followed via optical imaging(see Figure 10f).121 

It is worth mentioning that although this branch of research focused on the generation of 

NCs-based materials facilitating bioimaging is progressing, as far as we are concerned, 

theranostic approaches based on NCs allowing for therapy and diagnostics in tandem 

have been little explored until now. 

 

NCs in Electrical (bio)sensing  

NC-based platforms are expected to be conductive in electrical sensing devices so as 

they can give an electrical response. Considering that NCs are inherently non-

conductive, various types of modifying agents have been used to make them 

conductive; for instance, introducing conducting electroactive (nano)materials into their 

matrix75,97. In fact, there have been substantial efforts to develop NC-based electrical 

sensing devices. Bonne et al.  demonstrated for the first time the application of cellulose 

nanomaterials for electrical sensing targets. They modified the surface of glassy carbon 

electrodes (GCE) with thin films of reconstituted CNFs, which were modified with 

embedded receptors. A solvent evaporation technique was utilized to form thin CNFs 

films. An aqueous solution of CNFs was deposited onto a GCE, and kept at 60 °C for 20 

min. Evaporation of an aqueous solution of CNFs onto GCE surfaces resulted in a 

stable and uniform film coating. In the modified electrode, CNFs were employed as inert 
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backbone and poly-(diallyldimethylammonium chloride) or PDDAC as a polycationic 

receptor to introduce selective binding sites for the transport and accumulation of anions 

and particularly hydrophobic anions. The electrochemical properties of the 

PDDAC/CNFs film electrodes were first investigated for a model redox system 

(Fe(CN)6
3-/4-) and then for the determination of triclosan –a hydrophobic polychlorinated 

phenol which is widely used as a biocide. The authors showed that triclosan can be 

detected in the concentration range of 10-6-10-3M by their proposed method.122 The 

same research team modified the surface of GCE with a thin film of CNFs/chitosan 

composite (chitosan was utilized as a molecular binding site or “receptor”). Owing to the 

relatively high affinity of sodium dodecylsulfate (SDS) to the CNFs/chitosan composite, 

the authors suggested that the CNFs/chitosan modified electrode could be potentially 

used for the accumulation and electrochemical detection of SDS and other anionic 

surfactants.123 

Hydrogen peroxide and glucose have also been detected using hybrid materials such 

as AuNPs/NCs.96,124,125 The fabrication of AuNP/BC nanocomposites through a one-

step biotemplated method by using poly(ethyleneimine) (PEI) as a linking and reducing 

agent for the synthesis of AuNPs within the scaffold of BC was first described by Zhang 

et al. The fabricated AuNP/BC nanocomposites were found to be excellent supports for 

enzyme immobilization. Therefore, the as-prepared AuNP/BC nanocomposites, which 

have been coated on the surface of GCE, were functionalized with horseradish 

peroxidase (HRP) as a model enzyme so as to produce a H2O2 biosensor. The GCE 

was first polished using alumina slurry and then rinsed thoroughly with water and 

ethanol followed by drying by nitrogen. A dispersion of synthesized AuNP/BC was 
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dropped on the pretreated GCE and then dried at room temperature. The AuNP/BC 

modified GCE was then incubated with HRP solution in a humidity chamber at 4 °C 

overnight. The resultant HRP/AuNP/BC/GCE exhibited excellent bioactivity in the 

reduction of H2O2 and was applied for amperometric detection of H2O2with a LOD lower 

than 1 µM.96 

Moreover, Wang et al. constructed a glucose biosensor based on the immobilization of 

two enzymes, glucose oxidase (GOx) and HRP on the surface of the fabricated 

AuNP/BC/GCE while remaining their bioactivity activities. The pretreated GCE was 

modified by coating of the AuNP/BC suspension which was dispersed in isopropanol 

and then dried in air at room temperature. The modified electrode (AuNP/BC/GCE) was 

cast with a phosphate buffer solution containing HRP, GOx and PDDA at 4 °C for 12 

hours. The constructed bienzymatic glucose biosensor exhibited satisfactory stability, 

reproducibility, selectivity and linearity in the concentration range from 10 µM to 400 µM 

with a LOD of 2.3 µM and was successfully applied in the determination of glucose in 

human blood samples with satisfactory results.124 

Wang et al. also developed amperometric H2O2biosensorsbyembeddingheme proteins 

such as HRP, hemoglobin (HB) and myoglobin (MB) into the nanonetwork scaffold of 

the fabricated AuNP/BC/GCE.The electrocatalytic activities of the fabricated heme 

protein/AuNP/BC/GCE for the reduction of H2O2 were evaluated in the presence of 

hydroquinone (HQ) as an electron mediator. The authors found that among the 

fabricated H2O2biosensors, the HRP/AuNP/BC/GCE presented the highest biocatalytic 

activity and a rapid amperometric response toward H2O2,with a wide dynamic range 

from 0.3 µM to 1.0 mM and a low LOD around 0.1 µM.125 Likewise, Dong et al. 
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deposited AuNPs on positively charged functional groups of 

poly(diallyldimethylammonium chloride)/CNC (PDDAC/CNC) via in situ chemical 

reduction of adsorbed negative Au precursors(AuCl4-) by NaBH4.Thesurface of GCEs 

was then modified with the explored AuNP/PDDA/CNC nanohybrids. The modified 

electrodes were then utilized as an electrochemical biosensor for non-enzymatic 

glucose sensing and exhibited a high linear amperometric response ranging from 0.004 

mM to 6.5mM with a high sensitivity (ca. 62.8µA·mM−1)and a LOD of 2.4µM glucose.126 

 The fabrication of a glucose biosensor via covalent immobilization of GOx enzyme onto 

a polypyrrole/cellulose nanocrystal (PPy/CNC) membrane has been described by 

Esmaeili et al. The electrochemical analysis showed that the nature and biocatalytic 

activity of GOx enzyme immobilized on the PPy/CNC were retained. This biosensor 

targeting glucose exhibited fast electron transfer, good stability, reproducibility and 

linearity within the concentration range from 1.0 to 20 mM with high sensitivity (ca. 0.73 

μA·mM−1) and a LOD of 0.05 mM.127 

Liu et al. fabricated AgNP-carboxylated cellulose nanocrystals based nanocomposites 

(AgNP/CCNC)by the chemical reduction of adsorbed Ag+ onto CCNCs using NaBH4. A 

DNA probe was grafted on the fabricated AgNP/CCNC by the amide linkage. The 

resultant nanocomposites (decorated with DNA) were employed for sensitive and 

selective detection of the complementary target DNA sequence. The electroreduction of 

Ag+ ions was used as an analytical response for the electrical identification of DNA 

hybridization. Ag+ ions are released from the AgNPs anchored onto the hybrids as a 

result of the occurred hybridization (between the target DNA and the probe grafted on 

the fabricated AgNP/CCNC, which leads to a modulation of the differential pulse anodic 
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stripping voltammetry (DPASV) of the developed biosensor. A linear calibration curve 

was observed for phosphinothricin acetyltransferase (PAT) gene sequence over a 

concentration range of 1.0×10-10 to 1.0×10-7 M with a LOD of 2.3×10-11M.128 Likewise, 

this strategy was used to fabricate Ag–Pd NPs alloy/CCNC nanocomposites and were 

then applied for the electrochemical detection of phosphoenolpyruvate (PEP) gene 

sequence.129 

Hu and colleagues have developed a formaldehyde sensor based on PEI/BC 

membranes-coated quartz crystal microbalance (QCM). In general, QCM sensor can be 

fabricated via coating the surface of a quartz crystal electrode with a membrane which 

is able to interact with the target materials in the environment. To fabricate the QCM 

sensor for determination of formaldehyde, a quartz crystal was first rinsed with 

deionized water and ethanol and subsequently dried at room temperature. A treated 

mixture of BC suspension was then dispensed onto the surface of the quartz crystal 

electrode and dried. PEI/BC membranes coated QCM were then constructed via 

dripping a PEI solution on the BC coated QCM and eventually dried. In the fabricated 

QCM sensor, BC was employed as a 3D nanofibrous membrane with high porosity and 

surface area that can enhance the sensor sensitivity due to an increase in the specific 

surface area of PEI which acts as sensing material. The reversible interaction between 

the amine groups of PEI and the formaldehyde molecules, which leads to decrease the 

frequency of the fabricated QCM sensor upon the addition of formaldehyde 

concentration, was recommended as sensing strategy for determination of 

formaldehyde. The developed QCM sensor exhibited a high reversibility and 

reproducibility with a linear response that is sensitive to mass changes of formaldehyde 
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vapors in the range of 1-100 µg mL-1 with a LOD of 1 µg mL-1.130The same research 

team reported a humidity sensor based on BC-coated QCM. In this approach, BC was 

used as sensitive coating for humidity detection. They demonstrated that the humidity 

sensitivity of the fabricated QCM sensor has been considerably enhanced (up to 4 

times) at 97% relative humidity (RH) compared with cellulose membranes due to a 

larger specific surface area offered by the ultrafine 3Dnanonetwork scaffold of BC. The 

developed QCM sensor showed good long-term stability and reversibility and exhibited 

a good linearity towards RH ranging from 20% to 97%.131
 

Strain sensors are utilized to transduce/transform mechanical deformations into 

electrical signals (changes of resistance or capacitance) and have found a wide variety 

of applications for their promising potentials in interactive electronics, robotic systems, 

implantable medical devices, human motion detection, human-machine interfaces 

beside others.132–134 

Farjana et al. investigated the strain sensitivity of flexible and electrically conductive 

nanocomposites that have been fabricated by the treatment of BCs with double-walled 

carbon nanotubes (DWCNTs) and multi-walled carbon nanotubes (MWCNTs). The 

conductivity of the fabricated strain sensors ranged from 0.034 S.cm-1 to 0.39 S.cm-1 

and from 0.12 S.cm-1 to 1.6 S.cm-1for DWCNT/BC and MWCNT/BC, respectively. In 

order to evaluate the strain sensitivity of the fabricated conductive BCs, their strain-

oriented electromechanical features and responses (electrical resistance versus strain) 

were measured during the application of tensile force. The authors found that the strain 

sensitivity of the fabricated conductive BCs depends on their conductivity and increases 
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upon increasing the conductivity of samples, so that MWCNT/BC with high conductivity 

shows higher strain sensitivity than DWCNT/BC.97 

    Wang et al, fabricated hybrid nanocomposite aerogels by combining the extraordinary 

mechanical properties, easy processing and the abundant availability of NFCs and the 

attractive electrical features of CNTs aerogels in a synergistic way. To fabricate the 

CNT/NFC hydrogel, an aqueous dispersion of functionalized CNT was first added into 

the prepared NFC hydrogel and then mixed with a high speed mixer and ultrasonic 

bath. The hybrid conductive CNT/NFC aerogels were eventually freeze-dried from 

aqueous hybrid gels. The morphology of fabricated aerogels can be tuned through 

controlling the freeze-drying process. Owing to the sponge-like structure of fabricated 

conductive CNT/NFC aerogels, their electrical properties (resistance or conductivity) 

can be changed upon imposing the pressure. Hence, the elastic mechanical properties 

and electrically reversible compressional behavior of the fabricated hybrid conductive 

nanocomposites were applied for mechano-responsive conductivity and pressure 

sensing.135 

Mesoporus nanopaper has also been reported to be an advantageous platform for 

(bio)sensing applications, this material is composed of a thin layer of nanopaper film 

with an extraordinary surface roughness and a thick layer of hardwood fibrous network 

with excellent liquid absorption ability. Bao et al, utilized a bilayer mesoporous 

nanopaper to develop a high-performance liquid electrolyte-based transistor via 

deposition of 2D van der Waals materials (MoS2, graphene). The source, drain, and 

gate contacts were deposited onto the smooth side of the nanopaper, whereas the 

mesoporous side of the bilayer nanopaper was used as a reservoir to quickly absorb 
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electrolyte(Figures 11a-d). The liquid-based application of the designed graphene-

based transistor was then applied for electrical pH sensing. As shown in Figures 11e-

f,the Dirac point of the designed transistor was shifted to the positive direction upon pH 

value increasing from 1.7 to 9.3, which is attributed to the attachment of hydroxide ions 

acting as electron scavengers and making graphene more p-doped. The authors 

suggested that their fabricated liquid-gated transistors could also be potentially 

exploited for diverse (bio)sensing applications89. 

Other electrochemical approaches have been developed by Shahrokhian et al., who 

propose, the immobilization of the composite cellulose nanofibers/carbon nanoparticles 

(CNFs/CNPs) on a glassy carbon electrode (CNFs/CNPs/GCE) for voltammetric 

determination of clonazepam (CLNP) and metoclopramide (MCP).The results of this 

voltammetric analysis demonstrated that due to the increase of the electroactive surface 

area, the peak current of CLNP and MCP onto the surface of CNFs/CNPs/GCE have 

been remarkably enhanced (up to 60 times and 49 times for CLNP and MCP, 

respectively) compared to the bare GCE. The developed electrochemical sensors 

showed high sensitivity, stability, reproducibility, repeatability and linearity in a wide 

concentration range, from 0.1-10 µM and 0.06-2 µM with a low LOD of 80 nM and 6 nM 

for CLNP and MCP, respectively. In addition, this approach was successfully employed 

for quantitative analysis of CLNP and MCP in pharmaceutical and clinical 

preparations.136,137 

Sadasivuni et al. have developed a flexible and transparent CNC/modified-reduced 

graphene oxide (CNC/m-rGO) film for proximity sensing (sensitivity without any physical 

contact). The CNC/m-rGO films were fabricated via layer-by-layer spraying of m-rGO 
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filled CNCs on interdigitated electrodes (containing lithographic patterns on epoxy film 

substrates). The fabricated CNC/GO-based proximity sensor can detect a human finger 

interface with a short-distance sensing capability (around 6 mm) and a suitable recovery 

time interval.  This proximity sensor can be explored in electronics, optoelectronics, 

robotics, mobile phones, punching machines and other applications.138 

Yan et al, fabricated a high strain sensor based on a nanocomposite of crumpled 

graphene and nanopaper that were embedded in polydimethylsiloxan (PDMS) as a 

stretchable elastomer matrix. The images of the free-standing state of the stretchable 

strain sensor, and their capability for all-directional (X, Y and Z directions)strain sensing 

and corresponding response behaviors are shown in Figures 12a-h.Interestingly, the 

fabricated highly stretchable piezoresistive sensor based on graphene and nanopaper is 

capable for the detection of high strain with a detection limit up to 100%.In the 

fabricated strain sensor, NC as a green, low-cost and efficient “binder” increases the 

processability of crumpled graphene. The fabricated sensor was also applied as a 

wearable strain sensor for human-motion detection (to detect the stretching and 

bending of fingers) (see Figures12i,j).139 

Zhong et al, designed a transparent nanopaper based-self powered and human 

interactive flexible system which is composed of two transparent components, 

CNTs/transparent nanopaper (T-paper) and polyethylene (PE)/CNTs/T-paper. Because 

of the interesting advantages of this novel hybrid material such as the compatibility with 

paper materials such as arts, documents and packaging, excellent mechanical property, 

high transparency/invisibility as well as sensitivity to pressure changes. The designed 

device can be potentially exploited as a pressure sensor for anti-theft systems in 
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museums for protecting valuable paper-based arts (see Figure12k) and for anti-fake 

systems in smart packaging or precious documents(e.g. wills and birth certificates)(see 

Figure12l). The digital pictures of a transparent nanopaper-based art anti-theft system 

and its performance are shown in Figure 12m-p. As can be seen in Figure 12p, the 

voltage across the liquid crystal display (LCD) was obviously changed when the 

transparent nanopaper-based art anti-theft system was being pressed orreleased61. 

Self-standing films of native CNF have been reported by Rajala et al. The overall 

features of these films, such as microstructure, piezoelectric, physical, dielectric and 

electromechanical properties were systematically characterized. The fabricated CNF 

films, which have been sandwiched between two copper electrodes evaporated on 

polyethylene terephthalate (PET) substrates, were then utilized as functional materials 

in piezoelectric sensors with sensitivities of 4.7 to 6.4 pC/N. In this work, the sensitivity 

was defined as the charge generated by the piezoelectric sensor divided by the force 

used to excite the sensor. The characteristics of the reported CNF sensor were 

compared with a polyvinylidene fluoride sensor which was used as reference 

piezoelectric sensor. Owing to the obtained results, as a promising piezoelectric 

material for disposable sensors, actuators and energy generators, the authors 

suggested that the studied CNF can be exploited in electronics, sensing and related 

applications.140 

It should be remarked that although the multifunctional character and unique properties 

of NCs have been successfully employed to generate novel hybrid materials and 

devices with extraordinary electrical behavior, the optical transparency of NCs has 
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scarcely been utilized to build innovative devices taking advantage of photocurrent 

phenomena or showing electrochromic or electroluminescent features. 

 

CONCLUDING REMARKS AND FUTURE PERSPECTIVES  

Paper-based (bio)sensors such as dipstick, lateral flow assay and micro-fluidic paper 

based analytical devices, have received great attention as they allow for low-cost, 

portable and disposable platforms. The main advantages of conventional paper include 

versatility, high abundance, flexibility and low cost offered by a porous matrix.2,133,141–

145On the other hand, conventional paper also carries some drawbacks such as large 

surface roughness, optical opaqueness, low mechanicalstrength and low stability in 

water, which may hinder its broad integration into (opto)electronic devices and sensors. 

However, nanopaper, as a sheet that is completely made of NCs, not only has all the 

advantageous features exhibited by conventional paper, but also brings optical 

transparency and obviates the aforementioned drawbacks by offering much lower 

thermal expansion, much lower surface roughness and much higher chemical, 

mechanical and thermal stability44,48,49,88–91. Furthermore, comparing with conventional 

paper, nanopaper maintains its 3D structure in water. The high transparency, flexibility, 

functionality, thermal stability, foldability, printability and biodegradability of nanopaper 

facilitate a simple alternative – albeit powerful – to replace plastic and glass substrates 

in high-performance (opto)electronic devices such as electrodes, sensors, actuators, 

electrochromic devices, and so forth. These outstanding characteristics of nanopaper 

make this novel material an excellent substrate to create a new generation of 
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optical/electrical (bio)sensors. Importantly, flexibility is crucial to engineer advantageous 

devices in terms of size, weight, manufacturability and assembly process. In fact, 

extensive efforts have already been devoted to fabricate NCs-based substrates as 

conductive/transparent and flexible platforms that are expected to have potential 

applications in flexible/wearable electronics devices such as displays, sensors and 

actuators.42,45,49,55,57,61,75,81,87,89,91–93,95,146,147,148149Apart from this, several fluorescently 

labeled NCs have been synthesized, which are finding promising applications in the 

fields of (bio)sensing, bioimaging and optical labeling.31,33,78,83,86,121,150 

NCs-based platforms are an emergent approach to fabricate advantageous, efficient, 

simple, cost-effective and disposable optical/electrical analytical devices for a myriad 

of(bio)sensing applications especially in health diagnosis, environmental monitoring, 

food quality control, forensic analysis and also physical sensing. Interestingly, as it can 

be observed in Table 1 and 2, the versatility and multifunctional character of NCs open 

up the opportunity to use similar composite materials such as AgNp-decorated NCs in 

different techniques; for instance, colorimetric, nanoplasmonics, surface enhanced 

Raman scattering and electrical analysis. Overall, Table 1 and 2 reflect that although 

similar hybrid materials based on NCs have been reported, they have multifunctional 

capabilities. Moreover, these tables provide an overview on the composition of the 

discussed composites and the opportunity to compare and contrast different 

approaches with the same aim (e.g. glucose biosensors or pH sensing systems), as 

well as their analytical performance. 

Coupling of NCs as other paper-based platforms with emerging and advantageous 

nanomaterials, including graphene and biocompatible derivatives such as graphene-
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quantum dots, may lead to interesting wearable, smart & alerting food packaging and 

other interesting applications compatible with mobile phone-based sensing 

systems.2,151,152 Moreover, theranostic approaches could also be advantageously 

benefited by NCs-based hybrid materials. 

All in all, with further improvements in this growing research field, we foresee that many 

of the (bio)sensors which are currently based on plastic, glass or paper platforms will be 

fabricated based on NCs platforms. In the mid/long term, NCs will be revolutionizing the 

state-of-the-art of the (bio)sensing technology. 
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Abbreviations:  

2D two-dimensional 

3D three-dimensional 

4-FBT 4-fluorobenzenethiol 

AgNP silver nanoparticle 

ATZ herbicide atrazine 

AuNP gold nanoparticle 

BC bacterial cellulose 

BNC bacterial nanocellulose 

CBZ Carbamazepine 

CCNC carboxylated cellulose nanocrystal  

CLNP Clonazepam 

CNC cellulose nanocrystal 

CNF cellulose nanofibers 

CNP carbon nanoparticle 

DAN Danofloxacin 

DNT 2,4-dinitrotoluene 

DPASV differential pulse anodic stripping voltammetry 

DWCNT double-walled carbon nanotube 

E. coli Escherichia coli 

FE-SEM field emission scanning electron microscopy 

FITC fluorescein-5-isothiocyanate 

FP-SH thiolated fluorogenic peptide 
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FRET fluorescence resonance energy transfer 

GCE glassy carbon electrode 

GO graphene oxide 

GOx glucose oxidase 

HNE human neutrophil elastase 

HRP horseradish peroxidase 

LCD liquid crystal display 

LOD limit of detection 

LSPR localized surface plasmon resonance 

MBT 2-mercaptobenzothiazole 

MCP Metoclopramide 

MGITC malachite green isothiocyanate 

m-rGO modified-reduced graphene oxide 

MWCNT multiwalled carbon nanotubes 

NAC nitroaromatic explosive 

NC Nanocellulose 

NCC nanocrystalline cellulose 

NF Nanofibers 

NFC nanofibrillated cellulose 

NP Nanoparticle 

PA picric acid or 2,4,6-trinitrophenol 

PAA phenylacetic acid 

PAMAM poly(amidoamine) 
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PDDAC Poly-(diallyldimethylammonium chloride) 

PDMS Polydimethylsiloxan 

PE Polyethylene 

PET Polyethyleneterephthalate 

PEI poly(ethyleneimine) 

PEP Phosphoenolpyruvate 

PFO poly(9,9-dioctylfluorene) 

PPy Polypyrrole 

PVA polyvinyl alcohol 

QCM quartz crystal microbalance 

QD quantum dot 

R 6G Rhodamine 6G 

RH relative humidity 

SDS sodium dodecylsulfate 

SERS surface enhanced Raman scattering 

SPME solid phase microextraction 

T-paper transparent nanopaper 

TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl 

TNT 2,4,6-trinitrotoluene 

UCNP up-conversion nanoparticle 
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Figure 1. a) Hierarchical configuration of cellulosic fibers: from the cellulose fibers to the 

cellulose molecules. Reproduced with permission.16 Copyright 2012, Elsevier. b) 
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Transmission electron microscopy (TEM) image of rod-like CNCs from ramie. Reprinted 

with permission.153 Copyright 2008, The Royal Society of Chemistry. c) TEM image of 

homogenized cellulose microfibrils suspension. Reproduced with permission.154 

Copyright 2003, Elsevier. d) Scanning electron micrograph of a bare bacterial cellulose 

nanopaper. Reproduced with permission.77 Copyright 2015, American Chemical 

Society. e) Picture of birefringence of isolated cellulose nanowhiskers suspensions (A) 

sonified, (B) homogenized and (C) hydrolysed.155 Copyright 2011, Elsevier. f) 

Photograph of a 2 wt% microfibrillated cellulose aqueous from eucalyptus, 

enzymatically pre-treated. Reproduced with permission.16 Copyright 2012, Elsevier. g) 

Image of a TEMPO-oxidized NFC dispersion. Reproduced with permission.156 Copyright 

2011, American Chemical Society. h) Photograph of purified nanaopaper (wet mat 

made completely from BCNs). Reproduced with permission.77 Copyright 2015, 

American Chemical Society. i) Photograph of a transparent nanopaper made of NFC on 

top of “M”. Reproduced with permission.91 Copyright 2013, American Chemical Society. 

j) Picture of a CNF aerogel on top of a dandelion. Reprinted with permission.157 

Copyright 2014, The Royal Society of Chemistry. 
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Figure2. FE-SEM images of AuNP/BC hyrogels. (a) The top view and (b) cross-

sectional view of AuNP/BC hyrogels. (c) The top view and (d) cross-sectional view of 

spatially deformed AuNP/BC. The schematic representation for (e) 4-FBT and (f) PAA 

sensing by deformation of the AuNP/BC hydrogel. Reprinted with permission.100 

Copyright 2013, Springer. 
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Figure 3. Average Raman spectra of AuNP/BC hydrogels for (a) CBZ and (b) ATZ in 

the concentration range of 25 nM–250 µM.(c) Raman XY maps of CBZ, ATZ and blank 

solutions on AuNP/BC; (d) SERS barcodes of 50 randomly selected spectra in a Raman 

map overlapping together for MGITC, CBZ and ATZ. Reproduced with permission.102 

Copyright 2015, Nature Publishing Group. 
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Figure 4. a) Fluorescent labelling of CNCs with isothiocyanate ester dyes and b) image 

of their suspensions with various pH values in the pH range of 3.5–8.0. The pH values 

from left to right are 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5 and 8.0. (λex = 490 nm 

(top)and 540 nm (bottom)). Reprinted with permission.104 Copyright 2010, The Royal 

Society of Chemistry. Photographical images of (c) the red cabbage extract solution and 

(d) the red cabbage CNFs at pH 1–14. Reprinted with permission.105 Copyright 2015, 

Elsevier. e) Schematic description of the pH responsive and fluorescent behaviors of 
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PAMAM/CNC at different pH values. Reprinted with permission.106 Copyright 2015, 

Elsevier.  

 

 

 

Figure 5. Schematic illustration for (a) functionalization of the CCNCs with a fluorescent 

dye and carbohydrate ligands and their application for lectin detection and (b) confocal 

fluorescence microscopy image and (c) TEM image of E. coli ORN 178 treated with 

C−CNC-mannose derivative. Reproduced with permission.112 Copyright 2015, 

American Chemical Society. 
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Figure 6. Schematic representation of the proposed nanopaper-based composites. (a 

and b) Fabrication of plasmonic nanopaper: (a) AgNP/BC; (b) AuNP/BC. (c and d) 

Fabrication of photoluminescent nanopaper: (c) QD/BC; (d) UCNP/BC. (e) Schematic 
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representation for the fabrication of nanopaper-based devices sucha s 2D cuvettes, 2D 

microwell plates, and spots by using a wax printing machine or punch tools. 

Reproduced with permission.77 Copyright 2015, American Chemical Society. 

 

 

 

Figure 7. Schematic illustration of(a) fabrication of AgNP/BC nanopapers and their 

application as plasmonic chemoprobes for colorimetric sensing of cyanide and MBT. 

The LSPR absorption spectra of AgNP/BC nanopapers in the presence of different 

concentrations of (b) cyanide and (c) MBT with the corresponding changes in color. 
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Change in color of AuNP/BC upon addition of (d) thiourea and (e) cyanide. Scanning 

electron micrographs of (f) bare bacterial cellulose nanopaper, (g) AgNP/BC: (g-1) 

AgNPs synthesized in situ (using bacterial nanopaper as both, a reducing agent and a 

template); (g-2) AgNP/BCin the presence of 100 μg mL-1 of MBTZ; (g-3) AgNP/BC in 

the presence of 2 μg mL-1 of cyanide. Scanning electron micrographs of (h) AuNP/BC: 

(h-1) AuNP/BC; (h-2) AuNP/BC in the presence of 8 μg mL-1 of thiourea; (h-3) AuNP/BC 

in thepresence of 4 μgmL-1 of cyanide. a-c and g) Reproduced with permission.85 

Copyright 2015, Elsevier. d, e, f, h)Reproduced with permission.77 Copyright 2015, 

American Chemical Society. 

 

 

Figure 8.a) Photoluminescent nanopaper multi well plate. (b) Modulation of the 

photoluminescence intensity of QD/BC by addition of graphene oxide at different 

concentrations. (c) Image of QD/BC wells acquired using a scanner. (d) Modulation of 
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the photoluminescence intensity of UCNP/BC by addition of graphene oxide (GO). (e) 

Confocal microscopy images of UCNP/BC (top) and GO-coated UCNP/BC (bottom). 

Graphene oxide as a pathogen-revealing agent and antibody decorated QD/BC as a 

biosensing platform. (f)Schematic representation of the biosensing platform. (g) Spectra 

of spots for individual assays made of QD/BC (excitation wavelength 480 nm). The 

spectra display the photoluminescence quenching levels upon GO addition according to 

the analyzed sample. (h) Photoluminescence quenching levels at the maximum 

emission wavelength of QD/BC (655 nm) upon GO addition according to the analyzed 

sample. I/I0: final photoluminescent intensity divided by starting photoluminescent 

intensity.(i-l)Scanning electron micrographs of the nanopaper-based platforms 

(performed using carbon conductive tabs as substrate). (i) Scanning electron 

micrographs of QDs embedded within bacterial cellulose nanopaper.(j) Scanning 

electron micrographs of UCNP-BC. (k) Graphene oxide-coated QD/BC. (l) Graphene 

oxide-coated UCNP/BC. Reproduced with permission.77 Copyright 2015, American 

Chemical Society. 
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Figure 9. Food spoilage monitoring via plasmonic nanopaper. (a) UV-Vis spectra of the 

nanoplasmonic membranes before food spoilage exposure (Ctrl) and after food spoilage 

exposure (ammonia and several volatile organic compounds are released during fish 

and meat spoilage). (b) Appearance of the nanoplasmonic membranes before/after food 

spoilage monitoring. (c) TEM micrographs, from left to right: control, fish spoilage and 

meat spoilage. (d)Size distribution of the AgNPs embedded in the nanopaper 

before/after food spoilage monitoring, the box plots show the median, 25th and 75th 

percentiles and the extreme values of the respective size distributions (5–95 

percentile).Reproduced with permission.113 Copyright 2016, The Royal Society of 

Chemistry. 
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Figure 10. NCs in bioimaging. a) The structure of folic acid/FITC/CNC and b) its cellular 

binding/uptake by human brain tumor cells. Reprinted with permission.118 Copyright 

2014, American Chemical Society. Composite images (c) (gray: bright-field, green: 

Alexa Fluor 546-labeled CNCs) showing the spatial localization of the immobilized 

fluorescent CNCs in the pore space of a pore network micromodel. (d)Image illustrating 

the bacterial proliferation both on the cellulose deposits and free in a pore space (green: 

m Orange-expressing Flavobacterium strain, red: immobilized Alexa Fluor 647-labeled 

CNCs). Reprinted with permission.119 Copyright 2015, American Chemical Society. e) 

Labeling of CNCs with Alexa Fluor 633 and their application for biodistribution using 

optical imaging of CNCs (optical fluorescence imaging before and at 1 h, 24 h, and 7 

days, after intravenous CNCs injection).Reprinted with permission.120 Copyright 2015, 
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American Chemical Society. f) Lucifer yellow/NC platform and its application for 

fluorescence-based optical sensing. CNF uptake and biodistribution in living organisms. 

Reprinted with permission.121 Copyright 2016, American Chemical Society. 

 

 

Figure 11. (a) Schematic representation of a nanopaper-based bilayer structure for the 

fabrication of a liquid-gated transistor and (b) Its cross-sectional FE-SEM image. (c) 

Schematic representation of exfoliated 2D materials deposited on a piece of bilayer 

mesoporous nanopaper, followed by contact electrodes fabrication (yellow).The 

analyzed liquid can be absorbed by the porous side (blue). (d) A typical measurement 

setup of the reported liquid-gated transistor. The central electrode contacts the 

absorbed liquid.(e) Source-drain current (Isd) operates as a function of gate voltage 

(Vg) at pH values of 1.74, 2.48, 3.85, 5.56, 8.30, and 9.31. (f) Voltage value at the Dirac 
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point as a function of pH value. Reproduced with permission.89 Copyright 2014, 

American Chemical Society.  

 

Figure 12.a–d) Example images of the free-standing flexible nanopaper (a,b) and 

stretchable nanopaper (c,d). The scale bars in (a–d) are 10 mm. e–g) Example Images 

of the graphene nanopaper sensors stretched in the X-, Y- and Z directions. 

h)Corresponding response curves for stretching in three directions. i and j) Wearable 

strain sensors for finger movement detections. i) Photographs of the data glove with five 

implanted sensors. The bending and stretching states of the glove finger during testing 

are also shown. Scale bars: 2 cm. j) Relative resistance changes for the five 

independent strain sensors”. a-j) Reproduced with permission.139 Copyright 

2014,WILEY-VCH.“Schematic diagram of (k) a transparent nanopaper-based art anti-

theft system and (l) a transparent nanopaper-based smart mapping anti-fake system. 

(m) Digital picture of a transparent nanopaper-based art anti-theft system. Digital 

pictures show the LCD logo was lit up by (n) pressing motion and (o) releasing motion. 
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(p) The corresponding voltage across the LCD logo when it was lit up”. k-p) Reproduced 

with permission.61 Copyright 2015, The American Chemical Society. 

Table 1. Summary of the various NC-based platforms used for optical 

(bio)sensing and bioimaging applications 

Sensing platform Sensing target  
Sensing 

technique 
Linearity range LODa) [Ref.] 

AgNP/BC 

thiosalicylic acid, 

2,2-ithiodipyridine, 

L-phenylalanine,  

L-glutamine, 

 L-histidine 

SERS 

N.D.b) 

N.D. 

N.D. 

N.D. 

N.D. 

10-4 M 

10-4 M 

N.D. 

N.D. 

N.D. 

98 

AuNP/BC hydrogel 4-FBT, PAA SERS N.D. N.D. 100 

AuNP/BC 
MGITC, 

R 6G 
SERS N.D. 

24 molecules 

78 nM 

101 

AuNP/BC 

CBZ, 

ATZ, 

melamine, 

2,4-

dichloroaniline, 

4-chloroaniline, 

3-bromoaniline, 

3-nitroaniline 

SERS 

0.025-250 µM 

0.025-250 µM 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

3 nM 

11 nM 

N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

102 

pH-responsive dyes/CNC pH fluorometric N.D. N.D. 104 

PFO/amphiphilic cellulose 

nanoaggregates 
PA, DNT,TNT fluorometric N.D. N.D. 108 
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peptide/CNC HNE fluorimetric N.D. 0.05 U/mL 109 

peptide/CNC HNE 
colorimetric 

&fluorimetric 
N.D. N.D. 110 

fluorescein 

derivative/PVA/CNC 
pH fluorimetric N.D. N.D. 111 

FP-SH/PVA/CNC protease activity fluorimetric N.D. N.D. 111 

natural pigment/CNF pH colorimetric 1-14 N.D. 105 

PAMAM/CNC pH fluorimetric N.D. N.D. 106 

quinolone/CNC Lectin fluorimetric N.D. N.D. 112 

quinolone/CNC E. coli 
fluorescence 

bioimaging 
N.A. N.A. 112 

AgNP/BC nanopaper 
MBT, 

Cyanide 
Nanoplasmonics 

2-110 µg mL-1 

0.2-2.5 µg mL-1 

1.37 µg mL-1 

0.012 µg mL-1 

85 

AgNP/BC nanopaper 
methimazole, 

iodide 

colorimetric 

 

0.5-10 mg L-1 

0.2-4 mg L-1 

N.D. 

N.D. 

77 

AuNP/BC nanopaper 
thiourea, 

cyanide 
colorimetric 

2-8 mg L-1 

0.5-4.5 mg L-1 

N.D. 

N.D. 

77 

NaYF4:Yb3+@Er3+ 

UCNP/BC 
GO fluorimetric N.D. N.D. 77 

CdSe@ZnSQDs/BC 

nanopaper 
E. coli fluorimetric 

103-107 CFU mL-

1 
N.D. 77 

AgNP/BC nanopaper Ammonia Nanoplasmonics N.D. 0.547 ppmv 113 

Luminescent bacteria/BC 

Diuron 

Tributyltin 

Polybrominated 

diphenyl ethers  

Bioluminescence 

inhibition 
N.D. 

~108 µg L-1 

~0.24 µg L-1 

~8.70 µg L-1 

116 

β-cyclodextrin/NC/SPME DAN fluorimetric 8-800 μg L-1 2.5 μg L-1 114 

Ru(II) bipyridine/NC  AgNPs fluorimetric 18.5-148 µM 11.1 µM 115 
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pH-indicator dye/ 

L-leucine/CNC 
pH fluorimetric 2.28-10.84 N.D. 107 

folic acid/FITC/CNC cancer targeting 
fluorescence 

bioimaging 
N.D. N.D. 118 

Alexa Fluor dye/CNC 
CNCs in spatially  

microenvironment 

fluorescence 

bioimaging 
N.D. N.D. 119 

Alexa Fluor 633/CNC 

interaction of 

CNCs with living 

organisms 

optical bioimaging N.D. N.D. 120 

lucifer yellow/CNF 

CNF uptake and 

distribution in 

living organism 

fluorescence 

bioimaging 
N.D. N.D. 121 

a)LOD:limit of detection; b)N.D.: not described. 

 

 

Table 2. Summary of the various NC-based platforms used for electrical 

(bio)sensing applications 

Sensing platform 
Sensing 

target 

Sensing 

technique 
Linearity range LODa) [Ref.] 

PDDAC/CNF/GCE Triclosan voltammetric 10-6-10-3 M N.D.b) 122 

chitosan/CNF/GCE SDS voltammetric N.D. N.D. 123 

HRP/AuNP/BC/GCE H2O2 amperometric N.D. 1 µM 96 

HRP/AuNP/BC/GCE H2O2 amperometric 0.0003–1.0 mM 0.1 µM 125 

GOx-HRP/AuNP/BC/GCE Glucose amperometric 10-400 µM 2.3 µM 124 

Au/PDDAC/CNC/GCE Glucose amperometric 0.004-6.5 mM 2.4 µM 126 
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GOx/PPy/CNC Glucose voltammetric  1.0-20 mM 0.05 mM 127 

probe DNA/AgNP 

/CCNC/GCE 

PAT 

genesequence 
DPASV 1.0×10-10 -1.0×10-7 M 2.3×10-11 128 

probe DNA/Ag–Pd NPs 

alloy/CCNC/CPE 

PEP gene 

sequence 
DPASV N.D. N.D. 129 

PEI/BC/QCM Formaldehyde mass sensing 1-100 µg mL-1 1 µg mL-1 130 

BC/QCM Humidity mass sensing 20%-97% RH N.D. 131 

DWCNT/BC 

MWCNT/BC 

strain 

strain 

conductivity 

conductivity 

0.034-0.39 S.cm-1 

0.12-1.6 S.cm-1 

N.D. 

N.D. 

97 

CNT/NFC aerogel Pressure conductivity N.D. N.D. 135 

Graphene/nanopaper pH electrical N.D. N.D. 89 

graphene/nanopaper/PDMS Strain electrical N.D. N.D. 139 

CNF/CNP/GCE 
CLNP 

MCP 
voltammetric 

0.1-10 µM 

0.06-2 µM 

80 nM 

6 nM 

136,137 

CNC/m-rGO 

proximity 

(human finger 

interface) 

electrical N.D. N.D. 138 

      

PE/CNTs/nanopaper Pressure electrical N.D. N.D. 61 

native CNF 
piezoelectric 

sensitivity 
electrical N.D. N.D. 140 

a)LOD: limit of detection; b)N.D.: not described. 

 


