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Abstract: Cellulose nanomaterials (CNs) are of increasing interest due to their appealing inherent
properties such as bio-degradability, high surface area, light weight, chirality and the ability to form
effective hydrogen bonds across the cellulose chains or within other polymeric matrices. Extending
CN self-assembly into multiphase polymer structures has led to useful end-results in a wide spectrum
of products and countless innovative applications, for example, as reinforcing agent, emulsion
stabilizer, barrier membrane and binder. In the current contribution, after a brief description of
salient nanocellulose chemical structure features, its types and production methods, we move
to recent advances in CN utilization as an ecofriendly binder in several disparate areas, namely
formaldehyde-free hybrid composites and wood-based panels, papermaking/coating processes, and
energy storage devices, as well as their potential applications in biomedical fields as a cost-effective
and tissue-friendly binder for cartilage regeneration, wound healing and dental repair. The prospects
of a wide range of hybrid materials that may be produced via nanocellulose is introduced in light
of the unique behavior of cellulose once in nano dimensions. Furthermore, we implement some
principles of colloidal and interfacial science to discuss the critical role of cellulose binding in the
aforesaid fields. Even though the CN facets covered in this study by no means encompass the great
amount of literature available, they may be regarded as the basis for future developments in the
binder applications of these highly desirable materials.

Keywords: nanocellulose binders; cellulose nanofibrils; cellulose nanocrystals; biopolymeric binder;
bacterial cellulose; particleboard; energy storage devices; paper coating; bone regeneration; biomedical

1. Introduction

Background and Motivation

Serious environmental concerns about the consumption of fossil-fuel based materials, such
as green gas emissions, long degradation time, human health issues, etc., have forced technology
to seek to employ sustainable nature-friendly materials as a replacement for petroleum-derived
products. Among existing biopolymers, the straight-chain polysaccharide cellulose has long been
recognized as the most abundant renewable organic polymer in the biosphere, having excellent
mechanical characteristics, economic production and yet fairly functionalizable. Whether in the form
of fibers or derivatives, cellulose constitutes nearly one trillion tons of the world’s annual biomass
production [1], and to date, it has had a major impact on the development of numerous eco-friendly
materials. Recently, there has been a resurgence in interest in utilizing cellulose to produce advanced
materials and undoubtedly, it will play a critical role in the future of the (bio)economy. Cellulose is
a fibrous water-loving polymer, essential in the structure of plant cell walls and naturally formed
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through the plant cellular development process and cellulose biogenesis, fixed by van der Waals
forces and hydrogen bonds [2,3]. It is also found in some marine creatures (e.g., tunicates), fungi,
invertebrates, and algae, as well as bacteria [4]. Two distinguished regions within cellulose fibrils are
the crystalline and amorphous parts. By applying chemical processes, cellulose nanocrystals (CNCs)
can be produced through the isolation of crystalline domains. Mechanical treatments on the other
hand generate cellulose nanofibrils (CNFs) [3]. Lately, utilization of CNFs and CNCs with nanoscale
lateral dimensions has garnered increasing attention, not only for their intrinsic biodegradability
and abundance, but also due to unsurpassed quintessential properties, such as stiffness, low density,
flexibility, large aspect ratio and unique rheology, which are, in part, due to their crystalline assembly
via hydrogen bonds [3,5–10]. Also their high chemical functionality is due to the abundant primary
and secondary hydroxyls (referred to as cellulose alcohols) on the surface, which can be easily modified
with bio-polymers and yield cellulose derivatives or by grafting to different materials [11]. These OH
groups can attract each other electrostatically (via hydrogen bonds), causing the chains to build an
ordered structure [2]. Such hydrogen bonding throughout the polysaccharide has a key function
in binder applications related to adhesion between cellulose nanoparticles and other materials [12],
for example, in hybrid composite and paper production [13–16], environmental and water-related
areas [17], biomedical applications [18], as well as energy storage devices [19,20].

In the present work, first we briefly introduce the structures, types and pertinent production
methods of cellulose nanomaterials and then review some of the recent studies on CN-based
binders in four separate areas, namely hybrid composites and wood panels (in light of recent
efforts to replace common carcinogenic industry adhesive ingredients, particularly formaldehyde,
by CNs), papermaking/coating processes, energy storage devices and finally, the potential usage
of nanocellulose in biomedical fields as a cost-effective and tissue-friendly binder for cartilage
regeneration, wound healing and dental repair. The key properties of CN for the intended binding
applications will be delineated separately in the corresponding sections but overall their bio- and
tissue-friendly nature, high aspect ratio, excellent mechanical attributes and ability to establish
extensive H bonds within various polymeric matrices are among the most important features. Also
relevant to its binding performance, they are capable of building a wide range of CN-based hybrids
via self- or directed-assembly [3,10,13,21,22].

2. Chemistry of Nanocellulose and Its Production Methods

Cellulose is a linear-chain homopolymer composed of repeating ringed anhydro-D-glucose
monomers with the general formula of (C6H10O5)n, (n < 20,000). Each repeating unit is rotated
180 degrees around the axis of the cellulose backbone relative to the neighboring ring, linking together
via a β-(1,4)-glyosidic bond [21,23,24]; the C1 atom of the first ring is attached to the C4 one of an
adjacent glucose through a covalent oxygen bond.

As illustrated in Figure 1, the electrostatic attractions between oxygen and hydrogen atoms of
the adjacent rings, inducing intra-molecular hydrogen bonding, cause more stabilized glycosidic
linkage motifs, linear-chain configuration, in addition to feeble solubility in polar solvents [24].
Also, inter-chain hydrogen bonds (occurring between polymer chains), along with van der Waals
forces, promote parallel stacking, known as cellulose elementary fibrils, which can further aggregate
into micron-scale predecessors [24]. These intra- and inter-chain non-covalent attractions are vital
for the stability and firm structure of cellulose, the latter of which is essential for plants and some
marine creatures. Depending on the primary and secondary alcohols on the surface; C2-OH, C3-OH
and C6-H2OH, cellulose may have different degrees of hydrogen bonding. For example, regenerated
cellulose (cellulose II) which is produced via a mercerization process, demonstrates altered hydrogen
bonding motifs, with a stronger and more solid structure compared to natural cellulose (cellulose I) [25].
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Figure 1. Cellulose structure and intra/intermolecular hydrogen bonding pattern (top). Example 
images summarizing the topical focus of current review, wherein the recent development of 
nanocellulose materials and their binding-related applications in particle boards, paper coating, 
electronic devices and biomedical science (e.g., in cartilage regeneration) is covered (bottom). Images 
labeled as “Electronics” and “Biomedical” are reprinted with permission from [26]. Copyright 2009 
Elsevier and [27]. Copyright 2015 American Chemical Society, respectively. 

Within cellulose fibrils, there are two discrete domains: highly ordered (crystalline) and 
disordered (amorphous) structures. By applying different techniques, two commonly used forms of 
nanocellulose, cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) can be separated from 
the cellulosic source. A third form, bacterial cellulose (BC) is synthesized by some Gram-negative 
bacterial species and differs from the two other types in that it is naturally formed by a bottom-up 
process as opposed to the top-down approaches used to produce CNC and CNF [7]. Collectively, all 
types of cellulose nanomaterials can be called cellulose nanoparticles (CNs). In addition to their 
unique physiochemical features (which will be discussed later in this review), CNs have high 
potential as substituents for synthetic petroleum-based binders and adhesives. In the next section, we 
focus on the preparation techniques along with the properties of each group. 

2.1. Cellulose Nanofibrils (CNFs) 

CNFs are nano-scale fibrils with high aspect ratio; their width varies from 2 to 60 nm (being 
several micrometers in length) and are formed as a result of cellulose chain-stacking, induced by 
hydrogen bonds [28]. These nanoparticles (also known as nanofibrillated cellulose, NFC, or 
microfibrillated cellulose, MFC) which consist of both crystalline and amorphous domains, can be 
produced by liberating the fibrils from the integral microfiber bundles through vigorous mechanical 
fibrillation processes [21,29]. By far, many reviews have discussed their exceptional characteristics, 
such as biodegradability, excellent mechanical properties, high surface area, light weight, etc. 
[3,5,6,21,30]. The hydrogen bonds between the hydroxyl groups prompt a highly ordered 
conformation of the cellulose chains in elementary fibrils that further facilitate adhesion with other 
polymeric components, e.g., with lignin or proteins, to form networks in aqueous media [12,31]. Since 
an energy-intensive mechanical grinding is required to separate the stacked fibrils, different types of 
pretreatments, such as alkaline [32,33], radiation [32], chemical [34,35], and enzymatic [36,37] are 
typically applied prior to the fibrillation process to remarkably lower the cost and energy. For this 
reason, CNF manufacturing at an industrial scale was not feasible until recently [38]. A production 
technique which has been used frequently is pre-oxidation using (2,2,6,6,-tetramethylpiperidin-1-yl) 
oxidanyl, abbreviated as TEMPO, to reduce the grinding cycles prior to applying the vigorous 
mechanical fibrillation by microfluidization or homogenization. The resulting nanoparticles give a 

Figure 1. Cellulose structure and intra/intermolecular hydrogen bonding pattern (top). Example images
summarizing the topical focus of current review, wherein the recent development of nanocellulose
materials and their binding-related applications in particle boards, paper coating, electronic devices and
biomedical science (e.g., in cartilage regeneration) is covered (bottom). Images labeled as “Electronics”
and “Biomedical” are reprinted with permission from [26]. Copyright 2009 Elsevier and [27]. Copyright
2015 American Chemical Society, respectively.

Within cellulose fibrils, there are two discrete domains: highly ordered (crystalline) and disordered
(amorphous) structures. By applying different techniques, two commonly used forms of nanocellulose,
cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) can be separated from the cellulosic
source. A third form, bacterial cellulose (BC) is synthesized by some Gram-negative bacterial species
and differs from the two other types in that it is naturally formed by a bottom-up process as opposed
to the top-down approaches used to produce CNC and CNF [7]. Collectively, all types of cellulose
nanomaterials can be called cellulose nanoparticles (CNs). In addition to their unique physiochemical
features (which will be discussed later in this review), CNs have high potential as substituents for
synthetic petroleum-based binders and adhesives. In the next section, we focus on the preparation
techniques along with the properties of each group.

2.1. Cellulose Nanofibrils (CNFs)

CNFs are nano-scale fibrils with high aspect ratio; their width varies from 2 to 60 nm (being several
micrometers in length) and are formed as a result of cellulose chain-stacking, induced by hydrogen
bonds [28]. These nanoparticles (also known as nanofibrillated cellulose, NFC, or microfibrillated
cellulose, MFC) which consist of both crystalline and amorphous domains, can be produced by
liberating the fibrils from the integral microfiber bundles through vigorous mechanical fibrillation
processes [21,29]. By far, many reviews have discussed their exceptional characteristics, such as
biodegradability, excellent mechanical properties, high surface area, light weight, etc. [3,5,6,21,30].
The hydrogen bonds between the hydroxyl groups prompt a highly ordered conformation of the
cellulose chains in elementary fibrils that further facilitate adhesion with other polymeric components,
e.g., with lignin or proteins, to form networks in aqueous media [12,31]. Since an energy-intensive
mechanical grinding is required to separate the stacked fibrils, different types of pretreatments,
such as alkaline [32,33], radiation [32], chemical [34,35], and enzymatic [36,37] are typically applied
prior to the fibrillation process to remarkably lower the cost and energy. For this reason, CNF
manufacturing at an industrial scale was not feasible until recently [38]. A production technique
which has been used frequently is pre-oxidation using (2,2,6,6,-tetramethylpiperidin-1-yl) oxidanyl,
abbreviated as TEMPO, to reduce the grinding cycles prior to applying the vigorous mechanical



Molecules 2018, 23, 2684 4 of 24

fibrillation by microfluidization or homogenization. The resulting nanoparticles give a gel-like
appearance at low solid concentrations (1–2%) in water [38,39], and once formed into a transparent film,
display high mechanical integrity, limited oxygen transmission rate as well as low thermal expansion
(~2.7 ppm K−1. m) [39–41]. Translucent thin films from microfibrillated cellulose (20–100 nm in
diameter) were also introduced by Okamura et al. [42]. So far, researchers have used CNF as reinforcing
agents in different composites such as hybrid plastics, papers and thin packaging films. For instance,
the use of CNF in the papermaking wet-end results in papers with higher strength [43].

2.2. Cellulose Nanocrystals (CNCs)

Whisker-shaped CNCs, (also named cellulose nanowhiskers), are reminiscent of the crystalline
regions within elementary nanofibrils of cellulose during the biosynthesis process. They are isolated
from the cellulose amorphous domains of wood/plant fiber, microfibrillated or nanofibrillated
cellulose [44–46]. The isolation procedure is based on an acidic attack through transverse
hydrolysis along the fibrils disordered regions, leaving highly crystalline domains that resist acid
hydrolysis [21,47].

In Figure 2, these ordered areas are due to the linear nature of the cellulose polymers and the
extensive intermolecular attractions between adjacent chains [30]. The final products, that contain
crystalline fragments, resemble whiskers or rods, owing to their end tapering that has occurred during
the cleavage process.
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Figure 2. (a) Schematic of cellulose repeating unit with the β-(1,4)-glycosidic linkage, dotted lines
indicate intramolecular hydrogen bond; (b) hypothetical configuration of ordered (crystalline) and
disordered (amorphous) regions in cellulose nanofibrils.

Figure 3 shows the morphological differences between CNF and CNC. Compared to CNFs,
cellulose nanocrystals have lower aspect ratios (100–500 nm in length and 10–50 nm in width) and
depending on the process condition, a high degree of crystallinity (50–90%) [30,48]. Studies have
been conducted on different cellulosic sources to optimize the CNC isolation for better quality and
production yield [21,48].
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Figure 3. TEM images of (a) dried dispersion of cellulose nanocrystals (CNC) derived from ramie,
(reprinted with permission from [49]. Copyright 2008 Royal Chemical Society); (b) dispersion of
nanofibrillated cellulose, CNF (reprinted with permission from [50]. Copyright 1997 John Wiley & Sons).

Among the various acids, hydrochloric and sulfuric acid have been used extensively for
this purpose [51,52]. During the hydrolysis by sulfuric acid, negatively charged sulfate groups
will be introduced on the cellulose chain through esterification of hydroxyls. These groups
boost intermolecular repulsive forces, causing electrostatic stability of CNCs in polar aqueous
suspensions [51]. While pristine cellulose has little reactivity, CNCs can easily be modified to form
numerous derivatives and impart physiochemical features such as transparency, stiffness, low density
and inducing tunable surface chemistry [9]. Once the concentration of these crystalline needles exceed
a critical level, they form ordered, birefringent phases in colloidal systems [53]. A number of studies,
have been conducted on producing nanocrystalline cellulose and its application in a variety of fields
such as hybrid composites [54], barrier films, electronic devices [55], antimicrobial films, emulsion
stabilizers, etc. [3,7,56,57]. For example, because of their high stiffness and surface area [58], as well as
low roughness (~2 nm) and density (1.6 g/cm3) [4], CNCs have attracted attention for use in flexible
substrates [59]. They also possess excellent Young’s moduli of around 150 GPa that make them a
suitable candidate as green reinforcing materials in composites [23,60,61].

2.3. Bacterial Cellulose (BC)

Another group of cellulose nanoparticles differing from the fiber-like CNF and needle-shape CNC
is bacterial cellulose (also referred to as microbial nanocellulose, or biocellulose). Bacterial cellulose
(BC) contains ribbon-shape nanofibers linked together through a network of hydrogen bonds. It is
formed by various microorganisms and bacterial species (e.g., Acetobacter xylinum, Pseudomonas) [62],
that are found where carbohydrate fermentations take place [63–65]. Unlike other nanocelluloses,
BC is produced through a bio-fabrication assembly process from low-molecular weight sugars such as
D-glucose and is isolated as an exopolysaccharide at the air-nutrient media interface [66]. Therefore
understanding its biosynthetic process is important to better tune the culturing condition and alter
the desired nanofibrils structure and crystallinity which may lead to new properties, functionalities,
and applications for such bacterial-derived nanocelluloses [67]. Figure 4 shows a hydrogel sheet of
bacterial cellulose (both its 3D structure and a microscopic image) that was produced via a static
cultivation method.
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Despite having similarities to CNF and CNC, the nanofibril bundles in BC have some unique
properties such as more crystallinity, higher degree of polymerization (up to 8000), as well as ability
to form an extremely ultrafine web structure, that makes it difficult to disperse in water [64,68,69].
BC also has fibers with a high elastic modulus of 78 GPa [70], (close to that of glass fibers, and greater
than natural nanoscale fibers), and possesses a larger water holding capacity compared to plant-
derived cellulose [71]. Additionally, the light weight, biodegradable and non-toxic bacterial cellulose
is produced as pure cellulose and avoids the traditional chemical treatments required for lignin or
hemicellulose elimination [9,72].

Several studies have indicated the possible usage of bacterial cellulose as a strengthening agent,
transparent film and binder in hybrid nanocomposites [73–76]. Lee et al. made a robust sisal fiber
preform using bacterial cellulose as binder and showed the resulting composite had better performance
and mechanical properties compared to a commonly used polymer poly (acrylated-epoxidised
soybean oil-based polymers (poly-AESO) [77]. Also the combination of BC and conducting polymers
(e.g., polyaniline, polypyrrole) has resulted in a fully biodegradable inter-connected structure, suitable
for aerogels and transparent composites [78].

3. Nanocellulose as Coating Material

3.1. Traditional Paper Coatings

The potential of using CNF in paper coatings has been intensely studied for the formation
of a continuous layer on paper surfaces to induce suitable qualities such as mechanical strength,
fire retardancy and water/gas impermeability [79–85]. Because the properties of coated surfaces
depend highly on the CNF distribution and the corresponding layer thickness, an appropriate coating
formulation is critical to achieve the desired features. CNF was applied to a paper surface via
two different methods: roll coating and size press, resulting in coat weights of 14 and 3 g/m2,
respectively [86]. A thin, well spread layer of CNF can also be attained by spray coating. The possible
challenge however is the preparation of low solid content solution that may both affect the drying
process and/or lead to breakage of the web [86]. Another issue is the high viscosity of the CNF
suspension, even at low solids, and the absorption of water by the base paper which can lead to
localized thickening of the coating material and create uneven spreading. A recent work has shown
that the use of only 4% carboxymethyl cellulose (CMC) based on the dry weight of the CNF can lead to
a substantial drop in viscosity and better coverage of the paper surface [87]. CNF has been also coated
on paper via foam coating a mixture of 2.9% CNF and an anionic surfactant under 80–95% compressed
air. The resulting double-layer had a coat weight of 1–2.6 g/m2 [88]. Others meanwhile have reported
the application of CNF at low solids and moderate speeds, and lately it has been shown possible to
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apply CNF at high speeds (10 m/s) and moderate solids (up to 5%) using a cylindrical laboratory
coater (CLC). Coat weights in double layers as high as 10 g/m2 were reported [89].

3.2. CNF as Binder in Coating Layers

The application of CNF as binder in conventional paper coating processes is a relatively new
concept that has garnered a great deal of attention. Owing to its strong hydrogen bonding and
the ability to establish a uniform layer on hydrophilic substrates, CNF was suggested as a green
binder to improve the properties of coating layers on paper/paperboard and reduce the level of
latex [15,86,88,90–92]. Figure 5 presents the hypothetical positive role of CNF in the coating process in
which it helps the coating material to bind better on the fibrous surface and form a less defective and
smoother surface. A low ratio of CNF was applied to attach clay onto paper surfaces and the obtained
CNF-clay layer produced a significant raise in surface smoothness and print density, almost identical
to when polyvinyl alcohol (PVA) was used as binder [91]. In another study, a CNF-latex mixture was
employed as a potential binder in color coating and it was revealed that the presence of CNF increased
the picking strength while slightly reducing the paper surface energy [90].

To address this issue other methods such as inkjet or flexographic printing can be used where CNF
is employed as a binder in coating formulas. Enzymatically pre-treated CNF and TEMPO- oxidized
CNF were investigated as alternative binders (for partial latex replacement) to bind calcium carbonate
particles in coating formulations. The results indicated a successful replacement of 20% of latex with
CNF in coating colors with no evidence of printing or runability issues [92]. Nevertheless, an adverse
effect on the energy consumption during the drying process was seen and attributed to the higher
water content of the coating layers. A pertinent study indicated a blend of CNF and starch could
significantly improve the coating layer properties and produce a low-linting surface, indicating the role
of CNF to link the starch molecules onto the paper surface. In conventional coating processes, different
coat weights of 8–12 and 0.5–2 g/m2 are used for pigment and starch, respectively [86]. CNFs have
also been utilized to bind graphite to cellulose nanocomposites [93]. Also, addition of CNF in paper
coating could increase the printing pick resistance, improve the strengths and modifying the rheology
of the coated layer [10,94]. However, a key issue for using CNF in the coating process is its rheology,
that even at low solid content (<2%) gives a viscous suspension that hardly loses its water [95].
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To better understand the role of CNF as a binder in coating processes, knowledge of the possible
interactions between nanocellulose and paper substrate is essential. It is known that cellulose to
cellulose adhesion takes place from molecular to several millimeter scales (Table 1). Hydrogen bonds
and van der Waals forces are considered the dominant intermolecular forces contributing to the
adhesion strength, yet it is not fully understood which one is of central importance to the binding
strength [16]. Also physical entanglement that relies on mechanical fibrillation (within micron scale)
can boost cellulose-cellulose bonding in paper and paperboards to a great extent. This phenomenon
occurs during the beating process used to promote the fiber interlocking phenomena [96].
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Table 1. Different cellulose-cellulose interactions relative to molecular distance, data adopted from
literature [97,98].

Adhesion Mechanism Bond Length Bond Strength (KJ/mol)

Diffusion <2000 µm -
Physical entanglement 0.01–1000 µm -

Van der Waals 0.5–1 nm 8.4–21
Acid-Base Interaction 0.1–0.4 nm -

Hydrogen bond 0.235–0.27 nm 4.2–188
Covalent bonding 0.15–0.45 nm 147–628

3.3. Superhydrophobicity Induced by CNF

Superhydrophobicity is a fundamental attribute of solid surfaces that plays an essential role in
many household and industrial applications. By definition, any surface with a water contact angle
greater than 150 degrees is considered as superhydrophobic [99]. Among many substrates, such as
plastic, glass, metals, etc. producing water-repelling cellulose, e.g., hydrophobic paper, has attracted
a great deal of attention owing to its cost effectiveness, wide availability and in part for the recent
impetus of environmental conscience [100]. Therefore, fast-growing efforts to produce hydrophobic
bio-based substrates, such as papers, are being reported more often.

Some of the common methods to fabricate hydrophobic papers are plasma etching [101,102], ink-jet
printing [103], grafting hydrophobic molecules [104] as well as deposition of nano-materials [105], or
hydrophobic chemicals such as alkyl ketene dimer (AKD) [106]. Ondra et al. [107] created an extremely
water repellent surface (water contact angel of 174◦) by applying AKD to a glass surface, despite the
fact that the intrinsic contact angle of smooth AKD has been reported as 109◦. They ascribed this extra
hydrophobicity to the fractal growth of AKD crystals, leading to formation of a micro-size highly
rough surface [107]. Another approach is to use precipitated calcium carbonate (PCC) to provide such
a micro-scale roughness for the subsequent AKD deposition [108,109]. However PCC particles form
loose attachments to the paper surface and additional chemicals are necessary to adhere them to fibers.
To tackle such issue, CNF was suggested as a binder to achieve the desired hydrophobicity on the
paper [15,110]. In a study by Arbatan et al. CNF was applied to link PCC pigments onto the paper
surface, providing the required rough surface prior to the sizing level. In that work, a dip-coating
approach was used to form a PCC layer and then AKD was applied to achieve a superhydrophobic
surface [110]. A related study showed the positive effect of CNF to link latex on paper surfaces during
the coating process, however, its presence reduced the paper surface energy to some degree [90].
It is known that two key factors to obtain ultra-water repellency are the low surface energy plus
nano-roughness [111] and reviewed works in this section provide evidence that using CNF as a binder
may contribute to both these aspects. The cited work regarding the PCC attachment to paper via CNF
was an example of change in surface morphology whereas in the case of CNF-latex mixture, it could
alter the surface free energy. Despite major advances in obtaining low/ultra-low energy interfaces
from polymeric materials, there are still limited studies on the case of nanocellulose. Such an approach,
if proved successful, can highly benefit packaging and food storage industries in which water barrier
properties are at the center of interest.

4. Nanocellulose in Energy Storage Devices

There is a high demand for low-cost green energy storage devices, with large energy density,
recyclability and a harmless core disposal. To achieve these goals, employment of biodegradable
polymers such as cellulose has been suggested to be adopted in batteries as electrode binder, battery
body and even electrolyte material [112]. Electrode binders should be electrochemically stable and
are used to attach active materials to the composite electrode. They can affect the irreversible
capacity losses and provide stability to electrode cycles by withstanding dimensional changes during
charging-discharging periods while keeping acceptable energy density [112–114]. Another important
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aspect of binders is their solubility. Polyvinylidene difluoride (PVDF) is a common strong electrode
binder, however it is only soluble in nonpolar solvents which are mostly flammable, expensive and
pollutant. Replacing such material with water-soluble ones, can both reduce the environmental impact
and production cost [115]. Here we only focus on the binder application of nanocellulose in energy
storage devices.

4.1. Nanocellulose as Flexible Electrode Binder

CNF, is a renewable polymer and can self-assemble into a continuous film with high stiffness,
transparency, flexibility and low thermal expansion [6,7,116]. Therefore there is a great potential for
CNF utilization as a binder in energy storage devices (e.g., electrodes in Li-ion batteries), alternative to
petroleum-based polymers [117–119]. Here, some of the recent advancements in the development of
CNF-based binders in battery components are reviewed.

In a study on lithium ion batteries, electrolyte saturated paper and dispersed nanofibrillated
cellulose were used as separator and electrode binder, respectively. The achieved binding quality was
similar to PVDF [120]. Similarly, a CNF network (as binder) was placed around graphite platelets
via a simple water-based casting method to induce porosity, flexibility and high charging capacity to
graphite anode. The resulting self-standing electrodes showed a great electrochemical performance,
close to that of conventional PVDF-based electrodes [93].

An MFC-polypyrrole (PPy) electrode composite was made through coating microfibrillated
cellulose on polypyrrole (via in situ polymerization) to obtain self-standing conductive paper for
a more ecofriendly binder system [118]. Also, an environmentally-benign flexible battery cell has
been suggested through incorporation of CNF into a single paper layer to couple into the electrode
active materials. The process involved a sequential water filtration and the attained films (250 µm in
thickness) displayed acceptable cycling performance upon prolonged testing [121]. In a different study,
CNF was used in cathodes formulation made of LiFePO4-carbon black-CNF via filtration technique
and the resulting cellulose-based electrodes demonstrated a high Young’s modulus and discharge
capacity of 100 MPa and 110 mAhg−1, respectively [122]. Likewise, as shown in Figure 6, a freestanding
flexible Si/CNC-based anode was produced in a ternary system consisting of nanocellulose, carbon
nanotubes and silicon nanoparticles as building blocks. The strong attachment of Si particles to the
porous nanocellulose-carbon nanotubes matrix resulted in a high specific capacitance and excellent
charge-discharge cycling performance applicable for lithium-ion batteries.
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Besides, no adverse impact on film’s flexibility and tensile properties were observed upon
incorporation of Si nanoparticles into the CNC-CNT matrix. The attained anode could be easily
rolled and twisted with no performance loss (Figure 6b–e) [123].

However, one challenge in such applications is the amount of water trapped in the nanofibrils.
Only low-loads of CNF (~4 wt %) could be used to avoid possible adverse effect on the performance,
while improving the corresponding energy capacity. Water content value, more than 20−50 ppm,
can lead to lithium salt degradation and since cellulose may contain from 20,000 to 120,000 ppm
of trapped water, applying a prolonged thermal treatment is necessary to remove the excess
water [121,122,124,125]. Besides, in spite of promising adhering effect of CNF, it has a relatively low
pliability around the electrode which can restrict its utilization in flexible devices [126,127]. For this,
modified nanocelluloses such as TEMPO-oxidized CNF have been proposed owing to their potent
structure, flexibility and compatibility with water-based systems [128]. Moreover, cellulose treatment
with ionic liquids may be used in flexible electronic devices when natural CNF is not the ideal
choice. One study reported that bendable CNF films can be produced for electrochemical double layer
capacitors once they are treated with high voltage ionic liquid electrolytes [129]. Further investigation is
necessary to fully replace the current electrode binders with nanocellulose or its nano-scale derivatives,
but if proved feasible, such alternative may fundamentally improve energy efficiency.

4.2. CNF Substrate for Supercapacitors

Supercapacitors are short-term electrochemical energy storages that are used in devices with rapid
charge/discharge cycles at the electrolyte-electrode interface. They usually can tolerate a vast range of
operational thermal stresses [130] and depending on the storage mechanism, they are divided into
electrical double-layer capacitors (EDLC) and electrochemical pseudocapacitors [131]. Many efforts
have been made to develop nontoxic, lightweight and bendable supercapacitors for usage in portable
and stretchable electronics. To that end, materials such as polydimethylsiloxane (PDMS), graphene
paper and cellulose have been presented as substitutions of commercial EDLCs [132–136].

Among capacitor components, binders have the vital role of providing enough mechanical strength
to the electrodes. Polyvinyl alcohol (PVA), carboxymethyl cellulose (CMC) and polytetrafluoroethylene
(PTFE) are common binder agents that have been used in commercial supercapacitors, however due
to non-conductivity, they may lower the electrode efficiency [137]. Alternatively, various studies
have proposed CNF in such devices to enhance the capacitors strengths and electrical properties.
For instance, composite electrodes were fabricated using CNF and conductive polymers such as
polyaniline and polypyrrole; a silver-coated CNF aerogel was utilized as a supercapacitor substrate
and was electrodeposited by polyaniline (PANI). Upon air drying, the capacity of resulting assembly
was monitored and a specific capacitance of 176 mF. cm−2 along with significant resistance to
bending was reported [138]. In a similar study, a highly porous electrode substrate was obtained
using cellulose nanocrystals film coated by polypyrrole. The produced capacitor showed excellent
capacitance (mass normalized) of 256 F. g−1 owing to CNC-based porous structure and had better
cycling function and durability compared to carbon nanotube [139]. Andres et al. have shown that
CNF is significantly effective to affix graphite electrodes to the electronic substrates once soaked in
aqueous electrolytes [140]. In another work, a bio-friendly ionogel was produced through gelation
of microcellulose thin films with various methylphosphonate ionic liquids. The attained flexible
ionogel acted as high capacitance dielectrics under low voltage which is applicable in paper-based
supercapacitors [141]. Overall, nanocelluloses have been successfully employed in capacitors as binder
and potentially can induce both strength and flexibility to the electronic devices.

5. Adhesion in Nanocellulose

For a long time the inherent self-adhesion of cellulose fibers has been recognized as a key factor
in the strength properties of paper and other cellulose-based composite materials. The formation of
hydrogen bonds between hydroxyl groups on neighboring cellulose surfaces plays a major role in the
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superb adhesion properties between cellulose fibers and makes CNF an excellent binder material for
nanocomposite applications [142]. Hydrogen bonds on the cellulosic surfaces are the dominant factors
that need to be managed in order to tailor the compatibility of nanocellulose with other materials.
They also seem to have a crucial role in the partial irreversible pore closure within the cell wall structure
of cellulosic fibers upon drying. This phenomenon that is called “hornification”, is essential for the
formation of a strong and integrated structure in paper-based films [16,143]. However, the influence of
other factors on unions between fibers has been confirmed as well.

Understanding the molecular level interactions between cellulosic surfaces is necessary to better
control the attractive forces responsible for fiber to fiber surface linkages. Polar acid-base interactions
and van der Waals dispersion forces are important factors in CNF surface adhesion. Depending on the
cellulosic sources and the preparation method, the resulting interfaces may display different surface
free energies. While certain types of cellulose can show a predominantly polar behavior, others may
have higher dispersion characteristics [12]. The polar chemistry of nanocellulose reduces its affinity
to lipophilic components to a great extent [144]. Also degree of crystallinity may affect the cellulose
binding ability as well; less ordered regions within CNF chains can lead to higher accessibility of the
functional groups on the surface and result in better interfacial adhesion [145].

6. CNF as Binder in Particleboard, Fiberboard and Laminates

One of the most promising binder applications of CNF is in the production of particleboards
and medium density fiberboards, as a replacement for urea-formaldehyde (UF) resin. An important
downside of UF-containing boards is the emission during both manufacture and use of formaldehyde,
whose carcinogenicity has been proved [146]. Cellulose nanofibrils are able to establish strong bonding
between wood particles/fibers through a formaldehyde-free manufacturing process and provide
an all-sustainable alternative for these systems as they are entirely independent of petroleum-based
chemicals. CNF can form into excellent flexible and strong films by a simple drying process [9]. At low
thicknesses (on micrometer scale), this structure can nearly be considered as plane isotropic due to the
high aspect ratio of CNFs and their tendency to lay flat randomly in the x-y plane. Given that at low
solids content, CNFs can be well dispersed in water and form a hydrogel, a three-dimensional network
of fibrils that holds the particles together upon the drying process can be speculated. Considering the
exceptionally high mechanical properties of cellulose nanoparticles [147] and their ability to establish
hydrogen bonds within themselves and with other cellulosic materials [148], they can be suggested
as binder in other lignocellulosic materials including wood particles, pulp fibers and paper sheets to
induce strongly bonded composite systems.

At micro/nano scale it is expected that smaller particles of CNF can penetrate into the
porous structure of wood particles or other lignocellulosic materials and provide stronger bonds.
An inter-diffusion process can be hypothesized when CNF dries in contact with the rough and porous
surface of wood particles in the panel. Figure 7 shows preliminary samples made by mixing/pressing
Southern Pine wood particles with a 3 wt % CNF suspension. At 15 wt % CNF content, the mixture to
be pressed contains over 600% moisture content (based on dry weight of the wood particles) making
it impossible to hot press because evaporating this large quantity of water may cause burst and
delamination issues. However, it has been observed that most of the water in the mixture can be
extracted via a simple cold pressing operation. Figure 7 also shows what can be termed “contact
dewatering”, an interesting property of cellulose nanomaterials when they come in contact with other
lignocellulosic materials. It is extremely difficult to squeeze out the water from a 3% solids content
CNF suspension however once mixed with wood particles, even a mild squashing can result in water
separation as seen in the bottom row of Figure 7. This reduces the moisture content of the mat to
around 100% (50% solids) that is manageable by controlling the hot press cycle. Nevertheless it is
still well above the average moisture content of a particleboard mat to be pressed in a conventional
urea-formaldehyde resin system (around 8–10%). This points out to the necessity of more studies on
dewatering and drying to accomplish lower press cycles.
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the initial moisture content is achieved without using a source of heat leading to significant energy
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wood particles.

Figure 8 demonstrates how wood particles can be bonded together by CNF. CNFs are observed
being distributed over the particle surface, some agglomerated into platelet shapes and some
preserving their fibrillar morphology. It is speculated that at least smaller parts of the CNF particles in
the suspension can penetrate into the pores/void spaces within the structure of wood particles to form
a three-dimensional network of nanofibrils upon applying the hot press. The resultant fibrillar network
can encompass the particles, bestowing higher strength and stiffness to the panel. The strength of
bonds formed between the two wood particles is thought to be dependent on the degree to which
interpenetration of CNF is occurred as well as surface characteristics of wood particles and nanofibrils
that can control the extent of hydrogen bonding between them.
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Efforts have been made to utilize CNF as an adhesive binder in the formulation of particleboards
and medium density fiberboards. Kojima et al., in two separate studies, explored the possibility of
mixing CNF and lingocellulose nanofibers (LCNF) with wood flour. They found that the mechanical
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and physical properties of the produced wood flour boards were improved with the addition of
CNF and LCNF attributed to the occurrence of strong links between wood flour particles [149,150].
In another work, they reported significant improvements in the flexural, internal bond, and water
sorption properties of the wood flour boards with inclusion of LCNF [151]. Feasibility of using
cellulose nanofibrils as the sole binder in a “no-added formaldehyde binding process” for particleboard
manufacture was first introduced by University of Maine [152], and later was briefly discussed in the
work by Tajvidi et al. [15]. Amini et al., published a set of data and analysis of the mechanical and
physical characteristics of wet-formed particleboards bonded only with CNF [14]. The mechanical
properties of the produced particleboard panels were good enough to meet the industrial requirements
for low density grades (below 0.64 g.cm−3). They also made an attempt to understand the adhesion
mechanisms as well as the strength development involved in a wood particle-CNF system.

Effects of board density, CNF ratio, pressing method (constant pressure vs. constant thickness),
and particle size on the flexural properties, vertical density profile (VDP) and internal bond (IB)
strength of CNF-containing particleboards were investigated [153,154]. Density was shown to have the
most significant effect on the modulus of elasticity (MOE), while the CNF ratio had the major effect on
the modulus of rupture (MOR). The results also revealed that the press regime had significant effects
on both VDP and IB strength. Panels produced by constant pressure (CP) and constant thickness (CT)
pressing methods demonstrated flat-shaped and U-shaped density profiles, respectively. Higher IB
values were observed for CP pressed panels compared to CT ones. The density and CNF ratio also
influenced the IB strength and the VDP of the panels. They also studied [155], the effects of density,
CNF level, particle size, and press program upon the nail and face screw withdrawal strength, water
absorption (WA), and thickness swelling (TS). Increases in density and CNF level positively influenced
the nail and face withdrawal strength. Better WA and TS performances were attained for CT pressed
panels with smaller wood particles.

One major consideration in using CNF as binder in conventional boards is cost reduction. In this
respect a viable path seems to be the use of lignocellulose nanofibrils (LCNF) in place of CNF. It has
been shown that LCNF films are slightly weaker than CNF but the properties can be considerably
enhanced when they are hybridized with CNF [156].

LCNF isolated from thermomechanical pulp (TMP) via atmospheric refining was used as adhesive
replacement in fiberboard and the physico-mechanical properties of the resulting boards were
evaluated at different LCNF contents and press temperatures [157,158]. The optimal processing
condition was at 180 ◦C press temperature and 20% LCNF content, at which a maximum modulus
of rupture of 12.1 MPa as well as a modulus of elasticity of 1.5 GPa were obtained for the produced
fiberboards. By increasing LCNF content, a positive linear relationship between modulus of rupture
(MOR) and internal bond strength (IB) was perceptible, regardless of the press temperature. Overall,
LCNF-added medium density fiberboards acted well in the fulfillment of the commercial standards in
terms of physico-mechanical attributes.

Cellulose nanofibers have been also used to improve the properties of conventional adhesives and
binders for wood-based composite panels. Veigel et al. [159], investigated the impact of adding CNFs
to urea-formaldehyde (UF) and melamine-urea-formaldehyde (MUF) resins on the flexural strength,
internal bond, fracture energy as well as fracture toughness of the particleboard and oriented strand
board (OSB). They found that, at a given resin consistency, adding a small amount of CNF will increase
the viscosity of resin and decrease its spreadability which limits the addition level of nanocellulose.
Adding 1 wt % of CNF (on a dry basis) resulted in enhancing the mechanical properties of particleboard
and OSB panels with a more promising performance in OSBs. Also introduction of nanocellulose to the
tannin-based adhesives yielded to higher mechanical behavior in particleboards [160]. Adding 2 wt %
of CNF caused the viscosity of lignin-based adhesive to increase from 350 to 5462 mPa·s and the
internal bond strength of the corresponding particleboards to increase by approximately 15%.

A novel laminate system comprising of sheets of paper bound together using CNF was reported by
Shivyari et al. Bonding properties of CNF were evaluated through a series of peeling tests. Multi-layer
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composite laminates were produced from sheets of paper bonded together via CNF and the effects of
nanocellulose solids content, press time/temperature on the physical and mechanical properties of the
laminates were evaluated. Elastic modulus and strength of the laminates met or exceeded those of a
short glass fiber reinforced polypropylene and various natural fiber-filled polypropylene composites
and a number of wood and paper-based laminates [161].

7. Nanocellulose as a Binder for Natural Fibers

Recently nanocelluloses have been used for reinforcing other natural fibers taking advantage
of their binder properties. Ghasemi et al. [162] studied the effect of CNF and CNC to strengthen
natural fiber tape and yarns. They soaked hemp and flax fiber in nanocellulose suspensions and
produced tapes and yarns by laying the fibers flat or spinning them, respectively. Improvements in
tensile properties of tapes and yarns were reported and it was found that while CNC had a better
performance on yarns mechanical properties, CNF was more effective on tapes. No relationship
between the mechanical properties of yarns and those of the single fibers coated with nanocellulose
was observed, indicating that enhancements in the mechanical properties of yarns were mainly due to
nanocellulose role in improving bonding between natural fibers.

In another work, Pommet et al. [163], introduced a method in which they deposited bacterial
cellulose (BC) on hemp and sisal natural fibers for improving their adhesion to bio-based polymers.
While untreated fibers showed a poor adhesion with bio-based polymers, deposition of BC was
promising to enhance surface adhesion of the fibers with cellulose acetate butyrate and poly-L-lactic
acid. The extent of BC attachment to the natural fibers was attributed to the formation of hydrogen
bonds at respective interfaces. Study of mechanical properties of natural fibers showed, while BC did
not significantly influence sisal fibers, it markedly affected the strength of hemp fibers.

Fortea-Verdejo et al. [164], used bacterial cellulose, nanofibrilated cellulose and pulp fibers to
reinforce a nonwoven mat made of flax fibers. Flax fibers were soaked overnight in 10%, 20%, and
30% suspensions of BC, CNF and pulp respectively. Samples were prepared using single step and
layer-by-layer papermaking filtration processes where the latter preform showed higher strengths.
Both BC and CNF were great binders for loose flax fibers and induced low porosity and higher packing,
however pulp was not as effective due to its lower surface area and larger particle size.

Juntaro et al. [76], applied BC on the surface of sisal and hemp natural fibers to compatibilize
them with nonpolar polymers. The modified natural fibers were then used to make a composite with
cellulose acetate butyrate (CAB) and poly-L-lactic acid (PLLA). An improvement in tensile strength
was evident, which was ascribed to the BC binding on the fibers surfaces. Similarly, other researchers
coated the sisal natural fibers with BC to produce a denser and reinforced sisal-polylactide acid
composite [165].

Lee et al. [166], prepared a similar sisal/bacterial cellulose preform with the difference that
fibers were coated by nanocellulose through an overnight soaking process. The dried preform
(containing 10 wt % BC) was then mixed with acrylated epoxidised soybean oil (AESO) through
vacuum assisted resin injection (VARI) method to produce composites. The resulting sisal-polyAESO
and BC-sisal polyAESO composites showed tensile modulus values of 3.2 and 5.6 GPa, respectively,
which were markedly greater than that of neat polyAESO (0.4 GPa).

8. Nanocellulose in Biomedical Applications

In this section we focus our attention on nanocellulose usages particularly as a binder in the
biomedical field. The critical properties of NCs for such applications include but not limited to
biocompatibility, tissue-friendliness, non-toxic nature, wound healing properties, antimicrobial effects
as well as high binding potential through the available OHs and negative interfacial charges that
facilitate the NCs electrostatic adsorption on tissues. The areas that are briefly reviewed in this part are
wound dressing, cartilage/bone regeneration, dental repairs, and cancer curing drugs [18].
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8.1. Wound Dressing

Nanocellulose has been used in wound dressing applications due to its anti-infection features
and its ability to increase tensile properties of the scaffolds. Addition of CNC in a collagen-based
composite raised its biocompatibility and led to a stable mechanical functionality [167]. Same trend was
observed in a following study in which CNCs were added to poly(D,L-lactic-co-glycolic acid) (PLGA)
and a stronger composite was achieved [168]. Furthermore, CNC was employed in the production
of scaffolds to help improving structural strength without any toxicity [169]. Khalid et al. [170]
used zinc to load the sheets from bacterial cellulose for burn-healing purposes. The wound healing
nature of BC combined with antimicrobial behavior of zinc yielded an efficient burn wound dressing.
Using CNF for the threads (filaments) production is another application which can also be considered
in biomedical field. The strength of such filaments comes from the intrinsic strength of nanoparticles
and the extension of interfibrilar bonding within the filament structure. Recent studies have pointed to
promising properties of CNF filaments [171–174], and their potential usage as suture [175]. Basu et al.
coated CNF threads with stem cells and created sutures with positive influence on post-surgery
inflammation and wound healing properties [176]. Hakkarainen et al. [177] did a clinical study on the
CNF for wound dressing in severely burned patients. They tested CNF dressing in burned skins and
reported a successful grafting to the skin donor sites upon the cellulose dehydration. It could be easily
attached to the wound bed and remain on the site until the donor site was renewed with no allergic
reaction or inflammatory response.

8.2. Bone, Cartilage and Dental Restoration

Nanocellulose have also been used in bone regeneration. There are important properties for a
better bone regeneration process but facilitating phosphate and calcium deposition are among the
most important ones. Saska et al. [178], used BC and collagen to produce a nanocomposite with
good binding properties as a suitable option for attaching the collagen to apatite for bone restoration.
Results showed that BC-COL-apatite nanocomposite helped the regeneration process with no evidence
of cytotoxic, genotoxic, or mutagenic effects. Contrary to other tissues, cartilage has limited ability
to regenerate due to its avascular nature. One of the new approaches for repair or regenerate the
cartilage is three-dimensional bio-printing which needs a proper bio-ink and specific viscoelastic
features. Recent studies on cartilage regeneration proposed a CNF-based bio-ink in which CNF and
alginate were used to help bioprinting coupled with human bone marrow–derived stem cells (hBMSCs)
and human nasal chondrocytes (hNC) [25,179,180]. The results were promising and proved viability
of CNF application as bio-ink for 3D bioprinting of living cells.

For dental applications, materials need to be effectively durable and nanocellulose can be a good
choice in the dental field for its reinforcing role. In a work on dental restorative materials [181], the
authors used CNF and CNC as additives to dental glass ionomer cement (GIC) matrix and studied
the influence of various concentrations of CNF and CNC on the properties of the resulted material.
It was reported that while CNF did not incorporate well in the structure, CNC prompted a significant
betterment in the mechanical properties of the composite which made it a suitable additive for
tooth restoration.

8.3. Drug Delivery and Cancer Treatment

Studies have reported that CNF has the potential for improving drug release kinetics. For instance,
CNF-based hydrogels were employed as carrier for cancer treatment drugs such as antineoplastic
agents [182]. Also, CNF was used to enhance puncture strength of films used in drug delivery for
colon-related diseases [183]. The adhesion properties of the CNF were used for anti-metastatic and
anti-cancer purposes [184]. Metformin (an anti-cancer drug) was loaded to the surface of nanocellulose
(forming a Met-CNF gel structure) to restrict the migration, adhesion and invasion of melonoma cells
once implanted around the tumor.
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By modifying the surface charge of CNC, it can be employed for the delivery of small interfering
RNAs (siRNA) which have therapeutic effects. RNAs in the naked form are not able to be delivered
to diseased cell, they also will degrade rapidly however, CNC as a nontoxic, biodegradable unit
can facilitate the therapeutic actions by binding to the RNA and performing as a nano-carrier for
intracellular delivery [185].

In another study by Plackett et al. [186], CNF, CNC and BC were examined for their drug delivery
function and it was revealed that while CNF and CNC could bind well to the water-soluble drugs (via
ionic interactions), the function of BC was not as favorable.

9. Closing Remarks

Nanocelluloses (cellulose nanofibrils (CNF), cellulose nanocrystals (CNC) and bacterial cellulose,
(BC)), represent a natural resource of green and sustainable materials with a magnificent importance
today and in the future of nanotechnologies. In the current review we have highlighted some of
the most recent advances and contemporary utilization of these nanomaterials in binder-needing
areas including wood-based hybrid composites, paper coating process, energy storage devices and
biomedical fields as cost-effective and sustainable binder agents. The main emphasis for such
applications was on the polymeric nature of cellulose and its inherent ability to self-assemble at
interfaces and link to a wide range of materials, especially once within a matrix. This is related to
its exceptional structural, chemical and dielectric characteristics that can hardly be found in other
polymers. Although development of cellulose-based binders is still in its infancy, it is foreseeable
that they take on more adhesive roles in the near future. Undoubtedly, there are also certain
challenges on this path for which, in order to overcome them, further fundamental research efforts
are needed. For example, adopting novel functionalizing approaches may permit nanocellulose to
achieve hierarchical assemblies in various lengths as an essential step towards practical exploitation.
In closing, nanocelluloses possess tremendous application potential in binding-related fields and with
the aid from multiple scientific disciplines, they may soon become dominant adhesive materials offered
by Nature.

Author Contributions: The manuscript was written through contributions of all authors. All authors have given
approval to the final version of the manuscript.

Funding: This project was supported by the USDA National Institute of Food and Agriculture, McIntire-Stennis.
Project # 041616. Maine Agricultural and Forest Experiment Station Publication Number 3628. The project was
also supported in part by University of Maine Research Reinvestment Fund (RRF) and U.S. Endowment for
Forestry and Communities (P3Nano) through agreement # P3-5.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Klemm, D.; Heublein, B.; Fink, H.-P.; Bohn, A. Cellulose: Fascinating biopolymer and sustainable raw
material. Angew. Chem. Int. Ed. 2005, 44, 3358–3393. [CrossRef] [PubMed]

2. Kalia, S.; Dufresne, A.; Cherian, M.; Kaith, B.; Avérous, L.; Njuguna, J.; Nassiopoulos, E. Cellulose-based bio-
and nanocomposites: A review. Int. J. Polym. Sci. 2011, 2011, 1–35. [CrossRef]

3. Moon, R.J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose nanomaterials review: Structure,
properties and nanocomposites. Chem. Soc. Rev. 2011, 40, 3941–3994. [CrossRef] [PubMed]

4. Jonas, R.; Farah, L.F. Production and application of microbial cellulose. Polym. Degrad. Stab. 1998, 59, 101–106.
[CrossRef]

5. Lavoine, N.; Desloges, I.; Dufresne, A.; Bras, J. Microfibrillated cellulose—Its barrier properties and
applications in cellulosic materials: A review. Carbohydr. Polym. 2012, 90, 735–764. [CrossRef] [PubMed]

6. Siró, I.; Plackett, D. Microfibrillated cellulose and new nanocomposite materials: A review. Cellulose 2010,
17, 459–494. [CrossRef]

7. Klemm, D.; Kramer, F.; Moritz, S.; Lindström, T.; Ankerfors, M.; Gray, D.; Dorris, A. Nanocelluloses: A new
family of nature-based materials. Angew. Chem. Int. Ed. 2011, 50, 5438–5466. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/anie.200460587
http://www.ncbi.nlm.nih.gov/pubmed/15861454
http://dx.doi.org/10.1155/2011/837875
http://dx.doi.org/10.1039/c0cs00108b
http://www.ncbi.nlm.nih.gov/pubmed/21566801
http://dx.doi.org/10.1016/S0141-3910(97)00197-3
http://dx.doi.org/10.1016/j.carbpol.2012.05.026
http://www.ncbi.nlm.nih.gov/pubmed/22839998
http://dx.doi.org/10.1007/s10570-010-9405-y
http://dx.doi.org/10.1002/anie.201001273
http://www.ncbi.nlm.nih.gov/pubmed/21598362


Molecules 2018, 23, 2684 17 of 24

8. Eichhorn, S.; Dufresne, A.; Aranguren, M.; Marcovich, E.; Capadona, J.; Rowan, S.; Weder, C.; Thielemans, W.;
Roman, M.; Renneckar, S.; et al. Review: Current international research into cellulose nanofibres and
nanocomposites. J. Mater. Sci. 2010, 45, 1–33. [CrossRef]

9. Dufresne, A. Nanocellulose: From Nature to High Performance Tailored Materials; Walter de Gruyter:
Berlin, Germany, 2012.

10. Hubbe, M.A.; Tayeb, P.; Joyce, M.; Tyagi, P.; Kehoe, M.; Dimic-Misic, K.; Pal, L. Rheology of nanocellulose-rich
aqueous suspensions: A review. BioResources 2017, 12, 9556–9661.

11. Hubbe, M.; Rojas, O.J.; Lucia, L. Green modification of surface characteristics of cellulosic materials at the
molecular or nano scale: A review. BioResources 2015, 10, 6095–6206. [CrossRef]

12. Gardner, D.; Oporto, G.; Mills, R.; Samir, A.S.A. Adhesion and surface issues in cellulose and nanocellulose.
J. Adhes. Sci. Technol. 2008, 22, 545–567. [CrossRef]

13. Hubbe, M.; Pizzi, A.; Zhang, H.; Halis, R. Critical links governing performance of self-binding and
natural binders for hot-pressed reconstituted lignocellulosic board without added formaldehyde: A review.
BioResources 2018, 13, 1–67. [CrossRef]

14. Amini, E.; Tajvidi, M.; Gardner, D.J.; Bousfield, D.W. Utilization of cellulose nanofibrils as a binder for
particleboard manufacture. BioResources 2017, 12, 4093–4110. [CrossRef]

15. Tajvidi, M.; Gardner, D.J.; Bousfield, D.W. Cellulose nanomaterials as binders: Laminate and particulate
systems. J. Renew. Mater. 2016, 4, 365–376. [CrossRef]

16. Hubbe, M.A. Bonding between cellulosic fibers in the absence and presence of dry strength agents—A review.
BioResources 2007, 1, 281–318.

17. Wei, H.; Rodriguez, K.; Renneckar, S.; Vikesland, P. Environmental science and engineering applications of
nanocellulose-based nanocomposites. Environ. Sci. Nano 2014, 1, 302–316. [CrossRef]

18. Halib, N.; Perrone, F.; Cemazar, M.; Dapas, B.; Farra, R.; Abrami, M.; Chiarappa, G.; Forte, G.; Zanconati, F.;
Pozzato, G.; et al. Potential applications of nanocellulose-containing materials in the biomedical field.
Materials 2017, 10, 977. [CrossRef] [PubMed]

19. Wang, X.; Chen, Y.; Schmidt, O.G.; Yan, C. Engineered nanomembranes for smart energy storage devices.
Chem. Soc. Rev. 2016, 45, 1308–1330. [CrossRef] [PubMed]

20. Nirmale, T.; Kale, B.; Varma, A. A review on cellulose and lignin based binders and electrodes: Small steps
towards a sustainable lithium ion battery. Int. J. Biol. Macromol. 2017, 103, 1032–1043. [CrossRef] [PubMed]

21. Habibi, Y.; Lucia, L.A.; Rojas, O.J. Cellulose nanocrystals: Chemistry, self-assembly, and applications.
Chem. Rev. 2010, 110, 3479–3500. [CrossRef] [PubMed]

22. Zhang, Y.; Nypelö, T.; Salas, C.; Arboleda, J.; Hoeger, I.C.; Rojas, O.J. Cellulose nanofibrils: From strong
materials to bioactive surfaces. J. Renew. Mater. 2013, 1, 195–211. [CrossRef]

23. Samir, A.; Alloin, F.; Dufresne, A. Review of recent research into cellulosic whiskers, their properties and
their application in nanocomposite field. Biomacromolecules 2005, 6, 612–626. [CrossRef] [PubMed]

24. Sjöström, E. Wood Chemistry: Fundamentals and Applications, 2nd ed.; Academic Press: San Diego, CA, USA, 2013.
25. Pizzi, A.; Eaton, N. The structure of cellulose by conformational analysis. 2. The cellulose polymer chain.

J. Macromol. Sci. A 1985, 22, 105–137. [CrossRef]
26. Okahisa, Y.; Yoshida, A.; Miyaguchi, S.; Yano, H. Optically transparent wood–cellulose nanocomposite as a

base substrate for flexible organic light-emitting diode displays. Compos. Sci. Technol. 2009, 69, 1958–1961.
[CrossRef]

27. Markstedt, K.; Mantas, A.; Tournier, I.; Martínez Ávila, H.; Hägg, D.; Gatenholm, P. 3D bioprinting
human chondrocytes with nanocellulose–alginate bioink for cartilage tissue engineering applications.
Biomacromolecules 2015, 16, 1489–1496. [CrossRef] [PubMed]

28. Hoeng, F.; Denneulin, A.; Bras, J. Use of nanocellulose in printed electronics: A review. Nanoscale 2016,
8, 13131–13154. [CrossRef] [PubMed]

29. Turbak, A.; Snyder, F.; Sandberg, K. Microfibrillated cellulose, a new cellulose product: Properties, uses, and
commercial potential. J. Appl. Polym. Sci. 1983, 37, 815–827.

30. Zhu, H.; Luo, W.; Ciesielski, P.N.; Fang, Z.; Zhu, J.Y.; Henriksson, G.; Himmel, M.E.; Hu, L. Wood-derived
materials for green electronics, biological devices, and energy applications. Chem. Rev. 2016, 116, 9305–9374.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10853-009-3874-0
http://dx.doi.org/10.15376/biores.10.3.Hubbe
http://dx.doi.org/10.1163/156856108X295509
http://dx.doi.org/10.15376/biores.13.1.Hubbe
http://dx.doi.org/10.15376/biores.12.2.4093-4110
http://dx.doi.org/10.7569/JRM.2016.634103
http://dx.doi.org/10.1039/C4EN00059E
http://dx.doi.org/10.3390/ma10080977
http://www.ncbi.nlm.nih.gov/pubmed/28825682
http://dx.doi.org/10.1039/C5CS00708A
http://www.ncbi.nlm.nih.gov/pubmed/26691394
http://dx.doi.org/10.1016/j.ijbiomac.2017.05.155
http://www.ncbi.nlm.nih.gov/pubmed/28554795
http://dx.doi.org/10.1021/cr900339w
http://www.ncbi.nlm.nih.gov/pubmed/20201500
http://dx.doi.org/10.7569/JRM.2013.634115
http://dx.doi.org/10.1021/bm0493685
http://www.ncbi.nlm.nih.gov/pubmed/15762621
http://dx.doi.org/10.1080/00222338508063300
http://dx.doi.org/10.1016/j.compscitech.2009.04.017
http://dx.doi.org/10.1021/acs.biomac.5b00188
http://www.ncbi.nlm.nih.gov/pubmed/25806996
http://dx.doi.org/10.1039/C6NR03054H
http://www.ncbi.nlm.nih.gov/pubmed/27346635
http://dx.doi.org/10.1021/acs.chemrev.6b00225
http://www.ncbi.nlm.nih.gov/pubmed/27459699


Molecules 2018, 23, 2684 18 of 24

31. Tayeb, A.H.; Hubbe, M.A.; Tayeb, P.; Pal, L.; Rojas, O.J. Soy proteins as a sustainable solution to strengthen
recycled paper and reduce deposition of hydrophobic contaminants in papermaking: A bench and pilot-plant
study. ACS Sustain. Chem. Eng. 2017, 5, 7211–7219. [CrossRef]

32. Takács, E.; Wojnárovits, L.; Földváry, C.; Hargittai, P.; Borsa, J.; Sajó, I. Effect of combined γ-irradiation and
alkali treatment on cotton–cellulose. Radiat. Phys. Chem. 2000, 57, 399–403. [CrossRef]

33. Lv, D.; Xu, M.; Liu, X.; Zhan, Z.; Li, Z.; Yao, H. Effect of cellulose, lignin, alkali and alkaline earth metallic
species on biomass pyrolysis and gasification. Fuel Process. Technol. 2010, 91, 903–909. [CrossRef]

34. Saito, T.; Isogai, A. TEMPO-mediated oxidation of native cellulose. The effect of oxidation conditions
on chemical and crystal structures of the water-insoluble fractions. Biomacromolecules 2004, 5, 1983–1989.
[CrossRef] [PubMed]

35. Zhu, W.; Zhu, J.; Gleisner, R.; Pan, X. On energy consumption for size-reduction and yields from subsequent
enzymatic saccharification of pretreated lodgepole pine. Bioresour. Technol. 2010, 101, 2782–2792. [CrossRef]
[PubMed]

36. Henriksson, M.; Henriksson, G.; Berglund, L.; Lindströ, T. An environmentally friendly method for
enzyme-assisted preparation of microfibrillated cellulose (MFC) nanofibers. Eur. Polym. J. 2007, 43, 3434–3441.
[CrossRef]

37. Hayashi, N.; Kondo, T.; Ishihara, M. Enzymatically produced nano-ordered short elements containing
cellulose Iβ crystalline domains. Carbohydr. Polym. 2005, 61, 191–197. [CrossRef]

38. Fang, Z.; Zhu, H.; Preston, C.; Hu, L. Development, application and commercialization of transparent paper.
Transl. Mater. Res. 2014, 1, 1–18. [CrossRef]

39. Kang, W.; Yan, C.; Foo, C.Y.; Lee, P.S. Foldable electrochromics enabled by nanopaper transfer method.
Adv. Funct. Mater. 2015, 25, 4203–4210. [CrossRef]

40. Kang, W.; Lin, M.-F.; Chen, J.; Lee, P.S. Highly transparent conducting nanopaper for solid state foldable
electrochromic devices. Small 2016, 12, 6370–6377. [CrossRef] [PubMed]

41. Fukuzumi, H.; Saito, T.; Iwata, T.; Kumamoto, Y.; Isogai, A. Transparent and high gas barrier films of cellulose
nanofibers prepared by TEMPO-mediated oxidation. Biomacromolecules 2009, 10, 162–165. [CrossRef] [PubMed]

42. Taniguchi, T.; Okamura, K. New films produced from microfibrillated natural fibres. Polym. Int. 1998,
47, 291–294. [CrossRef]

43. Mörseburg, K.; Chinga, G. Assessing the combined benefits of clay and nanofibrillated cellulose in layered
TMP-based sheets. Cellulose 2009, 16, 795–806. [CrossRef]

44. Bai, W.; Holbery, J.; Li, K. A technique for production of nanocrystalline cellulose with a narrow size
distribution. Cellulose 2009, 16, 455–465. [CrossRef]

45. Beck-Candanedo, S.; Roman, M.; Gray, D.G. Effect of reaction conditions on the properties and behavior of
wood cellulose nanocrystal suspensions. Biomacromolecules 2005, 6, 1048–1054. [CrossRef] [PubMed]

46. Garcia de Rodriguez, N.; Thielemans, W.; Dufresne, A. Sisal cellulose whiskers reinforced polyvinyl acetate
nanocomposites. Cellulose 2006, 13, 261–270. [CrossRef]

47. Atalla, R.; Brady, J.; Matthews, J.; Ding, S.-Y.; Himmel, M. Structures of plant cell wall celluloses. In Biomass
Recalcitrance; Blackwell Publishing Ltd.: Oxford, UK, 2009; pp. 188–212.

48. Bras, J.; Viet, D.; Bruzzese, C.; Dufresne, A. Correlation between stiffness of sheets prepared from cellulose
whiskers and nanoparticles dimensions. Carbohydr. Polym. 2011, 84, 211–215. [CrossRef]

49. Habibi, Y.; Goffin, A.-L.; Schiltz, N.; Duquesne, E.; Dubois, P.; Dufresne, A. Bionanocomposites based on
poly(ε-caprolactone)-grafted cellulose nanocrystals by ring-opening polymerization. J. Mater. Chem. 2008,
18, 5002–5010. [CrossRef]

50. Dufresne, A.; Cavaill, J.-Y.; Vignon, M.R. Mechanical behavior of sheets prepared from sugar beet cellulose
microfibrils. J. Appl. Polym. Sci. 1997, 64, 1185–1194. [CrossRef]

51. Roman, M.; Winter, W.T. Articles effect of sulfate groups from sulfuric acid hydrolysis on the thermal
degradation behavior of bacterial cellulose. Biomacromolecules 2004, 5, 1671–1677. [CrossRef] [PubMed]

52. Yu, H.; Qin, Z.; Liang, B.; Liu, N.; Zhou, Z.; Chen, L. Facile extraction of thermally stable cellulose nanocrystals
with a high yield of 93% through hydrochloric acid hydrolysis under hydrothermal conditions. J. Mater.
Chem. A 2013, 1, 3938. [CrossRef]

53. Araki, J.; Wada, M.; Shigenori, K.; Takeshi, O. Birefringent glassy phase of a cellulose microcrystal suspension.
Langmuir 2000, 16, 2413–2415. [CrossRef]

http://dx.doi.org/10.1021/acssuschemeng.7b01425
http://dx.doi.org/10.1016/S0969-806X(99)00409-0
http://dx.doi.org/10.1016/j.fuproc.2009.09.014
http://dx.doi.org/10.1021/bm0497769
http://www.ncbi.nlm.nih.gov/pubmed/15360314
http://dx.doi.org/10.1016/j.biortech.2009.10.076
http://www.ncbi.nlm.nih.gov/pubmed/20006490
http://dx.doi.org/10.1016/j.eurpolymj.2007.05.038
http://dx.doi.org/10.1016/j.carbpol.2005.04.018
http://dx.doi.org/10.1088/2053-1613/1/1/015004
http://dx.doi.org/10.1002/adfm.201500527
http://dx.doi.org/10.1002/smll.201600979
http://www.ncbi.nlm.nih.gov/pubmed/27689677
http://dx.doi.org/10.1021/bm801065u
http://www.ncbi.nlm.nih.gov/pubmed/19055320
http://dx.doi.org/10.1002/(SICI)1097-0126(199811)47:3&lt;291::AID-PI11&gt;3.0.CO;2-1
http://dx.doi.org/10.1007/s10570-009-9290-4
http://dx.doi.org/10.1007/s10570-009-9277-1
http://dx.doi.org/10.1021/bm049300p
http://www.ncbi.nlm.nih.gov/pubmed/15762677
http://dx.doi.org/10.1007/s10570-005-9039-7
http://dx.doi.org/10.1016/j.carbpol.2010.11.022
http://dx.doi.org/10.1039/b809212e
http://dx.doi.org/10.1002/(SICI)1097-4628(19970509)64:6&lt;1185::AID-APP19&gt;3.0.CO;2-V
http://dx.doi.org/10.1021/bm034519+
http://www.ncbi.nlm.nih.gov/pubmed/15360274
http://dx.doi.org/10.1039/c3ta01150j
http://dx.doi.org/10.1021/la9911180


Molecules 2018, 23, 2684 19 of 24

54. Douglass, E.; Avci, H.; Boy, R.; Rojas, O.J.; Kotek, R. A review of cellulose and cellulose blends for preparation
of bio-derived and conventional membranes, nanostructured thin films, and composites. Polym. Rev. 2018,
58, 102–163. [CrossRef]

55. Gaspar, D.; Fernandes, S.; de Oliveira, A.; Fernandes, J.; Grey, P.; Pontes, R.; Pereira, L.; Martins, R.;
Godinho, M.; Fortunato, E. Nanocrystalline cellulose applied simultaneously as the gate dielectric and the
substrate in flexible field effect transistors. Nanotechnology 2014, 25, 1–11. [CrossRef] [PubMed]

56. Giese, M.; Blusch, L.; Khan, M.; MacLachlan, M. Functional materials from cellulose-derived liquid-crystal
templates. Angew. Chemie Int. Ed. 2015, 54, 2888–2910. [CrossRef] [PubMed]

57. De Souza Lima, M.M.; Borsali, R. Rodlike cellulose microcrystals: Structure, properties, and applications.
Macromol. Rapid Commun. 2004, 25, 771–787. [CrossRef]

58. Šturcová, A.; Davies, G.R.; Stephen, J. Eichhorn elastic modulus and stress-transfer properties of tunicate
cellulose whiskers. Biomacromolecules 2005, 6, 1055–1061. [CrossRef] [PubMed]

59. Bollström, R.; Määttänen, A.; Tobjörk, D.; Ihalainen, P.; Kaihovirta, N.; Österbacka, R.; Peltonen, J.;
Toivakka, M. A multilayer coated fiber-based substrate suitable for printed functionality. Org. Electron. 2009,
10, 1020–1023. [CrossRef]

60. Dufresne, A. Polymer nanocomposites reinforced with polysaccharide nanocrystals. Int. J. Nanotechnol. 2011,
8, 795–805. [CrossRef]

61. Dufresne, A. Comparing the mechanical properties of high performances polymer nanocomposites from
biological sources. J. Nanosci. Nanotechnol. 2006, 6, 322–330. [CrossRef] [PubMed]

62. Iguchi, M.; Yamanaka, S.; Budhiono, A. Bacterial cellulose—A masterpiece of nature’s arts. J. Mater. Sci. 2000,
35, 261–270. [CrossRef]

63. Yano, H.; Sugiyama, J.; Nakagaito, A.; Nogi, M.; Matsuura, T.; Hikita, M.; Handa, K. Optically transparent
composites reinforced with networks of bacterial nanofibers. Adv. Mater. 2005, 17, 153–155. [CrossRef]

64. Wu, C.-N.; Cheng, K.-C. Strong, thermal-stable, flexible, and transparent films by self-assembled
TEMPO-oxidized bacterial cellulose nanofibers. Cellulose 2017, 24, 269–283. [CrossRef]

65. Shi, Z.; Zhang, Y.; Phillips, G.O.; Yang, G. Utilization of bacterial cellulose in food. Food Hydrocoll. 2014,
35, 539–545. [CrossRef]

66. Huang, Y.; Zhu, C.; Yang, J.; Nie, Y.; Chen, C.; Sun, D. Recent advances in bacterial cellulose. Cellulose 2014,
21, 1–30. [CrossRef]

67. Tokoh, C.; Takabe, K.; Fujita, M.; Saiki, H. Cellulose synthesized by acetobacter xylinum in the presence of
acetyl glucomannan. Cellulose 1998, 5, 249–261. [CrossRef]

68. Castro, C.; Zuluaga, R.; Putaux, J.-L.; Caro, G.; Mondragon, I.; Gañán, P. Structural characterization of
bacterial cellulose produced by Gluconacetobacter swingsii sp. from Colombian agroindustrial wastes.
Carbohydr. Polym. 2011, 84, 96–102. [CrossRef]

69. Czaja, W.; Romanovicz, D.; Brown, R. Structural investigations of microbial cellulose produced in stationary
and agitated culture. Cellulose 2004, 11, 403–411. [CrossRef]

70. Ganesh, G.; Wankei, W.; Jeffrey, L. Hutter measurement of the elastic modulus of single bacterial cellulose
fibers using atomic force microscopy. Langmuir 2005, 21, 6642–6646.

71. Mohanty, A.; Misra, M.; Hinrichsen, G. Biofibres, biodegradable polymers and biocomposites: An overview.
Macromol. Mater. Eng. 2000, 276–277, 1–24. [CrossRef]

72. Barud, H.; Barrios, C.; Regiani, T.; Marques, R.; Verelst, M.; Dexpert-Ghys, J.; Messaddeq, Y.; Ribeiro, S.J.
Self-supported silver nanoparticles containing bacterial cellulose membranes. Mater. Sci. Eng. C 2008,
28, 515–518. [CrossRef]

73. Nogi, M.; Yano, H. Transparent nanocomposites based on cellulose produced by bacteria offer potential
innovation in the electronics device industry. Adv. Mater. 2008, 20, 1849–1852. [CrossRef]

74. Nakagaito, A.; Iwamoto, S.; Yano, H. Bacterial cellulose: The ultimate nano-scalar cellulose morphology for
the production of high-strength composites. Appl. Phys. A 2005, 80, 93–97. [CrossRef]

75. Maeda, H.; Nakajima, M.; Hagiwara, T.; Sawaguchi, T.; Yano, S. Bacterial cellulose/silica hybrid fabricated
by mimicking biocomposites. J. Mater. Sci. 2006, 41, 5646–5656. [CrossRef]

76. Juntaro, J.; Pommet, M.; Mantalaris, A.; Shaffer, M.; Bismarck, A. Nanocellulose enhanced interfaces in truly
green unidirectional fibre reinforced composites. Compos. Interfaces 2007, 14, 753–762. [CrossRef]

77. Fortea-Verdejo, M.; Lee, K.; Bismarck, A. Matrix—Free All Cellulose Composites. In Proceedings of the 16th
European Conference on Composite Materials, Seville, Spain, 22–26 June 2014.

http://dx.doi.org/10.1080/15583724.2016.1269124
http://dx.doi.org/10.1088/0957-4484/25/9/094008
http://www.ncbi.nlm.nih.gov/pubmed/24522012
http://dx.doi.org/10.1002/anie.201407141
http://www.ncbi.nlm.nih.gov/pubmed/25521805
http://dx.doi.org/10.1002/marc.200300268
http://dx.doi.org/10.1021/bm049291k
http://www.ncbi.nlm.nih.gov/pubmed/15762678
http://dx.doi.org/10.1016/j.orgel.2009.04.014
http://dx.doi.org/10.1504/IJNT.2011.044425
http://dx.doi.org/10.1166/jnn.2006.906
http://www.ncbi.nlm.nih.gov/pubmed/16573028
http://dx.doi.org/10.1023/A:1004775229149
http://dx.doi.org/10.1002/adma.200400597
http://dx.doi.org/10.1007/s10570-016-1114-8
http://dx.doi.org/10.1016/j.foodhyd.2013.07.012
http://dx.doi.org/10.1007/s10570-013-0088-z
http://dx.doi.org/10.1023/A:1009211927183
http://dx.doi.org/10.1016/j.carbpol.2010.10.072
http://dx.doi.org/10.1023/B:CELL.0000046412.11983.61
http://dx.doi.org/10.1002/(SICI)1439-2054(20000301)276:1&lt;1::AID-MAME1&gt;3.0.CO;2-W
http://dx.doi.org/10.1016/j.msec.2007.05.001
http://dx.doi.org/10.1002/adma.200702559
http://dx.doi.org/10.1007/s00339-004-2932-3
http://dx.doi.org/10.1007/s10853-006-0297-z
http://dx.doi.org/10.1163/156855407782106573


Molecules 2018, 23, 2684 20 of 24

78. Dutta, S.; Kim, J.; Ide, Y.; Ho Kim, J.; Hossain, M.S.A.; Bando, Y.; Yamauchi, Y.; Wu, K.C.-W. 3D network of
cellulose-based energy storage devices and related emerging applications. Mater. Horiz. 2017, 4, 522–545. [CrossRef]

79. Aulin, C.; Ström, G. Multilayered alkyd resin/nanocellulose coatings for use in renewable packaging
solutions with a high level of moisture resistance. Ind. Eng. Chem. Res. 2013, 52, 2582–2589. [CrossRef]

80. Martínez-Sanz, M.; Lopez-Rubio, A.; Lagaron, J.M. High-barrier coated bacterial cellulose nanowhiskers
films with reduced moisture sensitivity. Carbohydr. Polym. 2013, 98, 1072–1082. [CrossRef] [PubMed]

81. Herrera, M.A.; Mathew, A.P.; Oksman, K. Gas permeability and selectivity of cellulose nanocrystals films
(layers) deposited by spin coating. Carbohydr. Polym. 2014, 112, 494–501. [CrossRef] [PubMed]

82. Gicquel, E.; Martin, C.; Garrido Yanez, J.; Bras, J. Cellulose nanocrystals as new bio-based coating layer for
improving fiber-based mechanical and barrier properties. J. Mater. Sci. 2017, 52, 3048–3061. [CrossRef]

83. Liu, A.; Walther, A.; Ikkala, O.; Belova, L.; Berglund, L. Clay nanopaper with tough cellulose nanofiber matrix
for fire retardancy and gas barrier functions. Biomacromolecules 2011, 12, 633–641. [CrossRef] [PubMed]

84. Spence, K.; Venditti, R.A.; Rojas, O.J.; Pawlak, J.J.; Hubbe, M.A. Water vapor barrier properties of coated and
filled microfibrillated cellulose composite films. BioResources 2011, 6, 4370–4388.

85. Vähä-Nissi, M.; Koivula, H.M.; Räisänen, H.M.; Vartiainen, J.; Ragni, P.; Kenttä, E.; Kaljunen, T.; Malm, T.;
Minkkinen, H.; Harlin, A. Cellulose nanofibrils in biobased multilayer films for food packaging. J. Appl.
Polym. Sci. 2017, 134, 1–8. [CrossRef]

86. Lavoine, N.; Desloges, I.; Khelifi, B.; Bras, J. Impact of different coating processes of microfibrillated cellulose
on the mechanical and barrier properties of paper. J. Mater. Sci. 2014, 49, 2879–2893. [CrossRef]

87. Mazhari Mousavi, S.M.; Afra, E.; Tajvidi, M.; Bousfield, D.W.; Dehghani-Firouzabadi, M. Cellulose
nanofiber/carboxymethyl cellulose blends as an efficient coating to improve the structure and barrier
properties of paperboard. Cellulose 2017, 24, 3001–3014. [CrossRef]

88. Kinnunen, K.; Hjelt, T.; Kenttä, E.; Forsström, U. Thin coatings for paper by foam coating. Tappi J. 2014,
13, 9–19.

89. Mousavi, M.; Afra, E.; Tajvidi, M.; Bousfield, D.; Dehghani, M. Application of cellulose nanofibril (CNF) as
coating on paperboard at moderate solids content and high coating speed using blade coater. Prog. Org. Coat.
2018, 122, 207–218. [CrossRef]

90. Nygårds, S. Nanocellulose in Pigment Coatings: Aspects of Barrier Properties and Printability in Offset.
Master’s Thesis, Linköping University, Stockholm, Sweden, June 2011.

91. Hamada, H.; Bousfield, D. Nanofibrillated cellulose as a coating agent to improve print quality of synthetic
fiber sheets. Tappi J. 2010, 9, 25–29.

92. Syverud, K.; Stenius, P. Strength and barrier properties of MFC films. Cellulose 2009, 16, 75–85. [CrossRef]
93. Jabbour, L.; Gerbaldi, C.; Chaussy, D.; Zeno, E.; Bodoardo, S.; Beneventi, D. Microfibrillated

cellulose–graphite nanocomposites for highly flexible paper-like Li-ion battery electrodes. J. Mater. Chem.
2010, 20, 7344. [CrossRef]

94. Dimic-Misic, K.; Salo, T.; Paltakari, J. Comparing the rheological properties of novel nanofibrillar
cellulose-formulated pigment coating colours with those using traditional thickener. Nord. Pulp Pap. Res.
2014, 29, 253–270. [CrossRef]

95. Haavisto, S.; Liukkonen, J.; Jäsberg, A.; Koponen, A.; Lille, M.; Salmela, J. Laboratory-Scale Pipe Rheometry:
A Study of a Microfibrillated Cellulose Suspension. In Proceedings of the Paper Conference and Trade Show
2011, Covington, Kentucky, 1–4 May 2011.

96. Tayeb, A.H.; Latibari, A.J.; Tajdini, A.; Sepidehdam, S.M.J. The influence of pulp refining on de-inking
potential and strength properties of ink jet printed paper. BioResources 2012, 7, 3837–3846.

97. Pizzi, A.; Mittal, K.; Dekker, M.; New, E.; Basel, Y. Handbook of A Dhesive Technology, 2nd ed.; Taylor & Francis
Group: New York, NY, USA, 2003.

98. Baldan, A. Adhesion phenomena in bonded joints. Int. J. Adhes. Adhes. 2012, 38, 95–116. [CrossRef]
99. Wang, S.; Jiang, L. Definition of Superhydrophobic States. Adv. Mater. 2007, 19, 3423–3424. [CrossRef]
100. Balu, B.; Berry, A.D.; Hess, D.; Breedveld, V. Patterning of superhydrophobic paper to control the mobility of

micro-liter drops for two-dimensional lab-on-paper applications. Lab Chip 2009, 9, 3066–3075. [CrossRef]
[PubMed]

101. Balu, B.; Kim, J.S.; Breedveld, V.; Hess, D.W. Tunability of the adhesion of water drops on a superhydrophobic
paper surface via selective plasma etching. J. Adhes. Sci. Technol. 2009, 23, 361–380. [CrossRef]

http://dx.doi.org/10.1039/C6MH00500D
http://dx.doi.org/10.1021/ie301785a
http://dx.doi.org/10.1016/j.carbpol.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23987449
http://dx.doi.org/10.1016/j.carbpol.2014.06.036
http://www.ncbi.nlm.nih.gov/pubmed/25129773
http://dx.doi.org/10.1007/s10853-016-0589-x
http://dx.doi.org/10.1021/bm101296z
http://www.ncbi.nlm.nih.gov/pubmed/21291221
http://dx.doi.org/10.1002/app.44830
http://dx.doi.org/10.1007/s10853-013-7995-0
http://dx.doi.org/10.1007/s10570-017-1299-5
http://dx.doi.org/10.1016/j.porgcoat.2018.05.024
http://dx.doi.org/10.1007/s10570-008-9244-2
http://dx.doi.org/10.1039/c0jm01219j
http://dx.doi.org/10.3183/NPPRJ-2014-29-02-p253-270
http://dx.doi.org/10.1016/j.ijadhadh.2012.04.007
http://dx.doi.org/10.1002/adma.200700934
http://dx.doi.org/10.1039/b909868b
http://www.ncbi.nlm.nih.gov/pubmed/19823721
http://dx.doi.org/10.1163/156856108X383547


Molecules 2018, 23, 2684 21 of 24

102. Balamurali, B.; Breedveld, V.; Hess, D.W. Fabrication of “roll-off” and “sticky” superhydrophobic cellulose
surfaces via plasma processing. Langmuir 2008, 24, 4785–4790.

103. Barona, D.; Amirfazli, A. Producing a superhydrophobic paper and altering its repellency through ink-jet
printing. Lab Chip 2011, 11, 936–940. [CrossRef] [PubMed]

104. Baidya, A.; Ganayee, M.A.; Jakka Ravindran, S.; Tam, K.C.; Das, S.K.; Ras, R.H.A.; Pradeep, T. Organic
solvent-free fabrication of durable and multifunctional superhydrophobic paper from waterborne fluorinated
cellulose nanofiber building blocks. ACS Nano 2017, 11, 11091–11099. [CrossRef] [PubMed]

105. Huang, L.; Chen, K.; Lin, C.; Yang, R.; Gerhardt, R. Fabrication and characterization of superhydrophobic
high opacity paper with titanium dioxide nanoparticles. J. Mater. Sci. 2011, 46, 2600–2605. [CrossRef]

106. Quan, C.; Werner, O.; Wågberg, L.; Turner, C. Generation of superhydrophobic paper surfaces by a rapidly
expanding supercritical carbon dioxide–alkyl ketene dimer solution. J. Supercrit. Fluids 2009, 49, 117–124. [CrossRef]

107. Onda, T.; Shibuichi, S.; Satoh, N.; Tsujii, K. Super-water-repellent fractal surfaces. Langmuir 1996,
12, 2125–2127. [CrossRef]

108. Hu, Z.; Zen, X.; Gong, J.; Deng, Y. Water resistance improvement of paper by superhydrophobic modification
with microsized CaCO3 and fatty acid coating. Colloids Surf. A Physicochem. Eng. Asp. 2009, 351, 65–70. [CrossRef]

109. Arbatan, T.; Fang, X.; Shen, W. Superhydrophobic and oleophilic calcium carbonate powder as a selective oil
sorbent with potential use in oil spill clean-ups. Chem. Eng. J. 2011, 166, 787–791. [CrossRef]

110. Arbatan, T.; Zhang, L.; Fang, X.-Y.; Shen, W. Cellulose nanofibers as binder for fabrication of
superhydrophobic paper. Chem. Eng. J. 2012, 210, 74–79. [CrossRef]

111. Song, J.; Rojas, R. Approaching super-hydrophobicity from cellulosic materials: A review. Nord. Pulp Pap.
Res. J. 2013, 28, 216–238. [CrossRef]

112. Jeong, S.S.; Böckenfeld, N.; Balducci, A.; Winter, M.; Passerini, S. Natural cellulose as binder for lithium
battery electrodes. J. Power Sources 2012, 199, 331–335. [CrossRef]

113. Mancini, M.; Nobili, F.; Tossici, R.; Marassi, R. Study of the electrochemical behavior at low temperatures of
green anodes for Lithium ion batteries prepared with anatase TiO2 and water soluble sodium carboxymethyl
cellulose binder. Electrochim. Acta 2012, 85, 566–571. [CrossRef]

114. Lü, X.; Yang, W.; Quan, Z.; Lin, T.; Bai, L.; Wang, L.; Huang, F.; Zhao, Y. Enhanced electron transport in
nb-doped tio2 nanoparticles via pressure-induced phase transitions. J. Am. Chem. Soc. 2014, 136, 419–426.
[CrossRef] [PubMed]

115. Lee, B.-R.; Oh, E.-S. Effect of molecular weight and degree of substitution of a sodium-carboxymethyl
cellulose binder on Li4Ti5O12 anodic performance. J. Phys. Chem. C 2013, 117, 4404–4409. [CrossRef]

116. Kamel, S. Nanotechnology and its applications in lignocellulosic composites, a mini review.
Express Polym. Lett. 2007, 1, 546–575. [CrossRef]

117. Sabo, R.; Yermakov, A.; Law, C.T.; Elhajjar, R. Nanocellulose-enabled electronics, energy harvesting devices,
smart materials and sensors: A review. J. Renew. Mater. 2016, 4, 297–312. [CrossRef]

118. Nyström, G.; Mihranyan, A.; Razaq, A.; Lindström, T.; Nyholm, L.; Strømme, M. A Nanocellulose polypyrrole
composite based on microfibrillated cellulose from wood. J. Phys. Chem. B 2010, 114, 4178–4182.

119. Nyström, G.; Razaq, A.; Strømme, M.; Nyholm, L.; Mihranyan, A. Ultrafast all-polymer paper-based batteries.
Nano Lett. 2009, 9, 3635–3639.

120. Zolin, L.; Destro, M.; Curtil, D.; Chaussy, D.; Penazzi, N.; Beneventi, D.; Gerbaldi, C. Flexible cellulose-based
electrodes: Towards eco-friendly all-paper batteries. Chem. Eng. Trans. 2014, 41, 361–366.

121. Leijonmarck, S.; Cornell, A.; Lindbergh, G.; Wågberg, L. Single-paper flexible Li-ion battery cells through a
paper-making process based on nano-fibrillated cellulose. J. Mater. Chem. A 2013, 1, 4671–4677. [CrossRef]

122. Jabbour, L.; Destro, M.; Chaussy, D.; Gerbaldi, C.; Penazzi, N.; Bodoardo, S.; Beneventi, D. Flexible
cellulose/LiFePO4 paper-cathodes: Toward eco-friendly all-paper Li-ion batteries. Cellulose 2013, 20, 571–582.
[CrossRef]

123. Wang, Z.; Xu, C.; Tammela, P.; Huo, J.; Strømme, M.; Edström, K.; Gustafsson, T.; Nyholm, L. Flexible
freestanding Cladophora nanocellulose paper based Si anodes for lithium-ion batteries. J. Mater. Chem. A
2015, 3, 14109–14115. [CrossRef]

124. Scheirs, J.; Camino, G.; Tumiatti, W. Overview of water evolution during the thermal degradation of cellulose.
Eur. Polym. J. 2001, 37, 933–942. [CrossRef]

125. Hatakeyama, T.; Nakamura, K.; Hatakeyama, H. Vaporization of bound water associated with cellulose
fibres. Thermochim. Acta 2000, 352–353, 233–239. [CrossRef]

http://dx.doi.org/10.1039/c0lc00335b
http://www.ncbi.nlm.nih.gov/pubmed/21264426
http://dx.doi.org/10.1021/acsnano.7b05170
http://www.ncbi.nlm.nih.gov/pubmed/29059514
http://dx.doi.org/10.1007/s10853-010-5112-1
http://dx.doi.org/10.1016/j.supflu.2008.11.015
http://dx.doi.org/10.1021/la950418o
http://dx.doi.org/10.1016/j.colsurfa.2009.09.036
http://dx.doi.org/10.1016/j.cej.2010.11.015
http://dx.doi.org/10.1016/j.cej.2012.08.074
http://dx.doi.org/10.3183/NPPRJ-2013-28-02-p216-238
http://dx.doi.org/10.1016/j.jpowsour.2011.09.102
http://dx.doi.org/10.1016/j.electacta.2012.08.115
http://dx.doi.org/10.1021/ja410810w
http://www.ncbi.nlm.nih.gov/pubmed/24320708
http://dx.doi.org/10.1021/jp311678p
http://dx.doi.org/10.3144/expresspolymlett.2007.78
http://dx.doi.org/10.7569/JRM.2016.634114
http://dx.doi.org/10.1039/c3ta01532g
http://dx.doi.org/10.1007/s10570-012-9834-x
http://dx.doi.org/10.1039/C5TA02136G
http://dx.doi.org/10.1016/S0014-3057(00)00211-1
http://dx.doi.org/10.1016/S0040-6031(99)00471-2


Molecules 2018, 23, 2684 22 of 24

126. Chen, Z.; Christensen, L.; Dahn, J. Comparison of PVDF and PVDF-TFE-P as binders for electrode materials
showing large volume changes in lithium-ion batteries. J. Electrochem. Soc. 2003, 150, 1073–1078. [CrossRef]

127. Sasso, C.; Zeno, E.; Petit-Conil, M.; Chaussy, D.; Belgacem, M.N.; Tapin-Lingua, S.; Beneventi, D.
Highly conducting polypyrrole/cellulose nanocomposite films with enhanced mechanical properties.
Macromol. Mater. Eng. 2010, 295, 934–941. [CrossRef]

128. Lu, H.; Behm, M.; Leijonmarck, S.; Lindbergh, G.; Cornell, A. Flexible paper electrodes for li-ion batteries
using low amount of tempo-oxidized cellulose nanofibrils as binder. ACS Appl. Mater. Interfaces 2016,
8, 18097–18106. [CrossRef] [PubMed]

129. Varzi, A.; Balducci, A.; Passerini, S. Natural cellulose: A green alternative binder for high voltage
electrochemical double layer capacitors containing ionic liquid-based electrolytes. J. Electrochem. Soc.
2014, 161, A368–A375. [CrossRef]

130. Choi, H.; Yoon, H. Nanostructured electrode materials for electrochemical capacitor applications.
Nanomaterials 2015, 5, 906–936. [CrossRef] [PubMed]

131. Yu, D.; Qian, Q.; Wei, L.; Jiang, W.; Goh, K.; Wei, J.; Zhang, J.; Chen, Y. Emergence of fiber supercapacitors.
Chem. Soc. Rev. 2015, 44, 647–662. [CrossRef] [PubMed]

132. Yuan, L.; Xiao, X.; Ding, T.; Zhong, J.; Zhang, X.; Shen, Y.; Hu, B.; Huang, Y.; Zhou, J.; Wang, Z.L. Paper-based
supercapacitors for self-powered nanosystems. Angew. Chem. 2012, 124, 5018–5022. [CrossRef]

133. Pushparaj, V.L.; Shaijumon, M.M.; Kumar, A.; Murugesan, S.; Ci, L.; Vajtai, R.; Linhardt, R.J.; Nalamasu, O.;
Ajayan, P.M. Flexible energy storage devices based on nanocomposite paper. Proc. Natl. Acad. Sci. USA 2007,
104, 13574–13577. [CrossRef] [PubMed]

134. González, A.; Goikolea, E.; Barrena, J.A.; Mysyk, R. Review on supercapacitors: Technologies and materials.
Renew. Sustain. Energy Rev. 2016, 58, 1189–1206. [CrossRef]

135. Zhong, C.; Deng, Y.; Hu, W.; Qiao, J.; Zhang, L.; Zhang, J. A review of electrolyte materials and compositions
for electrochemical supercapacitors. Chem. Soc. Rev. 2015, 44, 7484–7539. [CrossRef] [PubMed]

136. Cong, H.-P.; Ren, X.-C.; Wang, P.; Yu, S.-H. Flexible graphene–polyaniline composite paper for
high-performance supercapacitor. Energy Environ. Sci. 2013, 6, 1185–1191. [CrossRef]

137. Frackowiak, E. Electrode Materials with Pseudocapacitive Properties. In Supercapacitors; Wiley-VCH Verlag
GmbH & Co. KGaA: Weinheim, Germany, 2013; pp. 207–237.

138. Zhang, X.; Lin, Z.; Chen, B.; Zhang, W.; Sharma, S.; Gu, W.; Deng, Y. Solid-state flexible polyaniline/silver
cellulose nanofibrils aerogel supercapacitors. J. Power Sources 2014, 246, 283–289. [CrossRef]

139. Liew, S.Y.; Thielemans, W.; Walsh, D.A. Electrochemical capacitance of nanocomposite polypyrrole/cellulose
films. J. Phys. Chem. C 2010, 114, 17926–17933. [CrossRef]

140. Andres, B.; Forsberg, S.; Dahlström, C.; Blomquist, N.; Olin, H. Enhanced electrical and mechanical properties
of nanographite electrodes for supercapacitors by addition of nanofibrillated cellulose. Phys. Status Solidi
2014, 251, 2581–2586. [CrossRef]

141. Thiemann, S.; Sachnov, S.J.; Pettersson, F.; Bollström, R.; Österbacka, R.; Wasserscheid, P.; Zaumseil, J.
Cellulose-based ionogels for paper electronics. Adv. Funct. Mater. 2014, 24, 625–634. [CrossRef]

142. Fornué, E.; Graham Allan, G.; Héctor, J.; González, G.; Saucedo, J. Fundamental aspects of adhesion between
cellulosic surfaces in contact—A review. O Pap. 2011, 72, 85–90.

143. Déléris, I.; Wallecan, J. Relationship between processing history and functionality recovery after rehydration
of dried cellulose-based suspensions: A critical review. Adv. Colloid Interface Sci. 2017, 246, 1–12. [CrossRef]
[PubMed]

144. Tayeb, A.H.; Hubbe, M.A.; Zhang, Y.; Rojas, O.J. Effect of lipoxygenase oxidation on surface deposition of
unsaturated fatty acids. Langmuir 2017, 33, 4559–4566. [CrossRef] [PubMed]

145. Eriksson, M.; Notley, S.; Wagberg, L. Cellulose thin films: Degree of cellulose ordering and its influence on
adhesion. Bionacromolecule 2007, 8, 912–919. [CrossRef] [PubMed]

146. Christensen, R.; Robitschek, P.; Stone, J. Formaldehyde emission from particleboard. Holz Roh Werkst. 1981,
39, 231–234. [CrossRef]

147. Reising, A.; Moon, R.; Youngblood, J. Effect of particle alignment on mechanical properties of neat cellulose
nanocrystal films. J. Sci. Technol. For. Prod. Process. 2012, 2, 32–41.

148. Joseleau, J.-P.; Chevalier-Billosta, V.; Ruel, K. Interaction between microfibrillar cellulose fines and fibers:
Influence on pulp qualities and paper sheet properties. Cellulose 2012, 19, 769–777. [CrossRef]

http://dx.doi.org/10.1149/1.1586922
http://dx.doi.org/10.1002/mame.201000148
http://dx.doi.org/10.1021/acsami.6b05016
http://www.ncbi.nlm.nih.gov/pubmed/27362635
http://dx.doi.org/10.1149/2.063403jes
http://dx.doi.org/10.3390/nano5020906
http://www.ncbi.nlm.nih.gov/pubmed/28347044
http://dx.doi.org/10.1039/C4CS00286E
http://www.ncbi.nlm.nih.gov/pubmed/25420877
http://dx.doi.org/10.1002/ange.201109142
http://dx.doi.org/10.1073/pnas.0706508104
http://www.ncbi.nlm.nih.gov/pubmed/17699622
http://dx.doi.org/10.1016/j.rser.2015.12.249
http://dx.doi.org/10.1039/C5CS00303B
http://www.ncbi.nlm.nih.gov/pubmed/26050756
http://dx.doi.org/10.1039/c2ee24203f
http://dx.doi.org/10.1016/j.jpowsour.2013.07.080
http://dx.doi.org/10.1021/jp103698p
http://dx.doi.org/10.1002/pssb.201451168
http://dx.doi.org/10.1002/adfm.201302026
http://dx.doi.org/10.1016/j.cis.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28688780
http://dx.doi.org/10.1021/acs.langmuir.7b00908
http://www.ncbi.nlm.nih.gov/pubmed/28410438
http://dx.doi.org/10.1021/bm061164w
http://www.ncbi.nlm.nih.gov/pubmed/17319721
http://dx.doi.org/10.1007/BF02606276
http://dx.doi.org/10.1007/s10570-012-9693-5


Molecules 2018, 23, 2684 23 of 24

149. Kojima, Y.; Isa, A.; Kobori, H.; Suzuki, S.; Ito, H.; Makise, R.; Okamoto, M. Evaluation of binding effects in
wood flour board containing ligno-cellulose nanofibers. Materials 2014, 6, 6853–6864. [CrossRef] [PubMed]

150. Kojima, Y.; Minamino, J.; Isa, A.; Suzuki, S.; Ito, H.; Makise, R.; Okamoto, M. Binding effect of cellulose
nanofibers in wood flour board. J. Wood Sci. 2013, 59, 396–401. [CrossRef]

151. Kojima, Y.; Ishino, A.; Kobori, H.; Suzuki, S.; Ito, H.; Makise, R.; Higuchi, I.; Okamoto, M. Reinforcement
of wood flour board containing ligno-cellulose nanofiber made from recycled wood. J. Wood Sci. 2015,
61, 492–499. [CrossRef]

152. Bilodeau, M.; Bousfield, D. Composite Building Products Bound with Cellulose Nanofibers. U.S. Patent
20150033983A1, 2 May 2015.

153. Hunt, J.F.; Leng, W.; Tajvidi, M. Vertical density profile and internal bond strength of wet-formed
particleboard bonded with cellulose nanofibrils. Wood Fiber Sci. 2017, 49, 1–11.

154. Leng, W.; Hunt, J.F.; Tajvidi, M. Effects of density, cellulose nanofibrils addition ratio, pressing method, and
particle size on the bending properties of wet-formed particleboard. BioResources 2017, 12, 4986–5000. [CrossRef]

155. Leng, W.; Hunt, J.; Tajvidi, M. Screw and nail withdrawal strength and water soak properties of wet-formed
cellulose nanofibrils bonded particleboard. BioResources 2017, 12, 7692–7710.

156. Horseman, T.; Tajvidi, M.; Diop, C.I.K.; Gardner, D.J. Preparation and property assessment of neat
lignocellulose nanofibrils (LCNF) and their composite films. Cellulose 2017, 24, 2455–2468. [CrossRef]

157. Diop, C.; Tajvidi, M.; Bilodeau, M.A.; Bousfield, D.W.; Hunt, J.F. Isolation of lignocellulose nanofibrils
(LCNF) and application as adhesive replacement in wood composites: Example of fiberboard. Cellulose 2017,
24, 3037–3050. [CrossRef]

158. Diop, C.I.K.; Tajvidi, M.; Bilodeau, M.A.; Bousfield, D.W.; Hunt, J.F. Evaluation of the incorporation
of lignocellulose nanofibrils as sustainable adhesive replacement in medium density fiberboards.
Ind. Crops Prod. 2017, 109, 27–36. [CrossRef]

159. Veigel, S.; Rathke, J.; Weigl, M.; Gindl-Altmutter, W. Particle board and oriented strand board prepared with
nanocellulose-reinforced adhesive. J. Nanomater. 2012, 2012, 1–8. [CrossRef]

160. Cui, J.; Lu, X.; Zhou, X.; Chrusciel, L.; Deng, Y.; Zhou, H.; Zhu, S.; Brosse, N. Enhancement of mechanical
strength of particleboard using environmentally friendly pine (Pinus pinaster L.) tannin adhesives with
cellulose nanofibers. Ann. For. Sci. 2015, 72, 27–32. [CrossRef]

161. Yousefi, N.; Tajvidi, M.; Bousfield, D.; Gardner, D. Production and characterization of laminates of paper and
cellulose nanofibrils. ACS Appl. Mater. Interfaces 2016, 8, 25520–25528. [CrossRef] [PubMed]

162. Ghasemi, S.; Tajvidi, M.; Bousfield, D.; Gardner, D.; Gramlich, W. Dry-spun neat cellulose nanofibril
filaments: Influence of drying temperature and nanofibril structure on filament properties. Polymers 2017,
9, 392. [CrossRef]

163. Pommet, M.; Juntaro, J.; Heng, J.Y.Y.; Mantalaris, A.; Lee, A.F.; Wilson, K.; Kalinka, G.; Shaffer, M.S.P.; Bismarck, A.
Surface modification of natural fibers using bacteria: Depositing bacterial cellulose onto natural fibers to create
hierarchical fiber reinforced nanocomposites. Biomacromolecules 2008, 9, 1643–1651. [CrossRef] [PubMed]

164. Fortea-Verdejo, M.; Lee, K.Y.; Zimmermann, T.; Bismarck, A. Upgrading flax nonwovens: Nanocellulose as binder
to produce rigid and robust flax fibre preforms. Compos. Part A Appl. Sci. Manuf. 2016, 83, 63–71. [CrossRef]

165. Lee, K.-Y.; Bharadia, P.; Blaker, J.J.; Bismarck, A. Short sisal fibre reinforced bacterial cellulose polylactide
nanocomposites using hairy sisal fibres as reinforcement. Compos. Part. A Appl. Sci. Manuf. 2012,
43, 2065–2074. [CrossRef]

166. Lee, K.Y.; Ho, K.K.; Schlufter, K.; Bismarck, A. Hierarchical composites reinforced with robust short sisal
fibre preforms utilising bacterial cellulose as binder. Compos. Sci. Technol. 2012, 72, 1479–1486. [CrossRef]

167. Li, W.; Guo, R.; Lan, Y.; Zhang, Y.; Xue, W.; Zhang, Y. Preparation and properties of cellulose nanocrystals
reinforced collagen composite films. J. Biomed. Mater. Res. Part A 2014, 102, 1131–1139. [CrossRef] [PubMed]

168. Mo, Y.; Guo, R.; Liu, J.; Lan, Y.; Zhang, Y.; Xue, W.; Zhang, Y. Preparation and properties of PLGA nanofiber
membranes reinforced with cellulose nanocrystals. Colloids Surf. B Biointerfaces 2015, 132, 177–184. [CrossRef]
[PubMed]

169. Guo, R.; Lan, Y.; Xue, W.; Cheng, B.; Zhang, Y.; Wang, C.; Ramakrishna, S. Collagen-cellulose nanocrystal
scaffolds containing curcumin-loaded microspheres on infected full-thickness burns repair. J. Tissue Eng.
Regen. Med. 2017, 11, 3544–3555. [CrossRef] [PubMed]

170. Khalid, A.; Khan, R.; Ul-Islam, M.; Khan, T.; Wahid, F. Bacterial cellulose-zinc oxide nanocomposites as a
novel dressing system for burn wounds. Carbohydr. Polym. 2017, 164, 214–221. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ma7096853
http://www.ncbi.nlm.nih.gov/pubmed/28788217
http://dx.doi.org/10.1007/s10086-013-1348-0
http://dx.doi.org/10.1007/s10086-015-1493-8
http://dx.doi.org/10.15376/biores.12.3.4986-5000
http://dx.doi.org/10.1007/s10570-017-1266-1
http://dx.doi.org/10.1007/s10570-017-1320-z
http://dx.doi.org/10.1016/j.indcrop.2017.08.004
http://dx.doi.org/10.1155/2012/158503
http://dx.doi.org/10.1007/s13595-014-0392-2
http://dx.doi.org/10.1021/acsami.6b07655
http://www.ncbi.nlm.nih.gov/pubmed/27588437
http://dx.doi.org/10.3390/polym9090392
http://dx.doi.org/10.1021/bm800169g
http://www.ncbi.nlm.nih.gov/pubmed/18491942
http://dx.doi.org/10.1016/j.compositesa.2015.11.021
http://dx.doi.org/10.1016/j.compositesa.2012.06.013
http://dx.doi.org/10.1016/j.compscitech.2012.06.014
http://dx.doi.org/10.1002/jbm.a.34792
http://www.ncbi.nlm.nih.gov/pubmed/23666851
http://dx.doi.org/10.1016/j.colsurfb.2015.05.029
http://www.ncbi.nlm.nih.gov/pubmed/26047881
http://dx.doi.org/10.1002/term.2272
http://www.ncbi.nlm.nih.gov/pubmed/28326684
http://dx.doi.org/10.1016/j.carbpol.2017.01.061
http://www.ncbi.nlm.nih.gov/pubmed/28325319


Molecules 2018, 23, 2684 24 of 24

171. Lundahl, M.J.; Cunha, A.G.; Rojo, E.; Rautkari, L.; Arboleda, J.C.; Rojas, O.J. Strength and water interactions of
cellulose I filaments wet-spun from cellulose nanofibril hydrogels. Sci. Rep. 2016, 6, 1–13. [CrossRef] [PubMed]

172. Ghasemi, S.; Tajvidi, M.; Bousfield, D.W.; Gardner, D.J. Reinforcement of natural fiber yarns by cellulose
nanomaterials: A multi-scale study. Ind. Crops Prod. 2018, 111, 471–481. [CrossRef]

173. Håkansson, K.M.O.; Fall, A.B.; Lundell, F.; Yu, S.; Krywka, C.; Roth, S.V.; Santoro, G.; Kvick, M.;
Prahl Wittberg, L.; Wågberg, L.; et al. Hydrodynamic alignment and assembly of nanofibrils resulting
in strong cellulose filaments. Nat. Commun. 2014, 5, 4018. [CrossRef] [PubMed]

174. Ghasemi, S.; Tajvidi, M.; Gardner, D.J.; Bousfield, D.W.; Shaler, S.M. Effect of wettability and surface free
energy of collection substrates on the structure and morphology of dry-spun cellulose nanofibril filaments.
Cellulose 2018, 1–13. [CrossRef]

175. Mertaniemi, H.; Escobedo-Lucea, C.; Sanz-Garcia, A.; Gandía, C.; Mäkitie, A.; Partanen, J.; Ikkala, O.;
Yliperttula, M. Human stem cell decorated nanocellulose threads for biomedical applications. Biomaterials
2016, 82, 208–220. [CrossRef] [PubMed]

176. Basu, A.; Lindh, J.; Ålander, E.; Strømme, M.; Ferraz, N. On the use of ion-crosslinked nanocellulose hydrogels
for wound healing solutions: Physicochemical properties and application-oriented biocompatibility studies.
Carbohydr. Polym. 2017, 174, 299–308. [CrossRef] [PubMed]

177. Hakkarainen, T.; Koivuniemi, R.; Kosonen, M.; Escobedo-Lucea, C.; Sanz-Garcia, A.; Vuola, J.; Valtonen, J.;
Tammela, P.; Mäkitie, A.; Luukko, K.; et al. Nanofibrillar cellulose wound dressing in skin graft donor site
treatment. J. Control. Release 2016, 244, 292–301. [CrossRef] [PubMed]

178. Saska, S.; Teixeira, L.N.; de Castro Raucci, L.M.S.; Scarel-Caminaga, R.M.; Franchi, L.P.; dos Santos, R.A.;
Santagneli, S.H.; Capela, M.V.; de Oliveira, P.T.; Takahashi, C.S.; et al. Nanocellulose-collagen-apatite
composite associated with osteogenic growth peptide for bone regeneration. Int. J. Biol. Macromol. 2017,
103, 467–476. [CrossRef] [PubMed]

179. De Windt, T.S.; Hendriks, J.A.A.; Zhao, X.; Vonk, L.A.; Creemers, L.B.; Dhert, W.J.A.; Randolph, M.A.;
Saris, D.B.F. Concise review: Unraveling stem cell cocultures in regenerative medicine: Which cell interactions
steer cartilage regeneration and how? Stem Cells Transl. Med. 2014, 3, 723–733. [CrossRef] [PubMed]

180. Nguyen, D.; Hägg, D.A.; Forsman, A.; Ekholm, J.; Nimkingratana, P.; Brantsing, C.; Kalogeropoulos, T.;
Zaunz, S.; Concaro, S.; Brittberg, M.; et al. Cartilage tissue engineering by the 3D bioprinting of iPS cells in a
nanocellulose/alginate bioink. Sci. Rep. 2017, 7, 1–10. [CrossRef] [PubMed]

181. Silva, R.M.; Pereira, F.V.; Mota, F.A.P.; Watanabe, E.; Soares, S.M.C.S.; Santos, M.H. Dental glass ionomer
cement reinforced by cellulose microfibers and cellulose nanocrystals. Mater. Sci. Eng. C 2016, 58, 389–395.
[CrossRef] [PubMed]

182. Bhandari, J.; Mishra, H.; Mishra, P.K.; Wimmer, R.; Ahmad, F.J.; Talegaonkar, S. Cellulose nanofiber aerogel as
a promising biomaterial for customized oral drug delivery. Int. J. Nanomed. 2017, 12, 2021–2031. [CrossRef]
[PubMed]

183. Meneguin, A.B.; Ferreira Cury, B.S.; dos Santos, A.M.; Franco, D.F.; Barud, H.S.; da Silva Filho, E.C. Resistant
starch/pectin free-standing films reinforced with nanocellulose intended for colonic methotrexate release.
Carbohydr. Polym. 2017, 157, 1013–1023. [CrossRef] [PubMed]

184. Nurani, M.; Akbari, V.; Taheri, A. Preparation and characterization of metformin surface modified cellulose
nanofiber gel and evaluation of its anti-metastatic potentials. Carbohydr. Polym. 2017, 165, 322–333. [CrossRef]
[PubMed]

185. Ndong Ntoutoume, G.M.A.; Grassot, V.; Brégier, F.; Chabanais, J.; Petit, J.-M.; Granet, R.; Sol, V. PEI-cellulose
nanocrystal hybrids as efficient siRNA delivery agents—Synthesis, physicochemical characterization and
in vitro evaluation. Carbohydr. Polym. 2017, 164, 258–267. [CrossRef] [PubMed]

186. Plackett, D.; Letchford, K.; Jackson, J.; Burt, H. A review of nanocellulose as a novel vehicle for drug delivery.
Nord. Pulp Pap. Res. J. 2014, 29, 105–118. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep30695
http://www.ncbi.nlm.nih.gov/pubmed/27465828
http://dx.doi.org/10.1016/j.indcrop.2017.11.016
http://dx.doi.org/10.1038/ncomms5018
http://www.ncbi.nlm.nih.gov/pubmed/24887005
http://dx.doi.org/10.1007/s10570-018-2029-3
http://dx.doi.org/10.1016/j.biomaterials.2015.12.020
http://www.ncbi.nlm.nih.gov/pubmed/26763735
http://dx.doi.org/10.1016/j.carbpol.2017.06.073
http://www.ncbi.nlm.nih.gov/pubmed/28821071
http://dx.doi.org/10.1016/j.jconrel.2016.07.053
http://www.ncbi.nlm.nih.gov/pubmed/27491880
http://dx.doi.org/10.1016/j.ijbiomac.2017.05.086
http://www.ncbi.nlm.nih.gov/pubmed/28527999
http://dx.doi.org/10.5966/sctm.2013-0207
http://www.ncbi.nlm.nih.gov/pubmed/24763684
http://dx.doi.org/10.1038/s41598-017-00690-y
http://www.ncbi.nlm.nih.gov/pubmed/28386058
http://dx.doi.org/10.1016/j.msec.2015.08.041
http://www.ncbi.nlm.nih.gov/pubmed/26478325
http://dx.doi.org/10.2147/IJN.S124318
http://www.ncbi.nlm.nih.gov/pubmed/28352172
http://dx.doi.org/10.1016/j.carbpol.2016.10.062
http://www.ncbi.nlm.nih.gov/pubmed/27987801
http://dx.doi.org/10.1016/j.carbpol.2017.02.067
http://www.ncbi.nlm.nih.gov/pubmed/28363556
http://dx.doi.org/10.1016/j.carbpol.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28325325
http://dx.doi.org/10.3183/NPPRJ-2014-29-01-p105-118
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Chemistry of Nanocellulose and Its Production Methods 
	Cellulose Nanofibrils (CNFs) 
	Cellulose Nanocrystals (CNCs) 
	Bacterial Cellulose (BC) 

	Nanocellulose as Coating Material 
	Traditional Paper Coatings 
	CNF as Binder in Coating Layers 
	Superhydrophobicity Induced by CNF 

	Nanocellulose in Energy Storage Devices 
	Nanocellulose as Flexible Electrode Binder 
	CNF Substrate for Supercapacitors 

	Adhesion in Nanocellulose 
	CNF as Binder in Particleboard, Fiberboard and Laminates 
	Nanocellulose as a Binder for Natural Fibers 
	Nanocellulose in Biomedical Applications 
	Wound Dressing 
	Bone, Cartilage and Dental Restoration 
	Drug Delivery and Cancer Treatment 

	Closing Remarks 
	References

