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Abstract 

There is an emerging quest for lightweight materials with excellent mechanical properties and 

economic production, still being sustainable and functionalizable. They could form the basis 

of the future bioeconomy for energy and material efficiency. Therein, cellulose has long been 

recognized as an abundant polymer. Modified celluloses were, in fact, among the first 

polymers used in technical applications, however, later replaced by petroleum-based synthetic 

polymers.  Currently, however, there is a resurgence in the interest to utilize renewable 

resources, where cellulose is foreseen to make again a major impact, this time in the 

development of advanced materials. This is because of its availability and properties as well 

as, in the future, its economic and sustainable production. Among the cellulose-based 

structures, cellulose nanofibrils and nanocrystals display nanoscale lateral dimensions and 



  

2 
 

lengths ranging from nanometers to micrometers. Their excellent mechanical properties are, 

in part, due to their crystalline assembly via hydrogen bonds. Owing to their abundant surface 

hydroxyl groups, they can be easily functionalized with nanoparticles, (bio)polymers, 

inorganics or nanocarbons to form functional fibers, films, bulk matter and porous aerogels 

and foams. Here, we review some of the recent progress in the development of advanced 

materials within this rapidly growing field. 

1.! Introduction 

 Cellulose is the polysaccharide responsible for the structural scaffold of all cells in all 

green plants. In wood and plant cell walls, cellulose resides in microfibrils with crystalline 

and disordered domains. Within their crystals cellulose chains align in tightly packed 

assemblies owing to inter- and intra-chain hydrogen bonding, facilitated by the abundant 

hydroxyl groups of cellulose (Figure 1a). At the molecular level, this is closely related to the 

rigidity of the polymer chain and the nature of the !-1,4 glycosidic bonds between the 

repeating units. The resultant structures span different dimensions and hierarchies, as can be 

observed in the cell walls of fibers in plants, including those in trees (Figure 1a). 

Deconstruction of fibers from wood or other structures formed by plants can result in 

cellulose nanofibrils (CNF) and/or cellulose nanocrystals (CNC).[1–8] The latter ones are high-

aspect “whiskers” that are produced from fibers and fibrils after removal of the disordered 

cellulose domains by acid hydrolysis. Consequently, highly crystalline nano-objects are 

obtained at different yields, depending on the conditions used (Figure 1b). Upon dispersion in 

aqueous media, CNCs form characteristic chiral assemblies that, upon drying, reproduce such 

structuring except for tighter packing in the absence of water and owing to strong hydrogen 

bonding (see a scanning electron, SEM, micrograph of a cross section of such films in Figure 

1c). 
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 By contrast, the longer and less crystalline CNFs are most typically produced by 

strong mechanical shearing of fibers, resulting in micro and nanofibrils with dimensions that 

vary depending on the source, pre-treatment and specific process used for deconstruction 

(Figure 1d). Therefore, characteristically CNFs form highly percolative structures in water, 

with a high tendency to form hydrogels, even at low concentrations. They can display a strong 

shear thinning behavior (Figure 1e), which is useful in applications where injectability is 

needed. 

 In addition to plants, some bacteria are able to directly extrude cellulose microfibrils 

without the hierarchical order found in plant cell walls. Such nanocellulose species are termed 

bacterial cellulose (BC).[4] CNF, CNC, BC, as well as rod-like tunicates[4] are here generically 

referred to as “nanocelluloses”. They possess different morphologies and sizes depending on 

the sources and processes, and are excellently suited for the fabrication of advanced materials, 

taking advantage of their remarkable physical, mechanical and chemical features. Associated 

topics have become widely discussed in the scientific literature in the recent years, and full 

coverage of all progress would be a grand challenge. This review focuses on self-assembled, 

biomimetic, and directed assembled materials based on nanocelluloses, their interactions with 

water, the possibilities for functionalization and fabrication of nano-objects, nanoparticles, 

filaments, films and 3D structures, as well as tribology. Such systems facilitate a number of 

functional properties and materials, for example, biomimetic toughening, plasmonics, 

fluorescence, mechanosensing, actuation, motility, membranes, biosensors and bioactive 

systems, flexible piezoelectric, magnetic, and conducting materials, among many others. Even 

if we present the state of the art broadly, this review emphasizes the role of nanocelluloses 

within such emerging advanced materials concepts, in the view of the present thematic issue 

on Finnish research and related collaborations. Therefore, some of the main applications of 

nanocelluloses will not be discussed here, such as fiber-reinforced composites, viscosity 

modifiers, barrier properties for food packaging, electronics templating, and drug delivery, 
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some of which are already maturing towards technical applications. They have been recently 

reviewed in a comprehensive manner.[9] 

 

Figure 1. Disintegration of wood and plant cell wall material to form nanocelluloses and 
some of their most characteristic properties. a) Schematics to disintegrate cellulose 
nanocrystals (CNC) and cellulose nanofibers (CNF) from wood and plant cell walls and 
chemical formula of cellulose. Modified with permission.[10] Copyright 2004, Wiley-VCH. b) 
Transmission electron micrograph of CNC nanorods. Reproduced with permission.[11] 
Copyright 2001, Wiley-VCH. c) CNCs typically form chiral assemblies, as shown in a 
scanning electron micrograph. Reproduced with permission.[12] Copyright 2012, Springer. d) 
By contrast, the longer CNFs typically form percolative structures, such as hydrogels. 
Reproduced with permission.[13] Copyright 2007, American Chemical Society. e) They can be 
strongly shear thinning, promoting injection. Reproduced with permission.[14] Copyright 
2012, Elsevier. 

2.! Nanocelluloses as colloidal level structural units 

2.1! Advanced preparation techniques, fundamental interactions, and modification 

Sulfuric acid hydrolysis is overwhelmingly the most widely used preparation technique for 

CNCs. It is executed within a fairly small reaction window that efficiently cleaves the 

disordered segments in a native microfibril (Figure 1a, b), leaving behind just the crystallites 

(i.e., CNCs) and simultaneously introducing sulfate esters on their surface to enhance the 

colloidal stability.[1,15,16] CNFs, in turn, are generally isolated from the fiber matrix by high 

mechanical shear coupled with suitable pretreatments.[4,17] A notable case of pretreatment is 

the oxidation catalyzed by 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) which 



  

5 
 

greatly reduces the energy consumption of CNF preparation and results in CNFs of nearly 

monodisperse width and high charge density.[18] 

New methods have emerged within the past few years particularly in CNC 

preparation.[15,16] Esterification[19]  and oxidation[20–24]  routes to CNCs as well as uses of 

alternative acids[25,26]  vs. sulfuric acid have been reported. In addition, a completely new 

approach utilizing HCl vapor was introduced.[27] This method is able to tackle several issues 

in CNC preparation, like the laborious purification steps and the difficulties in acid recycling. 

Furthermore, the CNC yields are superior at over 97%, aided partially by simultaneous 

crystallization of cellulose upon its degradation with HCl vapor (Figure 2a). The difficulty 

here lies in the dispersion step after the hydrolysis. More practical methods to the initial 

proof-of-concept system[27] have been put forward, including dispersion with polysaccharides 

and modified proteins[28] as well as TEMPO-oxidation,[29]  all of which can end up with ~60% 

yield at the highest (Figure 2b). 

Both CNFs and CNCs are based on the native microfibril structure which bears an 

amphiphilic character as cellulose I crystal possesses both hydrophilic planes, exposing the 

equatorial OH groups, and hydrophobic planes, exposing the axial C-H functionalities (Figure 

2c).[30,31] This amphiphilicity of the crystal can be used both in CNFs and CNCs after their 

preparation for exfoliation of the hydrophobic planes to yield entirely distinct nano-objects 

(Figure 2c).[32,33] Overall, the amphiphilic nature of nanocelluloses is beneficial for their use 

as emulsion stabilizers. Analogous to Janus particles, exploitation of CNFs or CNCs leads to 

enhanced stability of Pickering emulsions in contrast to homogeneous colloidal particles.[6] 
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Figure 2. a) Simultaneous degradation and crystallization by adsorption of HCl vapor for 
high-yield preparation of CNCs. Reproduced with permission.[27] Copyright 2016, Wiley-
VCH. b) Dispersion of CNCs prepared by HCl vapor (lower left) is feasible with cellulose 
binding modules combined with cellulose binding motif adduct with hydrophobin (dCBM-
HFBI), xyloglucan (XG), and carboxymethyl cellulose (CMC). Reproduced with 
permission.[28] Copyright 2017, American Chemical Society. c) In a cellulose I crystal, 
hydrogen bonded sheets which are stacked on top of each other with van der Waals bonding 
can be exfoliated in a polymorphic transition. Reproduced with permission.[33] Copyright 
2017, American Chemical Society. d) Cellulose nanocrystals are enveloped in 1 nm layer of 
water under high humidity. Reproduced with permission.[34] Copyright 2015, American 
Chemical Society. e) Adsorption of an azide-click modified dissolved polysaccharide (such as 
modified carboxylmethyl cellulose) on a cellulose surface enables further aqueous modular 
modification with a large number of molecules and functional groups. Reproduced with 
permission.[35] Copyright 2012, American Chemical Society. 
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It is often claimed that cellulose and particularly nanocelluloses are “highly 

hydrophilic” but in fact, the theoretical contact angle of water even on the OH-exposing (110) 

plane of cellulose I crystal is 43º,[36] thus certainly hydrophilic but not excessively so. 

However, cellulose is unambiguously hygroscopic[37] and this defines much of the 

relationship of dry nanocellulose networks with water. Although water never penetrates inside 

the cellulose crystal,[37] CNCs under high humidity are enveloped with 1 nm layer of water on 

their surface (Figure 2d).[34] When exposed to liquid water, CNC and CNF networks generally 

swell, forming a hydrogel.[38] In excess water, dry CNCs without added charge just aggregate 

and precipitate.[27] Under high mechanical forces and suitable surface charges, dried CNCs 

can be re-dispersed in water but this not self-evident in every case and can often be 

incomplete.[39] The dried networks are strongly held together in water presumably by van der 

Waals forces between the hydrophobic planes in the cellulose crystals.[34] Orientation of the 

surface hydroxyls has been proposed as another or a complementary reason behind the 

irreversible association of nanocelluloses upon drying.[40] 

The tendency of cellulose to stick together is not confined to the dried state. Both 

CNCs and CNFs form gels,[13,14,41–68] CNFs at very low concentrations (ca. 0.5-1.0 w-%) 

because of the interfibrillar junctions enabled by the flexible fibrillary structure in contrast to 

the rigid CNCs.[38] It is impossible to have dilute running aqueous dispersions of CNCs or 

CNFs without added chemical modifications on the surface, usually in the form of 

charges.[1,4,29] Furthermore, virtually no common organic solvent is able to disperse 

nanocellulose.[29,69] However, with added charge, generally as sulfate groups stemming from 

the hydrolysis, CNCs are stable in water well into the 20 w-% regime, forming liquid crystals 

beyond a certain threshold at 5-10 w-%.[1] Good dispersion properties are among the major 

reasons why CNCs have been subjected to targeted self-assembly and more sophisticated 

modification techniques more than CNFs which tend to gel already at low concentrations.  
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Chemical modification of all nanocellulosic species is challenging because (i) 

cellulose as a structural component is relatively inert or its hydroxyl groups are generally less 

reactive than other corresponding alcohols and (ii) proper dispersion is usually feasible only 

in water, thus defying or at least complicating the use of most organic solvents. Yet a 

substantial body of literature exists on modifying the hydroxyl groups on both CNF and CNC 

surfaces, generally by esterification and etherification reactions.[1,4,70,71] Some of these 

modifications have been performed in organic solvents whereupon the degree substitution is 

often fairly low due to reduced accessibility. Polymer grafting on nanocellulose surfaces has 

also received significant attention,[70–75] being particularly important for guiding self-assembly 

and tuning the compatibility of nanocelluloses with other materials. Therein, we emphasize 

two-step chemistry, first making aerogels of CNC or CNFs, next exposing them to chemical 

vapor deposition of initiators for surface-initiated atom transfer radical polymerization (SI-

ATRP), which allows organic solvent dispersibility. In the second step, the surface 

concentration of the initiator can even be increased in the organic solvent phase, leading to a 

high concentration of initiation sites for polymerization and subsequently to high-density 

polymer brushes.[75–79] This process is elaborated later on in this review in chapter 2.6. 

Besides covalent modification, supramolecular interactions are available for 

modifying the nanocellulose surface. Modified cellulose binding modules (CBMs), 

alternatively denoted as cellulose-binding domains (CBDs),[80–82] i.e., the binding sites in 

cellulose-specific enzymes, can be utilized to attach various functionalities on the 

(nano)cellulose surface.[83] Many water-soluble polysaccharides also possess high affinity on 

cellulose surfaces and can be used in a modular fashion for surface modification via further 

utilization of, e.g., click chemistry (Figure 2e).[35,84] More recently, aprotic systems have been 

applied to directly attach hydrophobic polymers by adsorption on nanocellulose surfaces.[85] 
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2.2! Assembly of nanocelluloses at the air/water and oil/water interfaces  

 Amphiphilic CNC were achieved by introducing lipophilic groups to the reducing end 

of the cellulose nanocrystal via consequent regioselective periodate oxidation and reductive 

amination (Figure 3a).[21] The modification resulted in individual CNCs that did not show any 

sign of clustering upon drying when investigated by TEM (Figure 3b). However, in soybean 

oil/water emulsions, a clear effect of the lipophilic groups was observed as the emulsion 

droplet sizes decreased by a decade when compared to a system where the unmodified CNC 

was employed as the stabilizer. Nanocellulose, especially CNC, can act as a stabilizer in a 

Pickering emulsion where solid particles at the liquid/liquid interface provide stabilization 

against coalescence of the liquid droplets.[86] It has been approximated, that a significantly 

smaller number of rod-like particles can provide the same emulsion stabilization as spherical 

particles. However, it is good to notice that the Pickering emulsification does not rely on 

amphiphilicity or self-assembly of the particles but the Gibbs energy gain depends merely on 

the dimensions of the particle, contact angle of the particle and surface tension of the media.  

 Several attempts to facilitate the assembly of nanocellulose at air/water and oil/water 

interfaces have been taken by coupling the nanocellulose with an amphiphilic molecule or by 

coupling the nanocellulose to a readily assembled monolayer of the amphiphilic molecule at 

the interface.[87,88] In a typical experiment, the surfactant layer is first spontaneously formed at 

the air/water interface in a Langmuir trough and the cellulose is added from the sub phase and 

then assembled to the near vicinity of the surfactant layer. The assembly is enabled if there is 

a strong long-range interaction, such as electrostatic interaction, between the surfactant and 

the cellulose, guiding towards a sandwich structure where the nanocellulose forms a layer 

below the surface-active molecules.  
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Figure 3. a) Periodate oxidation and reductive amination of cellulose, and (b) TEM-image of 
n-butylamino-functionalized CNCs. Reproduced with permission.[21] Copyright 2014, 
American Chemical Society. c) Facilitated assembly of CNF at air/water interface via 
amphiphilic biomolecules and film transfer on a hydrophobic surface, d) AFM topography 
image of a self-assembled protein CNF film picked up from air/water interface, and e) AFM 
topography image of a self-assembled protein CNC film picked up from air/water interface. 
Reproduced with permission.[87] Copyright 2011, Royal Society of Chemistry. 

Block copolymer-like fusion protein consisting of an amphiphilic domain called hydrophobin 

(HFB)[89] and CBM were applied for attracting nanocellulose crystals and cellulose 

nanofibrils at the air/water and oil/water interfaces.[87,88] The cellulosic structures at the 

interface were studied ex-situ by AFM from hydrophobic solid surfaces, where the interfacial 

films were picked up by Langmuir–Schaefer technique (Figure 3c). The resulting layers 

consisted of randomly organized nanocellulose layers showing a separate condensed protein 

layer facing the hydrophobic surface as presented in Figure 3d and e. The shear rheological 

properties of the different interfaces showed large variation for the different systems studied. 
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Comparison of the pure cellulose nanofibrils to the mixed protein/CNF films at air/water 

interface clearly demonstrated that CNF alone could not significantly assemble at the 

interface. By contrast, together with the protein, there was more than a decade larger 

rheological moduli observed for the interface. However, at the oil/water interface the CNF 

alone had comparably higher rigidity than the protein/CNF film, but the values were overall 

much lower than at air/water interface. CNF combined with the same protein also showed 

good capability to stabilize emulsions and could also stabilize certain hydrophobic drug 

nanoparticles.[87,90]  

By studying the interfacial behavior, we can understand the fundamentals of 

stabilization of emulsions and foams by nanocelluloses and state that this is a potential 

application for them. However, other feasible bio-polymer based materials for stabilizing 

interfaces exist, including regenerated amorphous cellulose that performs well and can be 

produced by lower manufacturing costs[91] and any other anionic polyelectrolyte that is 

attracted to the interface via counter charges.[92] Employing CNF or CNC at the interfaces of 

two-phase systems will thus be motivated only when the precise nanocrystalline or fibrillary 

structure can bring a benefit. 

 

2.3! Binding of polymers on nanocelluloses 

 The plant cell wall serves as a model for biomimetic self-assembly of cellulose, and 

can provide inspiration for this.[93] Mostly, reports of nanocellulose with components of 

hemicellulose or lignin - the other two major polymers in plant cells -  suggest advantages in 

dispersibility, stability, and enhanced fibril-interactions. Using a core-shell model for CNF 

with a surface coating of hemicellulose, a comparison to a high surface charge CNF was 

made.[94] The use of hemicellulose led to a lower sensitivity to electrolytes, resulting in lower 

flocculation tendencies at high salt concentrations (Figure 4a). Enzymatic removal of 

hemicellulose significantly affected the flocculation and entanglement properties.[47] Addition 
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of arabinoxylan to CNF, in turn, led to an increase of tensile strength of a CNF film. The 

strength increase was proportional to the length of hemicellulose chains demonstrating this as 

a route for controlled film production.[95] Xylan was also shown to function as an electrostatic 

stabilizer on CNF, with additional properties leading to functions such as reduced gas 

permeability and increased moisture uptake.[96] Similarly, lignin has been studied as a 

cementing material between CNF fibrils (Figure 4b),[97] where it also reduced surface 

hydrophilicity. An approach to make CNC from holocellulose, led to residues of 

lignosulfonate and other non-cellulose molecules on the CNC,[98] resulting in increasingly 

amphiphilic particles with properties for diverse interfacial assembly. CNF from holocellulose 

displayed advantageous mechanical properties due to adhesion, mediated by the hemicellulose 

matrix.[99] In conclusion, the current literature on hemicellulose and lignin modifications of 

nanocellulose suggests that benefits towards processability in self-assembly is found but a 

detailed understanding allowing advanced cell wall mimicking mechanisms is yet to be 

achieved.  

 
Figure 4. Hemicellulose and lignin-based interactions to CNF. a) CNFs with hemicellulose 
surface layers remain softer in films than the carboxylate-rich CNF films. Reproduced with 
permission.[94] Copyright 2016, American Chemical Society. b) Lignin acts as a connecting 
material within the CNF films. Reproduced under the terms of the CC-BY-X license.[97] 

Copyright 2015, Royal Society of Chemistry. 
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 A major challenge in the use of nanocelluloses is their typically low wet strength. 

Different approaches have been proposed in the literature to overcome this issue, mainly by 

adsorption of surface active moieties, covalent crosslinking, and surface hydrophobization. 

Chemical functionalization strategies for cellulose and, especially nanocelluloses, have been 

covered extensively in recent reviews.[71,100] Here, we are interested in a simple alternative 

that facilitates processing. Chitosan is an interesting biobased option. Indeed, films were 

produced from hydrogels comprising mixtures of CNF and chitosan, which resulted in 

materials with high mechanical strength in the wet state, while maintaining a high level of 

transparency (~ 70 – 90 % in the 400 – 800 nm wavelength).[101] This was allegedly a result of 

complexation or physical crosslinking, triggered by a simple shift in pH during processing in 

order to reduce the hydration of chitosan and to promote multivalent physical interactions. 

Films containing 80% CNF presented a dry strength of 200 MPa (maximum strain of 8% at 

50% air relative humidity) while the wet strength was largely preserved, at 100 MPa (strain of 

28%). This is remarkable, considering that the pure CNF films loose, for all purposes, the 

strength under wet conditions.[101] The proposed mechanism of crosslinking in the CNF 

network is illustrated in Figure 5a (thick red fibers or fibril network) in the presence of 

chitosan chains (narrow green fibers) in the wet state. If chitosan is charged at low pH, 

electrostatic repulsion and large hydration layers between chitosan segments are expected, 

resulting in low wet strength. However, in the case of neutral chitosan at high pH, 

crosslinking is effective in increasing significantly the wet strength, Figure 5a.[101] This 

approach is of interest since the physical crosslinks are weaker compared to covalent ones, but 

can possibly rearrange upon stress, potentially serving as sacrificial bonds for dissipating 

energy during deformation. In several applications, the interactions to the surrounding, often 

hydrophobic, media need to be tuned, suggesting the use of amphiphiles. The adsorption of 

surfactants and, especially, polymeric amphiphiles, has been widely addressed, and recently 

also reviewed for nanocelluloses.[102] Therein, non-ionic block copolymers allow a wide range 
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of tunability based on different block lengths and architectures to enhance the interactions 

between hydrophilic nanocelluloses and hydrophobic solvent or polymeric medium. One 

example, illustrated in Figure 5b, is that of polyethyleneoxide-b-polypropyleneoxide-b-

polyethyleneoxide block copolymer (Pluronic) surfactants,[103] which can be adjusted to 

produce different levels of interactions, aggregation and binding with nanocelluloses in 

hydrophobic media.  

 Among the hemicelluloses, especially xyloglucans are known to bind particularly 

efficiently on celluloses.[104,105] One could hypothesize that its structure with xylose side-

groups, potentially also containing galactose residues,[106,107] improves sugar-sugar binding to 

cellulose due to the steric availability of the side chain repeat units. A platform for tunable 

sugar-sugar interactions could also be provided by dendrons or dendronized polymers with 

sugar peripheral groups.[108] Indeed, maltose-decorated dendrimer-functionalized polymers 

(Figure 5c) show generation dependent binding on CNCs.[109] Due to the high molecular 

weight and large colloidal scale diameter of the third generation dendrimer-decorated 

polymer, its wrapping around CNCs could be directly visualized using cryogenic HR-TEM 

and electron tomography (Figure 5c).[109] 

 Conceptually similar wrapping was recently suggested between methyl cellulose onto 

CNC.[110] Specifically, by mixing CNC and methylcellulose, the hydrogel properties were 

significantly enhanced and the gels were useful in stabilizing aqueous foams. It was 

hypothesized that CNCs bind to large MC coils both in solution and at the air/water interface. 

In sum, physical crosslinking, adsorption, complexation and binding are phenomena that bear 

great potential for practical purposes, for example in fiber spinning of nanocelluloses, as will 

be covered in further sections of this review. In conclusion, it has been demonstrated that 

especially hemicellulose and chitin carbohydrate polymers can be used as versatile tools to 

modify interactions and colloidal properties of nanocellulose. These modifications utilize 

naturally occurring interactions yielding potentially large benefits in specificity. The use of 



  

15 
 

enzymes to tailor their functions has still not been studied widely, but we expect that this line 

of research will increase due to the mild conditions that can be used and the specificity and 

selectivity of the modifications. 

 
Figure 5. Binding of polymers on nanocelluloses. a) Electrostatic binding of cationic chitosan 
on CNF with residual adsorbed polysaccharides to stabilize the material under wet conditions. 
Reproduced with permission.[101] Copyright 2015, American Chemical Society. b) Schematics 
of interactions of TEMPO-oxidized CNC with block copolymer (Pluronic) surfactants for the 
interaction tuning for hydrophobic media. Reproduced with permission.[103] Copyright 2015, 
Springer. c) Maltose-decorated 3rd generation dendronized polymers allow multivalent 
binding and consequent wrapping around CNCs as illustrated using cryo-TEM. Reproduced 
with permission.[109] Copyright 2014, American Chemical Society. d) Proposed wrapping of 
methyl cellulose on CNC to stabilize aqueous foams. Reproduced with permission.[110] 
Copyright 2016, American Chemical Society. 

 
2.4! Protein-mediated interactions on nanocelluloses 

 Due to their well-defined structures and supramolecular interactions, it is logical to 

explore how proteins can be used to drive self-assembly and interactions of nanocellulose. 

There are several different approaches that one can take toward this topic, broadly categorized 
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as either specific molecular recognition or non-specific in the interactions with cellulose. In 

the specific approaches a biological molecule whose natural function is to bind to cellulose is 

used in a new context, and in the non-specific ones, molecules interact by either charge 

interactions or other weak interactions, such as hydrogen bonding, !-stacking, or van der 

Waals interactions. 

 One approach utilizing specific interactions is to take advantage of CBMs (Figure 

6a).[80–82] The CBMs are a very diverse type of proteins found widely in different organisms, 

also showing convergent evolution, i.e., there are evolutionarily distinct proteins fulfilling the 

same function, but achieved by clearly different routes. In their original context CBMs are 

often found in enzymes that degrade cellulose, and therefore have developed to interact 

specifically.[111] The potential advantage is that adsorption of CBMs will be spontaneous, 

specific and fast, as it relies on a molecular recognition event. As the interaction with 

cellulose is dependent on very precisely defined interactions, their use to modify CNC can 

sometimes be complicated as charged groups introduced on the cellulose surface can prevent 

CBM docking, but on the other hand non-specific electrostatic interactions may be 

enhanced.[112] An attractive approach is to combine functions of structural proteins such as 

resilin within a scaffold of nanocellulose in order to achieve an elastic interconnection 

between the cellulose components. Resilin is a protein found in insects and has been reported 

as the most resilient material known, i.e., it can release stored energy by elastic deformation 

very efficiently.[113] If resilin is placed between two CBMs, its function is retained and it can 

efficiently increase the elastic modulus of suspensions of CNF.[114] In dry films, cross-linking 

was evident and showed a commonly observed behavior in cross-linking that stiffness was 

increased but overall strain was reduced, leading to a stiffer but more brittle material (Figure 

6b). In another use of resilin-CBM fusions it was found that the protein could be used as a 

primer that binds to CNC, and to which epoxy resin could react.[115] Thereby, the protein 

could serve as a surface modifier that allows incorporation of aqueous CNC into the epoxy 
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resin without solvent exchange. The incorporation of resilin through CBM interactions also 

led to enhancing the plasticizing effect of glycerol in CNC films.[116]  

 

Figure 6. Protein-mediated binding on nanocelluloses to mediate supramolecular interactions. 
a) Physical crosslinking based difunctional proteins that bind on CNFs by cellulose binding 
modules and mutually based on hydrophobins. Reproduced with permission.[80] Copyright 
2015, Wiley-VCH. b) Stress-strain curves for CNFs interconnected by resilins which are 
telechelically modified with cellulose binding modules for different protein weight fractions. 
Reproduced under the terms of the CC-BY-X license.[114] Copyright 2017, American 
Chemical Society. c) Combining CNF and silk proteins leads to ultra-strong fibers. 
Reproduced under the terms of the CC-BY-X license.[117] Copyright 2017, American 
Chemical Society.  

 Nanocellulose has also been combined with proteins by interactions that do not rely on 

molecular recognition, but on general electrostatic or weak interactions.[118] The use of 

materials properties of proteins in combination with cellulose is motivated by the interface 

compatibility or due to exploring the promising mechanical properties of proteins.[119] 

Collagen is an example of a mechanically functional protein that has been combined with 

charged CNC. By an isoelectric focusing technique, aligned fibers were formed that were 

stiffened by 5% CNC and showed enhancement in wet mechanical properties.[120] Other 

proteins that are typically not associated with mechanical properties, such as plant storage 

proteins (prolamins), have been explored for mechanical functions through processing by 

electrospinning.[121] In these fibers a 3% addition of CNC gave a 4-fold increase in strength. 

Overall these studies suggest that a stable interface is formed between different as well as 

unrelated proteins and cellulose, even though these proteins have no natural function of 

interacting with cellulose. It should be kept in mind that the CNCs used are surface modified 
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with charged groups and therefore potentially interact with the proteins simply by electrostatic 

interactions. The concept of compatibility was taken further and even non-modified CNFs, 

coated with soy protein and casein were found to create a compatibility layer between the 

cellulose and a PLA polymer.[122] A widely studied case of combining nanocellulose and a 

protein not naturally occurring with cellulose is the combination with silk. Especially spider 

silk is attractive because of its mechanical properties, such as toughness.[123] There are 

extensive attempts to produce spider silks, i.e., spidroin proteins, by recombinant means (in 

bacteria),[124,125] and it was suggested that CNF would be used to mix with low amounts of 

spidroin in order to provide material on the bulk scale, as spidroin production levels tend to be 

low. This led to composite fibers (Figure 6c) that had surprising properties at a low spidroin 

content of 10%.[117] The spidroin led to a significantly increased strain in the material while 

stiffness, and slope during plastic extension remained unaltered. Consequently, a remarkable 

ultimate strength was achieved, exceeding 1 GPa. This is noteworthy since the behavior is 

unlike in other studies where crosslinking was achieved, which typically leads to increased 

stiffness (Figure 6b).[114] Instead the effect of increased strain was more similar to other 

studies where fiber length had been increased.[126] Silkworm silk is more abundant and can be 

dissolved readily into the constituent fibroin proteins with for example lithium salts. 

Reassembling fibers by extrusion of fibroin into an anti-solvent leads to fibers with reduced 

properties. Addition of 5% CNC into the fibroin melt, resulted in a doubling of stiffness of 

fibers mimicking the function of crystallized protein domains in the native fiber.[127] A similar 

approach as was taken with films, combining dissolved fibroins with extracted CNFs by using 

aq. lithium bromide.[128] Combining again lithium dissolved fibroin with bacterial cellulose 

resulted in lamellar self-assembled structures, suggested to be used as a bone repair 

material.[129]  

The potential benefit of using biomolecular CBM interactions for modifying cellulose is 

the high specificity that can be achieved in the assembly. Spontaneous, selective, and quick 
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interactions in combination with virtually endless possibilities to functionalize forms a great 

advantage that surely is worth pursuing. On the other hand, the approach is currently too 

expensive at a larger scale, and protein interactions may be too sensitive to denaturation to be 

practical in many applications. These are not inherent problems to proteins and we may 

expect these problems to be resolved in the future. We are likely to see applications 

combining nanocellulose and bulk proteins such as soy or silk in a closer future, as this 

approach in terms of price competitiveness for added benefit is more promising.  

 

2.5! Nanoparticle binding on nanocelluloses 

 The high aspect ratio, tunable surface functionalities, low density, as well as colloidal 

stability makes nanocelluloses promising candidates for hybrid nanostructures. Furthermore, 

the one dimensional (1D) fibrillar CNFs with their high length and the rod-like CNCs with 

their helical twisting provide attractive opportunities to prepare nanocellulose-nanoparticle 

hybrids and composite materials for chiral plasmonics, optoelectronics, and catalytic 

applications. The nanoparticle binding to the nanocellulose surface has been demonstrated 

using i) electrostatic binding of cationic nanoparticles to anionic nanocellulose or anionic 

nanoparticles to surface modified cationic nanocellulose, with some unavoidable 

aggregations; ii) covalent attachment of surface functionalized nanoparticles; iii) direct 

synthesis of nanoparticles on nanocellulose surface; and iv) selective end functionalization of 

CNCs with thiol units to bind nanoparticles topochemically at one end of CNC. The synthetic 

and characterization approaches for gold nanoparticle-nanocellulose hybrid materials,[130] and 

their generic application potential of certain metal nanoparticle bound CNCs have recently 

been reviewed.[131] By contrast, the focus here will be to highlight some of the representative 

examples. The interaction and adsorption characteristics have recently been studied between 

negatively charged CNFs with cationic nanosized precipitated calcium carbonate particles 

(nanoPCC, d~50 nm) and anionic nanoclay particles (thickness ~1 nm width and length ~150-
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200 nm) by using quartz crystal microbalance dissipation (QCM-D) and AFM 

measurements.[132,133] Addition of carboxymethyl cellulose (CMC) to CNF increased the 

surface negative charge of CNF, thus resulting in a strong affinity for cationic nanoPCC 

particles. However, the complexation led to flocculation or aggregation of large clusters 

indicating unstable colloidal dispersion. On the other hand, due to the anionic nature of 

nanoclay, the addition of CMCs had the opposite effect compared to that of nanoPCC-CNF 

interaction, yielding a stable nanoclay-CNF dispersion. With this method, composite 

papers/films could be prepared with tailored surface properties. 

 Gold nanoparticles (AuNPs) can be either electrostatically deposited onto the 

nanocellulose surface or covalently linked by modifying the CNF surface functional groups 

with quaternary ammonium, azido-, propargyl or amino groups (Figure 7a).[134] Negatively 

charged gold nanoparticles with an average diameter of d~15 nm were found to bind more 

efficiently (electrostatically) compared to those of smaller size (d~5 nm) by using a covalent 

click-chemistry approach. Similarly, sulfuric acid hydrolyzed CNCs were used to prepare 

optically transparent and strong hybrid materials by using amorphous calcium carbonate 

nanoparticles (d~11.3 ± 0.5 nm).[135] In order to obtain a homogeneous dispersion, CNCs were 

complexed with CaCl2 and solvent exchanged to ethanol in the presence of sodium carbonate 

to generate amorphous CaCO3 nanoparticles-CNC hybrid material. A systematic study was 

carried out on the direct synthesis of silver nanoparticles (AgNPs) on sulfuric acid hydrolyzed 

CNCs using sodium borohydride reduction.[136] The size of resulting AgNPs can be controlled 

by tuning the amount of sulfate groups using aqueous sodium hydroxide. The size of the 

AgNPs decreased upon increasing the concentration of CNCs, along with improved stability 

and narrow size dispersion. Similarly, upon decreasing the number of surface sulfate esters, a 

similar trend on size and stability was observed. However, below a certain threshold, the 

nanoparticles tended to aggregate.  
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Figure 7. Nanoparticle binding on nanocelluloses. a) Click-chemistry approach towards 
surface functionalized CNFs for electrostatic and covalent binding of AuNPs as shown by a 
TEM micrograph. Reproduced with permission.[134] Copyright 2016, Springer. b) Synthetic 
routes for selective end functionalization of CNCs. Reproduced with permission.[137] 
Copyright 2014, Springer. c) Schematic representation of asymmetric thiol functionalized 
CNC and TEM micrograph depicting Janus-like rod-sphere adduct due to selective binding of 
Ag nanoparticles to one end of CNC, and d) schematic illustration of cilia-like alignment of 
asymmetrically functionalized CNCs on gold surface. Reproduced with permission.[138] 
Copyright 2013, American Chemical Society. e) TEM micrographs of 8.5 nm cationic gold 
nanoparticles, electrostatically bound to form nanofibrillar adducts. Reproduced with 
permission.[139] Copyright 2016, Wiley-VCH. f) Schematic of colloidal co-assembly through 
ionic complexation of anionic CNFs and cationic polybutadiene-b-poly[2-
(dimethylamino)ethyl methacrylate] micelles. Reproduced with permission.[140] Copyright 
2015, American Chemical Society. g) The architecture of the polymer decoration on CNCs 
can be tuned by selecting block copolymers or random polymers. Reproduced with 
permission.[141] Copyright 2015, American Chemical Society. 

 The specific feature of all native cellulose species is the possibility to selectively 

functionalize one end (i.e., reducing end) using, for example, reductive amination or N,N-
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assemblies. Although well-defined order is not obtained, there is evidence that the block 

copolymer micelles intercalate domains of CNF.[140] An optimum concentration was identified 

where the work-of-fracture, i.e. the area below the stress-strain curve, becomes large, 

indirectly indicating toughening of CNF films.[141,142] 

 All the above methods used to bind various nanoparticles appear to be generic and 

have the potential for applications e.g. in surface enhanced Raman scattering (SERS) imaging, 

separation, catalysis and transducer enhancers for biomolecular delivery. 

 

2.6! Polymer-Grafted Nanocellulose 

The modification of cellulose has a long tradition, also affected by a large variety of diverse 

strategies to change the surface chemistry of nanocelluloses. Among those, modification for 

surface-initiated polymerization is a convenient tool to implement virtually any function or 

chemistry by polymerizing the respective monomers as polymer brushes. Several types of 

brushes on nanocellulose have been demonstrated using various surface-initiated 

polymerization techniques including cerium(IV)-initiated free-radical polymerization, RAFT 

or ATRP.[70,74,143–150] In most cases, the respective initiating site is anchored to the surface by 

wet chemical reactions or chemical vapor deposition. The polymer brushes then grow from 

the surface with convenient control over the brush size by tuning the polymerization 

conditions (see schematic of a CNC-g-brush in Figure 8a). With this method, polymer shells 

have been grown from the CNC surface that are permanently ionic,[78] respond to 

temperature[73,151] or pH[76] (or both),[152] or that are intrinsic hydrophobicity for 

compatibilization and processing with polymer matrices.[153] Such polymer-grafted CNCs 

were then utilized in diverse applications. For instance, poly(tert-butyl methacrylate)s have 

been polymerized using SI-ATRP giving access to well-controlled polyacrylic acid (PAA) 

brushes as visualized in TEM and AFM.[76] Polycationic CNC-g-poly(4-vinylpyridine) 

brushers were reported as flocculants with reversible precipitation/redispersion 
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capabilities.[154] Upon changing the pH, the polarity of the polymer brush changes from a 

protonated hydrophilic to deprotonated hydrophobic state. Since the polymer brush is 

covalently grafted to the CNC, the pH responsive behavior is thereby transferred from the 

polymer to the CNC as well, and both precipitate at high pH values. Other polycationic 

brushes such as poly(N-(2-aminoethylmethacrylamide) and poly(2-aminoethylmethacrylate) 

have been investigated for their cytotoxicity in mouse cells and human breast cancer cells.[155] 

In this regard, pH- and thermo-responsive poly[2-(dimethylamino)ethyl methacrylate] 

(PDMAEMA) brushes were also grafted from CNCs and studied for their ability to complex 

genes for enhanced gene transfection.[152] The dual responsiveness of CNC-g-PDMAEMA 

and other polymers has further been used to tune the stabilizing effect of colloidal surfactants 

in Pickering emulsions.[156,157] Colloidal particles are particularly effective to stabilize 

interfaces and polymer-grafted CNCs may find application as emulsifiers in emulsion 

polymerization or as compatibilizers in polymer blends.[158–161] Also more advanced 

copolymer brushes have been presented with host guest functionalities[55] and supramolecular 

bonding motifs[77] in order to generate sophisticated fracture behavior, which will be 

discussed in more detail in Chapter 3.2. 

 Polymer-brushes around CNCs can also be utilized for a tunable and dense set of 

interaction sites to direct self-assemblies. For instance, interpolyelectrolyte 

complexation[162,163] of diblock copolymers involving a polycationic block and a nonionic 

polyethylene glycol block leads to self-assemblies directed on the CNC surface decorated 

with well-controlled PAA brushes in aqueous dispersion.[79] More precisely, Figure 8b 

illustrates that using a diblock copolymer poly[2-(methacryloyloxy)-ethyl 

trimethylammoniumiodide]-block-poly(ethylene oxide) and PAA-brushes with a length of 

870 repeat units, lamellar morphologies are observed around the CNCs. The alternating 

lamellae consist of the interpolyelectrolyte complex and the nonionic PEG blocks. Curiously, 

however, the lamellae seem to twist to form helically winding lamellae instead of lamellar 
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disks. This is logical, as packing frustrations can be relieved by winding the separate disks to 

helical arrangements. Interestingly, using slightly shorter PAA brushes, and consequently 

smaller amount of the block copolymer upon complete charge neutralization, cylindrical self-

assemblies are observed on CNCs. This is in accordance with the classic diblock copolymer 

concepts where the relative volume fractions of the repulsive units drive to the self-

assemblies.  

 
Figure 8. Nanocellulose-directed self-assemblies. a) Scheme for a CNC-based brushes for a 
high density of supramolecular binding sites along the colloidal rod. b) Polyacrylic acid brush 
modified CNC, as resolved using AFM. Reproduced with permission.[76] Copyright 2011, 
American Chemical Society. c) Poly(acrylic acid)-decorated CNC-brushes direct self-
assembly of nanostructures on CNCs in aqueous media, upon interpolyelectrolyte 
complexation of cationic-nonionic diblock copolymers. Reproduced with permission.[79] 
Copyright 2016, American Chemical Society. d) Chemical structure of cationic CNC-g-
PQDMAEMA. e) The cationic CNC-g-PQDMAEMA electrostatically bind to negatively 
charged viruses, like cowpea chlorotic mottle virus (CCMV), as shown by a TEM 
micrograph. Reproduced with permission.[78] Copyright 2014, Royal Society of Chemistry. f) 
Two-step surface modification of CNF followed by SI-ATRP of hydrophobic poly(n-
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butylacrylate) (PnBA). Reproduced with permission.[75] Copyright 2011, American Chemical 
Society. 

 In an example of colloidal level ionic complexation, cationic CNCs were first 

synthesized by modifying the intrinsically negative CNC surface with cationic poly[2-

(dimethylamino)ethyl methacrylate] (CNC-g-PDMAEMA) to form polymer brushes via SI-

ATRP to study CNC-virus particle interaction (Figure 8d).[78] The polymer brushes were 

quaternized using methyl iodide leading to CNC-g-PQDMAEMA with permanent positive 

charges along the nanocrystal surface. By adjusting the electrolyte concentration, cowpea 

chlorotic mottle virus (CCMV) and norovirus-like particles (NoV-VLPs) bind efficiently to 

produce micron-sized superstructures allowing easy separation (Figure 8e).[78] This suggests a 

toolbox for concentration of viruses and other anionic materials in biomedical analysis.  

 The surface modification of colloidal CNCs is well established by now. The situation 

is different for CNFs, where only few protocols exist. The fundamentally different physical 

characteristics of long entangled fibers and partially disordered CNFs as compared to well-

separated freely diffusing fully crystalline CNCs plays a crucial role in purification (e.g. from 

trace water), redispersion, and accessibility to the surface.[164] One way for successful surface 

modification by polymerization is a combination of TEMPO-oxidation[18] to generate 

carboxylic groups followed by modification with an ATRP initiator and subsequent 

polymerization of polystyrene.[165] The dual-modified CNFs were then used as advanced 

filtering materials that bind metal pollutants (e.g. Cu2+).  

 One of the main aims of cellulose modification is to aim for components that could 

partially replace petroleum-based synthetic polymers in disposable consumer goods, first and 

foremost packaging (e.g., plastic shopping bags). Currently it is challenging to create 

waterproof materials purely made from hydrophilic nanocellulose. Proper surface 

modification with hydrophobic polymers would enhance compatibility of cellulose with 

hydrophobic matrices to form stable fiber-reinforced nanocomposites. In recent works, the 
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peculiarities of CNF surface modification for SI-ATRP were overcome by either esterification 

of 2-bromoisobutyryl bromide in 1 wt.-% CNF gels in DMSO[166] or by using an excess of 

initiator in dilute DMSO dispersions.[75] In the latter case, a successful surface modification of 

CNF was demonstrated by carefully adjusting excess of surface initiator and the overall 

reaction volume. Thereby, two largely different grafting densities were achieved, whereas a 

high grafting density gave first evidence of degradation processes resulting in small CNF 

fragments. Potentially, attachment of an ATRP initiator preferentially occurs in the disordered 

domains of the CNFs that might be more available for reagents for chemical modification (as 

compared to fully crystalline domains). Subsequent grafting of polymer chains may cause 

swelling of the amorphous domains during brush growth in turn destabilizing the CNF 

backbone followed by CNF degradation into small fragments. This suggested that preferential 

modification of amorphous domains might have implications for a wide range of surface 

modifications strategies.  

 

2.7! Atomic layer deposition on nanocelluloses 

 Atomic layer deposition (ALD) has become one of the indispensable approaches 

towards precisely controlled oxide layers in industry, especially in electronics.[167] Originally 

invented in Finland,[168] the concept is based on sequential deposition of mutually chemically 

reacting chemical vapors. At each step, a monolayer coverage is pursued towards complete 

chemical conversion, followed by purging of the chemically unreacted reagents. Related to 

nanocelluloses, the natural platform is based on nanocellulose aerogels, which have amply 

been studied during recent years.[169–218] Their nanoscopic skeletons are functionalized with 

different inorganic oxides, such as Al2O3, ZnO, or TiO2, see Figure 9.[178,179,219,220] They 

provide different functionalities, to be discussed later, ranging from mechanically 

strengthened coatings to semiconductors, switchable adsorption, selective organic spill 



  

28 
 

recovery, and optically active coatings. After the ALD-coatings, the templated CNF can be 

degraded, leading to aerogels of hollow inorganic nanotubes, Figure 9.[179] 

 

Figure 9. Atomic layer deposition (ALD) allows well defined oxide layers on CNF aerogels 
and optionally a concept for hollow tube aerogels by thermally degrading the CNF template. 
Reproduced with permission.[179] Copyright 2011, American Chemical Society. 

2.8! Fibers 

2.8.1! Electrospun fibers 

 Nonwoven mats formed by ultra-thin fibers with diameters in the micron and nano-

scales have considerable high surface area-to-volume ratio, superior mechanical properties 

and they are very versatile in terms of surface functionality. The electrospinning 

technique[221,222] has opened several opportunities for the manufacture of these materials from 

nanocellulose, which are finding applications in the fields of medicine, pharmacy, tissue 

engineering and nanocomposites. Highly competitive compared to typical inorganic fillers 

such as carbon nanotubes, hydroxyapatite, gold, silver, clay, or silica, nanocelluloses are 
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strong and resistant to wear and erosion. Their aspect ratio strongly influences the structuring 

and thus the properties of their composite systems. A key issue in order to gain the benefits of 

the extraordinary properties of nanocelluloses in nanocomposites is to gain control of the 

alignment and distribution of nanocellulose within the matrix. This aspect is usually a 

challenge since nanocelluloses tend to agglomerate in non-polar matrices, thus, leading to low 

interfacial compatibility between the phases and poor mechanical properties. Many efforts 

have been devoted to mimic bio-composites by blending nanocelluloses from different 

sources with polymer matrices such as polyamides, polyesters, polyurethanes, polypeptides, 

and polysaccharides. In the case of incorporation of hydrophilic nanocelluloses to non-polar 

matrices, several surface chemical modification techniques have been applied. Here, CNCs 

have been used to reinforce electrospun fibers produced upon application of electrostatic 

fields to the respective viscoelastic suspension. Under the effect of electric fields, free charges 

are generated in the solution, which respond to the electrical potential by migrating from the 

tip of the capillary to the collector, in opposite polarity direction. With increasing intensity of 

the electrical field the drop stretches forming a Taylor cone. At a critical applied voltage 

value, composite mats of micro- or nano-fibers are formed. In this way, composite 

microfibers from polystyrene and CNCs were produced by electrospinning.[223] Surface 

porosity, unique ribbon-shapes, and the presence of twists along the fiber axis were observed 

in such composite microfibers. The reinforcing effect of CNCs was confirmed as the glassy 

modulus of electrospun microfibers increased with CNC load.  Similar results have been 

observed for biodegradable poly("-caprolactone) (PCL)[224] as well as hydrophilic matrices, 

such as polyvinyl alcohol (PVA)[225] (Figure 10a). In the latter case, it was interesting to 

observe the stabilizing effect of the CNCs in the matrix, which could be otherwise 

compromised by water absorption, disrupting the hydrogen bonding within the structure. As 

they were conditioned from low (10% RH) to high relative humidity (70% RH), the reduction 

in tensile strength of neat polyvinyl alcohol (PVA) fiber mats was found to be about 80%, 
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from 1.5 to 0.4 MPa. When the structure was reinforced with CNCs, the reduction in strength 

was minimized drastically. More importantly, the CNC-loaded PVA fiber mats showed a 

reversible recovery in mechanical strength after cycling the relative humidity and induced 

significant enhancement of their strength as a result of the adhesion between the continuous 

matrix and the CNCs.[226] Additionally, all-cellulose composite fibers were produced by 

electrospinning dispersions containing cellulose acetate (CA) and CNCs. The obtained fibers 

had typical widths in the nano- and micro-scale and presented a glass transition temperature 

of 145 °C. The CA component was converted to cellulose by using alkaline hydrolysis to 

yield all-cellulose composite fibers that preserved the original morphology of the precursor 

system. Noticeable changes in the thermal, surface and chemical properties were observed 

upon deacetylation. Not only the thermal transitions of cellulose acetate disappeared but the 

initial water contact angle of the web was reduced drastically.[227] Finally, lignin-based fibers 

were produced by electrospinning aqueous dispersions of lignin, PVA and CNCs[228–230] (see 

Figure 10b). Defect-free nanofibers with up to 90 wt % lignin and 15% CNCs were achieved. 

The thermal stability of the system was observed to increase with the addition of CNCs owing 

to a strong interaction of the lignin!PVA matrix with the dispersed CNCs, mainly via 

hydrogen bonding.[228] Importantly, the size of the phase separated (lignin-PVA) domains was 

reduced by the addition of CNCs. Here, the importance of molecular interactions and phase 

separation on the surface properties of fibers from lignin and CNCs for the fabrication of new 

functional materials can be highlighted. 

 

2.8.2! Filaments from wet and dry spinning of nanocelluloses 

Spinning of nanocelluloses offers the opportunity to produce a renewable filament 

without the need for cellulose dissolution and regeneration.[64,193,231–239] Provided that the 

energy consumption is limited during CNF preparation, the absence of dissolution chemicals 

signifies a reduced environmental impact. Current results suggest that nanocellulose-based 
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filaments with competitive mechanical performance can be produced. Different approaches 

have been recently reviewed for wet and modifiable (Figure 10c), dry, as well as melt and 

electrospun CNFs and CNF-polymer combinations.[240,241] CNFs isolated from both 

softwoods[193,236,242] and hardwoods[64,243,244] have been used to produce filaments by spinning. 

CNFs from banana rachis have been dry-spun into filaments with remarkable mechanical 

properties (Young’s modulus up to 12.6 GPa and tensile strength up to 222 MPa) that are 

comparable to those of cotton fibers.[245] Filaments wet-spun from dopes of tunicate-derived 

CNF hydrogels were produced by taking advantage of the higher aspect ratio, which results in 

higher toughness as compared to those of wood-derived nanocelluloses. Filaments from the 

former displayed a more regular, circular cross-section and grooved surfaces.[233] Apparently, 

the extension of the long, entangled fibrils dissipates energy efficiently. Furthermore, the high 

degree of crystallinity of tunicate CNF can also positively contribute to the mechanical 

performance. TEMPO-oxidation and carboxymethylation of nanocellullose affects its 

spinnabilty and filament properties. TEMPO-oxidation was found to enhance fibril orientation 

during wet-spinning because of the elevated fibril aspect ratio and surface charge, which 

causes both entanglement and osmotic repulsion between the fibrils.[232,243] 
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Figure 10. Fibers based on nanocelluloses. a) Composite electrospun PVA fibers in the 
absence (left) or in the presence of reinforcing CNC (right).[225] Reproduced with permission. 
Copyright 2010, American Chemical Society. b) CNC-reinforced lignin electrospun hybrid 
fibers. Reproduced with permission.[230] Copyright 2013, American Chemical Society. c) CNF 
can be spun by injecting the CNF aqueous dope in a coagulant. Reproduced with 
permission.[232,243] Copyright 2011, Wiley-VCH and reproduced under the terms of the CC-
BY-X license 2016, Nature Group. d) Nanocomposite CNC/polyvinyl alcohol fibers with high 
strength fibers reaching strength of 880 MPa. Reproduced with permission.[246] reproduced 
under the terms of the CC-BY-X license Copyright 2016, American Chemical Society. e) 
Glutaraldehyde promotes wet strength for CNF fibers for surgery threads. The threads support 
stem cell growth for improved wound healing. Reproduced with permission.[64] Copyright 
2016, Elsevier. f) Interfacial polyelectrolyte complex spinning render multicomponent CNF 
fibers that allow crimping. Reproduced with permission.[247] Copyright 2017, American 
Chemical Society.  

 To summarize, filaments spun from nanocellulose have shown promising mechanical 

properties, depending on the aspect ratio of the materials, charge and other factors not 

discussed here for brevity. They include processing variables such as solids content in the 

dope, shear rate in the spinneret, addition of drawing and the coagulation and drying 

conditions. The option of adding additives, co-adjutants and chemicals for crosslinking is 

worth mentioning. The most recent results in this respect include the use of polyvinyl alcohol 
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to spin CNC-loaded fibers, which yielded a remarkable high strength (880 MPa) (Figure 

10d).[246] Moreover, crosslinking with glutaraldehyde promoted sufficient wet strength for 

CNF fibers to generate surgery threads or to support stem cell growth for improved wound 

healing (Figure 10e).[64] Finally, interfacial polyelectrolyte complex spinning with chitosan 

toward multicomponent CNF fibers has been demonstrated, producing fibers that can allow 

crimping (Figure 10f).[247,248] 

Nanocelluloses can also be put in the perspective of polymeric fibers. Cellulose fibers 

can be spun by dissolution and regeneration, in which case the native crystal structure is not 

recovered.[249–251] The technology of such fibers is well-developed and the resulting fibers 

have very good properties, showing strengths of even up to ca. 1.7 GPa. However, they 

typically require aggressive solvents and processes, and there have been considerable efforts 

to find more benign alternatives. Ionic liquids have recently been extensively pursued as 

“green solvents” with suppressed emission, taken that the solvent can be re-circulated. Such 

fibers render tensile strength ca. 0.9 GPa.[252] The fibers spun from CNF from aqueous solvent 

have so far had relatively modest properties in relation to the regenerated cellulose fibers, 

reaching typically strengths of 0.3-0.6 GPa.[232,233,236,242,253] A probable reason is that so far, 

the processes have not allowed sufficient alignment of the colloidal CNF fibrils. Various 

processes have been suggested and explored (discussed in Chapter 2.8). Note that even if it is 

often claimed that CNFs with their nanometric lateral dimension and micrometer length have 

a high aspect ratio, it is, in fact, only a few hundreds, at maximum. Such a value is not high in 

comparison to some polymers used for high strength fibers, such as that of ultrahigh 

molecular weight polyethylene (UHMWPE) allowing gel spinning.[254] Such diameters enable 

the long polymers to undergo gelation and a sufficient number of entanglements leads to 

stretching and alignment of the chains. By contrast, even if the CNFs form gels, they are not 

similarly entangled due to the fibrillary rigidity and the physics of spinning would be different 

from that of UHMWPE. Finally, a comparison can also be made to solution spinning of rigid 
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rod liquid crystalline aromatic or heteroaromatic polymers.[255] Therein, solution spinning and 

post-drawing result in fibers with very high mechanical properties where the strength can be 

even several GPa. Moreover, related to such fibers, the so far performance of CNF spun fibers 

remains poor. We finally point out a similarity between CNF colloidal fibrils and the above-

mentioned rigid rod polymers, as neither of them melts due to rigidity. However, in both cases 

fusible materials can be obtained by furnishing side chains to make a comb-shape or bottle-

brush architecture. In conclusion, the mechanical properties achieved so far for nanocelluloses 

are very modest in comparison to the state of the art of the best spun fibers. Therefore, new 

concepts have still to be developed to align the nanocellulose colloidal fibers. On the other 

hand, in some applications the present lower mechanical properties may suffice, taken that the 

facile functionalizability of nanocelluloses allows design benefits over the more classic fibers. 

3.! Functional materials based on nanocelluloses 

 Here we review some approaches towards functional advanced material based on 

nanocelluloses. For compactness, we emphasize emerging fields while leaving out cases of 

specific applications, such as classic composites, layer-by-layer deposition, and drug release, 

where good reviews can already be found.[9] 

3.1! Advanced hydrogels 

 Nanocelluloses have been used to create a wealth of hydrogels types.[13,14,41–68] The 

simplest case is offered by pristine CNFs, which spontaneously form hydrogels, probably 

promoted by their length and interacting entanglements. Naturally, different physical and 

chemical interactions can be used to crosslink nanocelluloses. Nontrivial combinations of 

properties of hydrogels can be obtained when specific supramolecular cross-linking motifs are 

used. Cucurbiturils (CBs)[256] are ring-like units that can host different guests depending on 

the number of its repeat units. In particular, CB[8] (Figure 11a), consisting of 8 repeat units, 

can host two guests, the primary guest (here viologen) and the secondary guest (here 
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naphthyl). Characteristic for such bonding is that the bond exchange rate is very high, and that 

the bonding is selective due to the three participant units. This supramolecular bonding motif 

can be exploited to self-assemble CNC-reinforced hybrid hydrogels (Figure 11b).[55] For this, 

CNCs with poly(methyl methacrylate) brushes were synthesized, incorporating a fraction of 

repeat units containing naphthyl pendant groups. Correspondingly, polyvinyl alcohol polymer 

with methyl viologen decorations was synthesized. By mixing them with CB[8] molecules, 

approximately fulfilling the stoichiometric relation between CB[8], naphthyls, and 

methylviologens, hydrogels are formed. Due to the reinforcement by CNCs, high stiffness is 

achieved with the storage modulus > 10 kPa. On the other hand, due to the rapid exchange 

rate of CB[8] driven host-guest interactions, rapid reversible sol-gel transition in a few 

seconds is inferred. And due to the selectivity of the CB[8] supramolecular bonding motif, the 

gel self-heals quickly without being passivated even after one year of storage time.  
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Figure 11. CNC-reinforced hybrid hydrogels. a) Cucurbit[8]uril shows relatively strong 
simultaneous binding of methyl viologens and naphthyl groups, still sustaining rapid 
exchanges, generating a stiff hydrogel of naphthyl modified CNC and viologen modified 
polyvinyl alcohol. Reproduced with permission.[55] Copyright 2014, Wiley-VCH. c) Methyl 
cellulose gel reinforced with CNC allows reversibly increased gel stiffness upon heating. 
Reproduced with permission.[53] Copyright 2014, American Chemical Society. 

 Another example deals with methyl cellulose/CNC hybrid hydrogels (Figure 11c).[53] 

The pristine water soluble methyl cellulose (MC) is known to undergo gelation upon 

heating.[257] The CNC reinforces the gel thereby creating widely tunable and 

thermoresponsive dispersions and hydrogels. This can be interesting for biological scaffolding 

as both components are biocompatible. 

 
















































































































































