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Abstract  

Cellulose nanofibrils (CNFs) are well-known biodegradable, renewable, and 

biocompatible materials that can be extracted from lignocellulosic materials via various 

chemical, mechanical, or enzymatic processes. Typically, CNFs obtained by mechanical 

processes are in aqueous media, generating viscous dispersion. The abundant numbers of 

hydroxy groups on their surface are a double-edged sword when utilizing CNFs: while 

those functions lead to some drawbacks such as hygroscopic character, instability in many 

organic solvents, strong interfibrillar  hydrogen interactions (leading to fibril aggregation), 

they can also participate in many chemical modifications through specific reactions. 

This thesis presents a surface modification pathway for CNFs, beginning with their 

conversion into CNF-based macroinitiators (CNF-MI) in a single step, followed by a Cu0-

mediated radical polymerization (SET-LRP) to graft polymers onto the CNF surface. The 

introduction of polymers onto their surface allows to change the properties and the 

behavior of the CNF drastically. By carefully selecting the appropriate monomers, CNF can 

be adapted and is suitable for many applications.  

In the first study, a combination of SET-LRP and a subsequent CuI-catalyzed azide-alkyne 

click chemistry (CuAAC) was employed to functionalize the CNFs, together creating a 

versatile multifunctional platform for various applications. CNFs were grafted with some 

random copolymers made of di(ethylene glycol) ethyl ether acrylate (DEGEEA) and 

acrylic acid 3-trimethylsilyl -prop-2-ynyl ester (TMSPgA) via SET-LRP. TMSPgA was for 

the introduction of luminescent dyes on the CNF surface via CuAAC, while DEGEEA 

enhanced the stability of the CNFs in selected solvents (DMSO&H2O) and acted as a spacer 

between neighbor luminescent dyes by spacing the reactive clickable monomers.  

With the successful fluorescent labeling of modified CNFs, we were able to employ 

confocal laser scanning microscopy (CLSM) and stimulated emission depletion (STED) 

microscopy to observe the modified CNFs directly. The study explored the behaviors of 

CNFs dried from DMSO, and single fibrils, fibril networks, bundles, and clusters could be 

observed/imaged. Finally, the distribution and morphology of the modified CNFs 

embedded in a polyvinyl alcohol (PVA) composite (approximately 10 µm thick) were 
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revealed. This morphology observation, which could not be realized with traditional 

electron microscopy techniques (SEM, AFM), was possible with the STED. 

The second study expanded on the surface modification approach by in situ cross-link 

CNFs with inorganic particles, specifically upconversion nanoparticles (UCNPs) and 

gadolinium fluoride nanoparticles (GdF3 NPs). To do this, we explored various surface 

modification approaches to adapt those NPs to our established surface modification 

routine for CNFs. 

For UCNPs, a two-step ligand exchange strategy was exploited to replace oleic acid (OA) 

with  2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), making them suitable for 

SET-LRP. While GdF3 NPs, initi ally stabilized by citric acid in H2O, were directly  surface-

modified with 11-phosphonoundecyl acrylate (PDA). 

In the syntheses of both CNF-based hybrids via SET-LRP, the monomer stearyl acrylate 

(SA) and the modified nanoparticles were used to surface-modify the CNF. By grafting SA 

onto CNF surfaces (PSA-CNF), the inter-fibrillar hydrogen bond effect in CNFs decreased, 

creating CNF individual species that form highly stable suspensions in toluene and could 

even be redispersible in toluene from a dried state. In addition, PSA-modified CNF gels 

exhibited favorable rheological properties suitable for 3D gel printing . 

For the CNF-based hybrids with UCNPs, the imparted UCNPs preserved their  optical 

characteristics in the CNF matrix, as detected by a confocal microscope and corroborated 

by emission spectra. The measurement of the confocal microscope revealed the 3D 

distribution of the UCNPs and individual CNFs inside the network.  

Furthermore, Small-Angle X-ray scattering (SAXS) analysis revealed intriguing structural 

changes in CNFs induced by the cross-linked UCNPs. The SAXS analysis of the CNF-based 

hybrids revealed a reduced agglomeration compared to the unmodified CNFs and 

resulted in a higher-ordered arrangement of the cross-linked UCNPs. 

For the CNF-based hybrids with GdF3 NPs, the magnetic resonance imaging (MRI) active 

properties of GdF3 NPs were preserved in the gel. MRI relaxivity measurements at 7T 

demonstrated the potential of this hybrid gel as a novel MRI contrast agent. 
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USAXS/WAXS measurements confirmed the presence of GdF3 NPs throughout the sample, 

displaying a chain-like and disordered arrangement within the modified CNF matrix. GdF3 

NPs were found to be more individually distributed and spaced at larger distances 

compared with UCNPs, which tended to form spherical aggregates, spreading over 

relatively shorter distances. 

Additionally, the encapsulation of bacteriocin MP1 demonstrated the potential of 

modified CNF-based hybrid materials with antimicrobial activity. Antimicrobial tests 

confirmed the effective antimicrobial activity and sustained drug release of the dried CNF-

based hybrid gel containing MP1 against the Methicillin -resistant S. aureus (MRSA) strain, 

indicating its potential as a skin wound dressing with customizable size and shape.  
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Zusammenfassung 

Cellulose-Nanofibrillen, kurz CNF, sind biologische und biokompatible Materialien, 

welche aus erneuerbaren lignocellulosehaltigen Materialien durch unterschiedliche 

chemische, mechanische oder enzymatische Prozesse gewonnen werden können. CNF, 

welche durch mechanische Prozesse gewonnen werden, befinden sich typischerweise in 

wässrigen Medien, und liegen dort als viskose Dispersion vor. Die Oberfläche von CNF ist 

mit einer Vielzahl an Hydroxygruppen bestückt, was unterschiedliche Folgen hat. 

Einerseits führen diese zu Nachteilen wie hygroskopischen Eigenschaften, Instabilität in 

vielen organischen Lösungsmitteln und starken interfibrillären Wasserstoffbindungen, 

welche wiederum zu einer Aggregation der Fibrillen führen kann. Der große Vorteil ist 

jedoch, dass über diese Hydroxygruppen zahlreiche chemische Modifikationen 

ermöglicht werden. 

In dieser Arbeit wird eine Oberflächenmodifizierungsstrategie für CNF vorgestellt, bei 

welcher zuerst CNF in einen CNF-basierten Makroinitiator (CNF-MI) umgewandelt wird 

und anschließend eine Cu0-vermittelte radikalische Polymerisation (SET-LRP) 

durchgeführt wird . Letztere dient der Pfropfung von Polymeren auf die CNF. Im Anschluss 

kann eine CuI-katalysierte Azid-Alkin-Click-Chemie (CuAAC) eingesetzt werden, um die 

CNF weiter zu funktionalisieren. Durch diese Kombination zweier chemischer 

Modifizierungen ergibt sich eine vielseitige multifunktionale Plattform für diverse 

Anwendungen. 

Im Rahmen einer ersten Studie wurden CNF mit zufälligen Copolymeren aus 

Di(ethylenglykol)ethyletheracrylat (DEGEEA) und Acrylsäure-3-trimethylsilylprop -2-

ynylester (TMSPgA) über SET-LRP funktionalisiert . TMSPgA diente dazu, 

lumineszierende Farbstoffe über CuAAC auf der CNF-Oberfläche zu binden, während 

DEGEEA die Stabilität der CNF in ausgewählten Lösungsmitteln (DMSO und H2O) erhöhte 

und als Abstandshalter zwischen benachbarten lumineszierenden Farbstoffen fungierte, 

indem es die reaktiven clickbaren Monomere voneinander trennte.   

Die erfolgreiche Fluoreszenzmarkierung der modifizierten CNF ermöglichte die direkte 

Beobachtung der modifizierten CNF mittels konfokaler Laser-Scanning-Mikroskopie 

(CLSM) und Mikroskopie mit stimulierter Emissionsverarmung (STED). Gegenstand der 



5 

 

Studie war das Verhalten von aus Dimethylsulfoxid getrockneten CNF, einschließlich 

einzelner Fibrillen, Fibrillennetzwerke, Fibrillenb ündel und -cluster. Auch die Verteilung 

und Morphologie der in einen Polyvinylalkohol-Komposit (ca. 10 µm dick) eingebetteten 

modifizierten CNF konnte schließlich aufgeklärt werden. Die Beobachtung dieser 

Morphologie war mit herkömmlichen Methoden der Elektronenmikroskopie, wie 

beispielsweise dem Rasterelektronenmikroskop (SEM) oder dem Rasterkraftmikroskop 

(AFM), unmöglich und wurde durch den Einsatz des STED durchgeführt. 

Im Rahmen einer zweiten Studie wurde der Ansatz der Oberflächenmodifizierung 

erweitert, indem die CNF in situ mit anorganischen Partikeln vernetzt wurden, 

insbesondere mit Upconversion-Nanopartikeln (UCNP) und Gadoliniumfluorid-

Nanopartikeln (GdF3 NP). Zu diesem Zweck wurden verschiedene Ansätze zur 

Oberflächenmodifikation untersucht, um diese Nanopartikel in unsere etablierte 

Oberflächenmodifikationsroutine für CNF zu integrieren. Für UCNP wurde eine 

zweistufige Ligandenaustauschstrategie angewandt, um Ölsäure (OA) durch 2-

Acrylamido-2-methyl-1-propansulfonsäure (AMPS) zu ersetzen, wodurch sie für SET-LRP 

geeignet wurden. GdF3 NP, die ursprünglich mit Zitronensäure in H2O stabilisiert wurden, 

wurden direkt mit 11 -Phosphonoundecylacrylat (PDA) oberflächenmodifiziert. 

Die Synthese der beiden CNF-basierten Hybride mittels SET-LRP erfolgte unter 

Verwendung des Monomers Stearylacrylat (SA) zur Oberflächenmodifizierung von CNF. 

Durch die Aufpfropfung von poly-SA auf die Oberfläche von CNF (PSA-CNF) konnte der 

Effekt der interfibrillären Wasserstoffbrückenbindungen in CNF verringert werden. Dies 

resultierte in CNF-Spezies, die in Toluol hochstabile Suspensionen bilden und im 

getrockneten Zustand in Toluol redispergierbar sind. Des Weiteren wiesen die PSA-

modifizierten CNF-Gele 3D-druckgeeignete rheologische Eigenschaften auf. 

Bei den CNF-Hybriden mit UCNP wurden die eingebrachten UCNP in der CNF-Matrix 

nachgewiesen. Dies wurde durch konfokale Mikroskopie festgestellt und durch 

Emissionsspektren bestätigt. Die Messungen des konfokalen Mikroskops zeigten die 3D-

Verteilung der UCNP und einzelner CNF innerhalb des Netzwerks.  

Darüber hinaus zeigte die SAXS-Analyse, dass die vernetzten UCNP eine Veränderung der 

CNF-Struktur hervorriefen. Diese ging von einer abgeflachten Struktur über in eine 
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kugelförmige Struktur. Die Agglomeration der PSA-CNF wurde im Verlauf des Prozesses 

ebenfalls verringert. Der 3D-Druckprozess führte zu einer weiter reduzierten 

Agglomeration sowie einer erhöhten Ordnung der vernetzten UCNP.  

Für die CNF-basierten Hybride mit GdF3 NP zeigte die Magnetresonanztomographie 

(MRT), dass die aktiven Eigenschaften der GdF3 NP im Gel erhalten blieben. MRT-

Relaxivitätsmessungen bei 7 T zeigten das Potenzial dieses Hybridgels als neuartiges 

MRT-Kontrastmittel. 

Die Ergebnisse der USAXS/WAXS-Messungen belegen die Präsenz der GdF3 NP innerhalb 

der gesamten Probe. Dabei zeigt die modifizierte CNF-Matrix eine kettenartige und 

ungeordnete Anordnung dieser NP. Die Verteilung der GdF3 NP war weniger dicht, und 

die Abstände zwischen den einzelnen Partikeln waren größer als bei den UCNP, die in 

kugelförmigen Aggregaten organisiert waren, deren räumliche Verteilung über einen 

kurzen Bereich erfolgte.  

Des Weiteren wurde das Potenzial Hybridmaterialien mit antimikrobieller Aktivität 

durch die Verkapselung des Bakteriocins MP1 aufgezeigt. Die durchgeführten 

antimikrobiellen Tests bestätigten die wirksame antimikrobielle Aktivität sowie die 

anhaltende Wirkstofffreisetzung des getrockneten Hybridgels auf CNF-Basis, welches das 

Bakteriocin MP1 gegen den Methicillin-resistenten S. aureus-Stamm (MRSA) enthielt. Dies 

deutet auf das Potenzial des CNF Hybridgels als Hautwundverband mit anpassbarer 

Größe und Form hin. 
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1 Introduction  

1.1 Cellulose and nanocellulose  

Cellulose is the most abundant biopolymer found in biomass and can be extracted from 

numerous resources, such as plants, algae, and agricultural wastes or produced by certain 

types of bacteria1. It presents several advantages, such as being renewable, biodegradable, 

non-toxic, and it could be an ideal replacement for fossil fuel resources in the near future2.  

The building block of the unbranched cellulose homopolymer chain consists of a repeated 

unit of ɼ-D-glucopyranose molecules, also known as anhydroglucose units (AGUs) (Figure 

1. 1). Each AGU unit  is rotated by 180° with respect to its neighbors, along the chain axis, 

and connected together through a chemical bond known as the glycosidic linkage3. The 

combination of two AGUs is defined as the anhydrocellobiose. Each AGU repeating unit 

has six carbon atoms with three hydroxy groups located at the C2, C3, and C6 atoms. The 

cellulose polymer has two types of chemical groups located at each of chain ends: (i) a 

closed ring structure, with an original C4-OH group at the C4 atom, which constitutes a 

non-reducing end; (ii)  an opened ring structure with an original C1-OH group, with a 

reversible equilibrium between an aliphatic structure that bears an aldehyde group and 

a cyclic hemiacetal (Figure 1. 1).   
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Figure 1. 1  Structure of cellulose molecule, representing the anhydrocellubiose unit as the 

repeating structural, showing the non-reducing end and the reversible equilibrium between 

hemiacetal and aldehyde groups at the reducing end. The numbering system for carbon atoms in 

anhydroglucose is indicated in red, and the ɼ-1,4 linkage is indicated in blue.  

The large amount of hydroxy groups on the polymer backbone creates strong inter-and 

intra -molecular interactions through hydrogen bonds (Figure 1. 2). The intra -chain 

hydrogen bonding induces the high axial stiffness of the linear cellulose polymer, while 

the inter-chain hydrogen bonding creates a link between the adjacent polymers - forming 

a 2D sheet.   
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Figure 1. 2 Inter-and intra-molecular hydrogen bonding network in cellulose. 

Cellulose is a semi-crystalline polymer that contains both crystalline and amorphous 

regions. The crystalline domains consist of highly ordered cellulose chains, which are 

stabilized by extensive intermolecular and intramolecular hydrogen bonds, as well as by 

Van der Waals forces. The amorphous regions of polymer chains exhibit a lower density 

and are characterized by twists and torsions. These structural disruptions interfere with 

the orderly arrangement of the polymer, thereby enhancing its chemical accessibility4.  

The crystallinity highly depends on the origin and extraction procedures of cellulose 

fibers. In general, crystalline domains are more resistant to chemical, mechanical, and 

enzymatic treatments than the amorphous regions.  

In conclusion, the intra- and intermolecular interactions and the surface hydroxy groups 

within  cellulose endow it with characteristic properties such as hydrophilicity, 

degradability, chirality and chemical accessibility, depending not only on its chain length 

and molecular structure but also on its hierarchical order.  

Lately, various forms of cellulose, such as with different crystallites in nano scales, have 

gained increasing attention due to their  specific chemical and physical properties5. The 

following sections will  intro duce different types of nanocellulose, especially cellulose 

nanofibrils, and dig into the methods for their production, modification, characterization, 

and potential applications. 
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1.1.1 Nanocellulose 

The ÔÅÒÍ ȰÎÁÎÏÃÅÌÌÕÌÏÓÅȱ (NC) refers to a cellulosic particle type that usually has at least 

one dimension - width or length - on the nanometer scale. These particles keep the key 

cellulose properties, including hydrophilicity , extensive chemical-modification capability, 

and the ability to form versatile semi-crystalline fiber morphologies.  

Nanocelluloses can be classified into different forms based on their sources, preparation 

methods, and dimensions.  

Considering the sources, NC can be categorized into plant-derived nanocellulose and 

bacterial-based nanocellulose (BNC) (Figure 1. 3)6. Plant-derived nanocellulose is more 

prevalent compared to BNCs as they are obtained through the mechanical disintegration 

of cellulose fibers into the nanoscale structure, a method known as the top-down 

approach, whereas BNC is produced through a bottom-up process wherein nanofibril s are 

built up from low molecular weight sugars by Gluconacetobacter bacteria strains.  

 

Figure 1. 3 (a) Cellulose contained in plants or trees has a hierarchical structure from the meter 

to the nanometer scale; (b)  schematic diagram of the reaction between cellulose and strong acid 

to obtain nanocellulose; (c) bionanocellulose cultured from cellulose-synthesizing bacteria7. 

Copyright 2020 Nanomaterials, with permission of MDPI. 
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BNC is derived from biochemically activated dextrose within bacterial bodies through a 

cellulose-synthesizing complex associated with the surface pores of bacterial cells8. 

Typically, BNC has a typical diameter ranging from 20 to 100 nm and a length greater than 

10 µm. In addition, BNC is composed of pure cellulose, free from functional groups, such 

as carbonyl groups, as well as other polymers like hemicellulose and lignin. These 

characteristics make them particularly advantageous for biomedical applications9,10. 

According to the standardization of cellulose nanomaterials definitions established by the 

Technical Association of the Pulp and Paper Industry (TAPPI), cellulose nanomaterials 

can be divided into nanostructured materials and nano-objects based on their dimensions 

(Figure 1. 4). The nanostructured materials are categorized into cellulose microcrystals 

and cellulose microfibrils. However, the cellulose nanofibers are sub-grouped into: (a) 

cellulose nanofibrils (CNFs), previously known as nanofibrillated cellulose or 

microfibrillated cellulose and (b) cellulose nanocrystals (CNCs), previously known as 

cellulose whiskers. 

 

Figure 1. 4 Standard terms for cellulose nanomaterials (TAPPI WI 3021)11. Copyright 2018 

Cellulose, with permission of Springer Nature. This figure is adapted from Mariano et al.12, 

Copyright 2014 Journal of Polymer Science Part B: Polymer Physics, with permission of John Wiley 

and Sons. 
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1.1.1.a Cellulose nanocrystals (CNCs) 

The extraction of CNCs from cellulosic materials can be divided into two main categories 

(Figure 1. 5). Firstly, the raw material is pretreated to isolate the cellulosic pulp by entirely 

or partially removing the matrix materials, such as hemicellulose and lignin, from wood 

and plants. The second stage involves a controlled chemical treatment, typically 

hydrolysis, to remove the amorphous regions of the cellulose polymer. 
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Figure 1. 5 Schematic illustration s of recent processes to produce CNFs and CNCs from 

lignocellulosic materials13. Copyright 2015 Cellulose - Fundamental Aspects and Current Trends, 

with permission of InTech. 
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CNCs can also be directly extracted from CNFs via acid hydrolysis14. Owing to the stability 

of the resulting suspensions, acid hydrolysis is still a common choice to treat purified 

cellulosic materials15,16. Hydrochloric and sulfuric acids are the two commonly used acids 

for CNC extraction, resulting in different surface characteristics of CNCs. Particles are, 

however, more negatively charged with H2SO4 than HCl, as H2SO4 can functionalize 

glucose units with sulfate ester groups; the repulsive forces created by those charged 

groups render CNCs with a higher dispersibility and stability in water17.  

The obtained CNCs have high crystalli nity  and exhibit rode-like shapes (Figure 1. 11 d-f) 

with  relatively limited flexibility as they do not contain amorphous regions. The 

dimensions, morphologies, and crystallinity degree of CNCs depend on the source of the 

cellulosic material, the production conditions, and the experimental techniques. In 

addition, since the cleaving of cellulose chains via acid hydrolysis occurs randomly, the 

dimensions of CNCs are not uniform. For instance, CNCs obtained from cotton have a 

width of 5-10 nm and a length of 100-200 nm18. CNCs from softwood pulp, upon the acid-

to-pulp ratio and time of hydrolysis, have width s of 4-5 nm and lengths ranging from 100-

160 nm19. Studies have reported that CNCs derived from tunicate and bacterial cellulose 

generally have larger dimensions than those obtained from wood and cotton. This is due 

to the higher crystallinity of tunicate and bacterial cellulose, resulting in lower cleaving of 

amorphous domains and, therefore, larger nanocrystals20,21.  

 

Figure 1. 6 The crystalline and amorphous structures of cellulose. 

1.1.1.b Cellulose nanofibrils  (CNFs) 

The production of cellulose nanofibrils dates back to the 80s, according to Turbak et al.22 

and Herrick et al.23. They produced a gel-like cellulosic material by passing softwood pulp 

through a mechanical refiner and a high-pressure homogenizer. When subjected to high 

shearing forces, the resulting CNFs exhibit strongly entangled networks encompassing 
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crystalline and amorphous domains. Typically, CNFs (Figure 1. 12) defibrillated  through 

mechanical treatments have a width  of 5-30 nm and a length of several micrometers24. An 

in-depth review of CNF production is presented in the following section. 

1.1.2 Production of cellulose nanofibrils  

Cellulose from wood and plants is combined with hemicellulose and lignin. In general, for 

CNF production, the raw material undergoes several cooking and bleaching treatments, 

similar to those in the papermaking industry. The isolated cellulosic materials are 

sequentially broken down into microscale to nanoscale objects by combinations of 

different operations, typically mechanical disintegration process, enzymatic or chemical 

treatments (Figure 1. 7).  

 

Figure 1. 7 Schematic diagram of CNF production2. Copyright 2016 Industrial Crops and Products, 

with permission of Elsevier. 

1.1.2.a Mechanical disintegration 

To delaminate the nanofibrils successfully, it is essential to surpass the interfibrillar 

hydrogen bonding energy of cellulose rather than merely cutting the fibrils. CNFs are 

commonly produced in an aqueous medium that loosens the interfibrillar hydrogen 

bonds. Mechanical methods can be employed to break down dry cellulose pulp into small 

fragments, but this often results in fiber shredding instead of elementary fibril 
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delamination, which leads to CNFs with low DP, crystallinity, and aspect ratio, 

consequently leading to poor mechanical properties of products. 

Mechanical treatments are usually employed for industry production of CNFs due to their 

high efficiency in delaminating fiber cell walls and isolating CNFs, as well as their 

suitability for up-scaling25. There are three commonly used techniques: high-pressure 

homogenization, micro-fluidization, and micro-grinding. 

 

Figure 1. 8 The most applied mechanical treatment processes used in fabricating CNFs are the 

homogenizer, the microfluidizer and the grinder26. Copyright 2012 Carbohydrate Polymers, with 

permission of Elsevier. 

High-pressure homogenization (HPH) is the first and widely used method for producing 

CNFs from wood-based fibers22,23. The strong mechanical shearing, combined with the 

high pressure, initiates the fibrillation of fibers. A cellulose slurry  enters a spring-loaded 

valve area at high pressure and low velocity (Figure 1. 8). The pressure is applied when 

the valve shifts between the impact head and the passage head repetitively . Meanwhile, 

the fibers are subjected to a rapid pressure drop with high shear and impact forces 

generated in the microsized zone and disintegrated into CNFs. The homogenized fibers 

are directed towards the impact ring, where they stay at sufficient pressure for moving to 

the subsequent stage.  

The application of these forces results in a significant degree of micro-defibrillation of 

cellulose fibers. Cellulose fibrillation can be extended to multiple  homogenization cycles 

as well as various levels of pressure. As the pressure increases, so does the disruption 



17 

 

efficiency per pass through the equipment. This process is also scalable and operates 

continuously. The downside of this technique is the substantial energy consumption (over 

25 MWh t-1) and the clogging issue, particularly at the in-line valves27.  

Microfluidizers are an alternative to high-pressure homogenizers. Other than 

homogenizers that operate at a steady pressure, microfluidizers maintain a consistent 

shear rate. The cellulose aqueous suspension is passed through narrow chambers with a 

specific geometry, such as a Z or Y shape (Figure 1. 9), and an orifice width ranging from 

100-400 ʈÍ under high pressure. This generates strong shear forces and promotes 

cellulose fibrillation as the suspension collides with the channel walls. At the end of the 

process, a heat exchanger cools down the product stream to ambient temperature. To 

improve the degree of fibrillation, the process can be repeated multiple times, and 

chambers of varying sizes can be utilized. 

Moreover, the absence of in-line moving parts in this process lowers the probability of 

clogging. However, to prevent clogging by long fibers, it is necessary to pre-treat the 

cellulose suspension. Despite its potential, the high energy consumption of up to 

70 MWh t-1  has been a significant obstacle to its commercial viability for an extended 

period28,29. 

 

Figure 1. 9 (A) Y-type interaction chamber and (B) Z-type interaction chamber30. Copyright 2018 

Nanoemulsions, with  permission of Elsevier. 

The grinding process involves forcing cellulose slurries through a gap between a static 

and a rotating grindstone at around 1500 rpm (Figure 1. 8). This generates shearing 
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forces that break down cell wall structures and hydrogen bonds, liberating nanofibers in 

a multilayered structure. The degree of fibrillation depends on several factors, such as the 

gap between the two discs, the disc channel morphology, and the number of passes 

through the grinder. Micro-grinding does not suffer from clogging problems and is 

considered less energy-intensive than the two previous methods29. However, frequent 

disk maintenance and replacement are the primary drawbacks of this technique due to 

rapid wear-out. 

Apart from homogenization and grinding methods, various other processing techniques, 

such as refining31, extrusion32,33, cryocrushing34,35, and ultrasonification36,37 are currently 

being developed. These methods aim to isolate and refine CNFs further  and enhance their 

properties. 

1.1.2.b Pre-treatment for CNF production 

Two common issues have plagued the manufacturing of CNFs from wood pulp: (i) 

clogging, when the pulp is pumped through high-pressure fluidizers/homogenizers; (ii) 

substantial energy consumption, mainly due to multiple passes through the disintegration 

device to achieve efficient delamination of cell walls. This energy is necessary to overcome 

the interfibrillar hydrogen bonds and liberate CNFs. As a result, the development of less 

energy-intensive disintegration methods has become a top priority for securing the 

industrialization of CNF production. Pre-treatments have been employed to tackle this 

issue. 

To reduce the energy required for fibrillation, various approaches have been suggested to 

obtain less rigid and cohesive fibers. Three alternatives have been proposed: mechanical, 

chemical and enzymatic pre-treatments.  

Mechanical pre-treatment 

Mechanical pre-treatment methods are employed to pre-fibrillate cellulose fibers and 

reduce their  size to facilitate disintegration. Mechanical refining is often applied before 

homogenization to promote defibrillation and decrease energy consumption. Various 

methods, such as manual cutting38, disc refiners39, PFI mills40, and Valley beaters41, have 

been reported for CNF production. On a laboratory scale, the PFI mill and Valley beater 



19 

 

are frequently employed for pulp refining38,39,42. The PFI mill, while it consumes a 

significant amount of energy, is considered a low-intensity refiner that processes pulps 

between an inner roll and an outer bedplate; conversely, the Valley beater requires larger 

pulp samples and has a longer operating time23.  

The beating process involves looping the pulps around a wall and forcing them between 

a rotor and a loaded bed plate. During the refining process, repeated cyclic stresses are 

subjected to cellulose fibers to peel off external cell walls and expose the secondary layer 

for sequential fibrillation,  e.g., homogenization23,43. However, mechanical refining can also 

damage the microfibril structure by reducing the polymer molecular mass and its 

crystallinity  degree.  

However, the energy consumption of these methods leads to increased manufacturing 

costs for CNFs. For instance, it was reported that the effective energy consumption in a 

Valley beater for bleached eucalyptus and bleached pine was about 0.482 and 

0.578 MWh t-1, respectively, with a total beating time of 1 h. In addition, a 3 h beating 

process produced cellulose microfiber with a diameter of 0.24 ʈÍ ÆÒÏÍ ÃÅÌÌÕÌÏÓÅ ÆÉÂÅÒÓ 

with a diameter of 30 ʈÍ ÃÏÎÓÕÍÅÄ ÁÂÏÕÔ ς MWh t-1 29,44. Similarly, a PFI mill required an 

estimated energy consumption of up to 2.7 MWh t-1 to generate cellulose microfibers with 

a diameter of 1.3 ʈÍ ÆÒÏÍ ÂÌÅÁÃÈÅÄ ÓÏÆÔ×ÏÏÄ ËÒÁÆÔ ÐÕÌÐ ×ÉÔÈ a diameter of 13 ʈÍ45. 

Therefore, the development of low-energy mechanical pre-treatment techniques can help 

reduce the overall energy consumption for CNF production. Furthermore, these 

mechanical pre-treatment processes produce wet cellulose precursors, which can be 

challenging to store and handle due to their large volume. 

Chemical pre-treatment 

A more promising approach for facilitating the extraction of CNFs involves the use of 

chemical treatments, such as 2,2,6,6-Tetramethylpiperidine -1-oxyl (TEMPO)-mediated 

oxidation, carboxymethylation, and quaternization (Scheme 1. 1).  
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Scheme 1. 1 Chemical pre-treatments of CNF productions: (A) TEMPO-mediated oxidation, 

adapted from ref 46, Copyright 2019 Cellulose, with permission of Springer Nature. (B) 

carboxymethylation, (C) quaternization. 

TEMPO-mediated oxidation is a well-studied chemical pre-treatment method used in the 

production of CNFs. The pioneering work of Saito et al.47 demonstrated the efficacy of this 

technique in releasing CNFs from never-dried cellulose fibers and facilitating low-energy 

mechanical disintegration of oxidized fibers in aqueous suspensions. The oxidation 

reaction is typically carried out at room temperature for several hours on cellulose fibers 

from diverse sources, such as wood pulp, cotton linters, tunicate and bacterial cellulose48. 
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The mechanically disintegrated CNFs, pretreated with TEMPO-mediated oxidation, have 

a uniform width of 3-5 nm and can be easily separated into individual nanofibrils49.  

The basic principle of TEMPO-mediated oxidation involves using the nitrosonium ion 

(+N=O), which is generated in situ through the reaction of TEMPO radical with the oxidants 

to oxidize the hydroxy groups of the cellulose fibers (Scheme 1. 1 A). In an aqueous 

environment, TEMPO catalyzes the conversion of C6 primary alcohols to carboxylate 

(COO-) functionalities in the presence of a primary oxidizing agent, e.g., sodium 

hypochlorite (NaOCl).  

Compared to the energy usage of a high-pressure homogenizer, TEMPO-mediated 

oxidation pre-treatment was shown to decrease the consumption dramatically by a factor 

of more than 10050. Several benefits have been demonstrated in using TEMPO-mediated 

oxidation for the delamination process, such as:  

(a) negatively charged carboxyl groups are induced to create repulsive forces between 

cellulose fibers, which loosens the cohesion of microfibrils;  

(b) the oxidation makes the inner cell wall more accessible and prone to fibrillation by 

loosening the primary cell wall;  

(c) TEMPO oxidation increases the hydration and swelling of cellulose fibers, which 

increases their flexibility and also enhances the accessibility of crystalline domains;  

(d) chain scission in the amorphous region due to oxidation creates defects within the cell 

wall, facilitating delamination. 

However, there are also some drawbacks associated with this process, such as the 

difficulty of upscaling the reaction to an industrial level, the potential environmental 

impact of chemical reagents used, and possible economic limitations related to large-scale 

production. 

The carboxymethylation process is another commonly used chemical pre-treatment. This 

process increases the anionic charges on cellulose surfaces by inducing carboxyl groups, 

which was first applied to CNF production by Wågberg et al.51. Carboxymethylation, 
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through the Williamson reaction, is a simple and cost-effective method that involves 

activating fibers with alkali hydroxide, typically with sodium hydroxide, followed by 

treatment with monochloroacetic acid to introduce carboxymethyl groups (Scheme 1. 1 

B). 

Introducing charged groups to cellulose fibers enhances their delamination by creating 

repulsive electrostatic forces between fibers. Additionally, carboxymethylation leads to 

fiber swelling, and carboxymethyl groups should be in the form of their sodium salts to 

maximize the swelling of cellulose fibers24. This leaves the highly charged fibers, thus 

making them more accessible to liberate. It was reported that with the 

carboxymethylation pre-treatment, the energy consumption of homogenization can be 

significantly reduced from 27 MWh t-1 to 0.5 MWh t-1 51. Moreover, cellulose nanofibrils 

with a diameter of 5-10 nm were successfully obtained with only one pass through a high-

pressure fluidizer52,53. 

Additional chemical pre-treatments can be carried out on cellulose fibers to modify their 

surface charge and improve their disintegration process. For example, carboxylation 49,54 

and sulfonation55 can be used to introduce strong anionic groups onto the surface of the 

fibers, while quaternization56,57 can cationize the surface. By modifying the surface charge 

in these ways, the fibers are made to repel each other electrostatically, which in turn 

weakens the hydrogen bonding and van der Waals interactions between them. This makes 

the pulp disintegration process easier and more efficient. 

Chemical pre-treatment methods have some significant drawbacks. Firstly, they require 

various chemicals and organic solvents, which can harm the environment and pose health 

risks. As mentioned above, TEMPO oxidation and carboxymethylation use sodium 

hypochlorite or sodium chlorite and toxic halocarbon reactants, respectively. It is 

reported that CNFs produced via the carboxymethylation route have the highest 

environmental impacts due to the large use of solvents made from crude oil58. Moreover, 

the introduction of functional groups like carboxyl and carboxymethyl groups can 

decrease the thermal stability of cellulose due to decarbonization59,60. Additionally, CNFs 

produced by these methods are typically more hydrophilic, which may limit their 

applications in nonpolar media61. 
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Enzymatic pre-treatment 

Enzymatic pre-treatment has gained attention in the production of CNFs owing to its 

potential to mitigate certain drawbacks of chemical pre-treatment. This approach offers 

the promise of reducing environmental impact, as well as cutting down on the chemical 

and energy expenses required for subsequent mechanical disintegration processes. As an 

emerging method, enzymatic hydrolysis presents several advantages over mineral acid 

hydrolysis by avoiding the generation of toxic residues. Operating under mild thermal and 

pressure conditions, enzymatic hydrolysis stands out as a less energy-intensive process. 

Enzymatic methods do not alter cellulose substantially, primarily targeting the 

amorphous regions of cellulose fibers using cellulases62. Cellulases are a group of enzymes 

that catalyze the hydrolysis of cellulose, breaking down the complex polysaccharide into 

simpler sugars. Commercial cellulases are the most widely used enzymes for this purpose, 

comprising three main groups (Figure 1. 10):  

(a) endoglucanases, which cleave randomly at internal amorphous sites within the 

cellulose polysaccharide chain, yielding oligosaccharides of varying lengths and thereby 

creating new chain ends;  

(b) cellobiohydrolases (or exoglucanases), which act on reducing or nonreducing ends, 

creating cellobiose or glucose; they can also act on microcrystalline cellulose, peeling 

cellulose chains from the microcrystalline structure;  

(c) glucosidases, which break down soluble cellodextrins and cellobiose into glucose63.  



24 

 

 

Figure 1. 10 Schematic illustratio n of the hydrolysis of amorphous and microcrystalline cellulose 

by (A) noncomplexed and (B) complexed cellulase systems. The solid squares represent reducing 

ends, and the open squares represent nonreducing ends63. Copyright 1997 Microbiology and 

molecular biology reviews: MMBR, with permission of American Society for Microbiology. 

A study compared CNF production using a high-pressure homogenizer with and without 

prior enzymatic pre-treatment using endoglucanases64. It revealed that enzymatic 

hydrolysis significantly enhanced the homogeneity of the resulting products. Mechanical 

disintegration alone encountered severe blockage issues during homogenization, leading 

to inadequately homogeneous materials. Moreover, milder enzymatic hydrolysis 

facilitated a higher aspect ratio, resulting in a stronger gel network compared to more 

aggressive acid hydrolysis. Additionally, pre-treatment with low concentrations of 

endoglucanase facilitated the disintegration of wood pulp into cellulosic nanofibers while 

preserving molecular weight and fiber length65.  

However, enzymatic pre-treatment may incur higher costs due to the use of expensive 

enzymes, potentially elevating the overall cost of CNF production. It  also requires careful 

control of reaction conditions, such as pH, temperature, and reaction time, to ensure 
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optimal enzyme activity and prevent enzyme deactivation or substrate degradation. 

Furthermore, the enzymatic pre-treatment process is typically slower than chemical pre-

treatment, potentially limiting production scale and throughput. Lastly, enzymatic pre-

treatment may not be universally applicable to all cellulose sources and may require 

optimization for each specific source. 

1.1.2.c Post-treatment 

Despite the array of pre-treatment methods available, the utilization of post-treatment 

techniques in CNF production remains relatively limited. The objectives of the two 

treatments are distinct : while pre-treatments target reducing energy consumption during 

CNF production, post-treatments are geared towards enhancing CNF properties or 

improving their compatibility for specific applications. To extend the usage of CNFs in 

further applications, it is important not to overlook the intrinsic deficiencies of CNFs. One 

of the main challenges brought by the surface hydroxy groups is poor dispersibility in 

water and most organic solvents and irreversible agglomeration after drying, also known 

as hornification66. This occurs due to the strong hydrogen bonds between adjacent 

cellulose molecules, causing the cellulosic fibrillar strands to lose their flexibility and 

conformability. 

Post-treatments can be categorized into physical and chemical modifications. Physical 

treatments involve the use of thermal and mechanical methods to adjust CNF 

concentration or solvent, including techniques such as filtration, freeze-drying, 

centrifugation, solvent exchange, or the incorporation of various additives. 

Chemical modifications, on the other hand, include molecular substitution  or polymer 

grafting, aiming to impart  new properties to CNF with or preserve their intrinsic 

characteristics. These modifications may, for instance, enhance the compatibility of CNF 

with  nonpolar solvents and polymeric matrices in composite applications or prepare 

solvent-redispersible CNFs. The focus of this work lies in exploring chemical modification 

strategies, which will be discussed in detail later on. 
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1.1.3 Properties and characterization of cellulose nanofibrils  

As previously mentioned, CNFs possess several nano-specific properties that distinguish 

them from traditional cellulosic materials. These properties encompass their diminutive 

size, with diameters ranging from three to several hundred nanometers, as well as their 

high aspect ratio and extensive specific surface area. However, achieving unambiguous 

characterization of CNF poses challenges due to their heterogeneous nature and 

considerable variability arising from different raw materials, pre-treatments, and 

ÐÒÏÃÅÓÓÉÎÇ ÍÅÔÈÏÄÓȢ &ÏÒ ÉÎÓÔÁÎÃÅȟ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÏÆ #.& ÃÁÎ ÖÁÒÙ ×ÉÄÅÌÙȟ ÓÐÁÎÎÉÎÇ 

from 13 to 180 GPa, depending on these factors67. Given that CNF consists of fibers, fibrils, 

and fibril aggregates with varying dimensions and a high degree of entanglement, 

comprehensive characterization cannot be accomplished through a single method. 

Instead, a combination of methods that operate on several dimensional scales is required. 

In a review by Kangas et al.68, various characterization methods were evaluated, leading 

to the conclusion that the most effective combination for assessing the fundamental 

properties of CNF includes microscopic examination to observe the appearance, 

morphology, and size of CNF fibrils, apparent viscosity measurement as a rapid means of 

evaluating rheological properties, and transmittance measurement to analyze 

particle/fibril  size distribution. They emphasized that visual analysis via light and 

electron microscopy remains the primary characterization method that should always be 

incorporated in CNF evaluation despite its drawbacks, such as being time-consuming and 

reliant on subjective assessment of small areas from a larger sample68.  

1.1.3.a Morphology 

Various characterization techniques can be employed to determine the shape and size of 

CNFs. Recent research by Mao et al.69 investigated the use of scattering techniques, such 

as small-angle neutron scattering (SANS), small-angle X-ray scattering (SAXS), and 

dynamic light scattering (DLS). While SANS and SAXS provided consistent information 

regarding particle cross-section and revealed the crystalline structure of cellulose down 

to the exact atomic positions of the polymers in the unit cell, they could not provide length 

measurements and a full understanding of the structure and assembly of nanocellulose 
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fibril s. Moreover, DLS data only offered apparent sizes without actual length and diameter 

values70. 

Microscopic techniques at varying magnifications are essential for examining the 

appearance, morphology, dimensions, and shapes of  NC. Optical microscopy offers a 

quick overview of the fibrillated material, including its appearance and homogeneity. 

Microscopy techniques such as scanning-, transmission electron microscopies (SEM and 

TEM) and atomic force microscopy (AFM) are better suited for size and morphology 

determination due to their high resolution.  

AFM works by moving a sharp tip over the sample surface and measuring the interaction 

forces between the tip and the surface to provide a high-resolution topographic image 

with good thickness resolution capable of imaging at the nanometer scale. AFM can offer 

quantitative information on the height, diameter and roughness of surface NC. However, 

the measurement is time-consuming and limited  to surface imaging, thus having poor 

lateral resolution, hindering length measurements. Additionally, AFM specimen 

preparation is challenging due to the irregular shape and polydisperse nature of NC, often 

requiring manual or semi-automated microscopy analyses to ensure accurate statistical 

analysis71. 

SEM, on the other hand, scans a focused beam of electrons across the sample surface, and 

the interaction between the electrons and the sample generates various signals to create 

an image. When employed with field emission electron source (FESEM), it is 

advantageous for studying the morphology of NC due to its high-resolution imaging 

capabilities, versatility in sample analysis, and real-time observation, such as fibril 

arrangement, dimensions and distribution , providing valuable insights into cellulose 

structure at the micro- and nanoscale. However, the limitations of FESEM include the need 

for sample coating, which can potentially introduce artifacts, as well as a limited depth of 

field and resolution constraints, impacting the accurate quantification of surface features 

and the visualization of cellulose nanostructures. Cryo-SEM is a specialized technique that 

combines SEM with cryogenic sample preparation methods, allowing for the imaging of 

samples in a frozen-hydrated state. In Cryo-SEM, the sample is rapidly frozen, preserving 

its native structure and preventing artifacts associated with conventional sample 

preparation techniques, such as dehydration or distortion.  



28 

 

In TEM, a beam of electrons is transmitted through a thin specimen, facilitating imaging 

of the internal structure and morphology of Ns with the highest resolution among all three 

techniques introduced. TEM allows for rapid analysis of NCs in solution or embedded in 

soft matter. However, the challenge of low contrast in TEM images of NC hampers their 

adequate morphological characterization and size determination. To address this, uranyl 

acetate staining, a widely adopted methodology in the biological field, has been applied to 

the analysis of cellulose-based nanomaterials72ɀ74.  Nevertheless, issues such as particle 

aggregation and grid conditions have resulted in poor-quality images and unreliable size 

measurements75. To overcome these challenges, efforts have been directed towards 

developing improved sample preparation methods for TEM imaging. Da Silva et al.75 

presented a protocol for cost-effective and readily available guidelines to enhance TEM 

imaging by modifying the standard uranyl acetate protocol and aspect ratio calculation of 

cellulose-based nanomaterials.  

Depending on the source of cellulose and the production method, CNFs exhibit similar 

morphologies but vary in dimensions. For example, Yang et al.76 used TEM to study NC 

isolated from corn husks via various methods. They reported that acid-hydrolyzed 

nanocellulose had an average diameter of 26.9 ± 3.35 nm and an average length of 162 ± 

35.9 nm, while TEMPO-NC and ultrasonicated NC exhibited interconnected webs with 

slender nanofibrils. The average diameter of TEMPO-NC and ultrasonicated NC are 10.48 

± 1.83 nm and 20.14 ± 4.32 nm, respectively, with lengths ranging from several hundred 

nanometers to micrometers.  

Figure 1. 11 presents overview images of three different nanocellulose systems- wood 

CNF (w-CNF), wood CNC (w-CNC) and bacterial CNC (b-CNC)- acquired via AFM, Cryo-

SEM and TEM77. Notably, w-CNFs exhibit a relatively consistent cross-section with a 

narrower width range compared to w-CNC and b-CNC. While w-CNFs display plenty of 

bends, the CNC samples appear rather straight. In contrast to w-CNC, the b-CNC sample 

has longer lengths ranging from 1-5 µm and irregular widths spanning 10-50 nm77. 
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Figure 1. 11 Overview microscopic images of NC: (a-c) TEMPO-mediated oxidized w-CNF, (d-f) w-

CNC and (g-i) b-CNC samples via AFM (a,d,g) Cryo-SEM (b,e,h) and TEM (c,f, i). All AFM images 

have the same magnification in order to provide a direct comparison between nanocellulose 

particles77. Copyright 2015 Nature Communications, with permission of Springer Nature. 

CNFs produced through mechanical disintegration with enzymatic pre-treatment 

typically exhibit greater thickness, length and highly entangled flocculated structure 

compared to those obtained via chemical pre-treatments (Figure 1. 12)78. Chemical pre-

treatment yields CNFs have lower lateral dimensions, and reduced length, which are 

usually well dispersed and more colloidally stable, although some microstructural 

physical entanglements may persist78.  
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Figure 1. 12 Microscopic images of CNFs with enzymatic pre-treatment (a-e) and with chemical 

pre-treatment (f-j) : (a, b, f, g) optical microscopy; (c, e, j) FE-SEM and (d, h, i) AFM height images. 

Adapted with permission from ref 78. Copyright 2014 Journal of Materials Science, with permission 

of Springer Nature. 

Additionally , all types of CNFs may contain non-fibrillated residual fiber fragments. 

Mechanical fibrillation results in nanofibrils comprising bundles of elementary and 

microfibrils , whereas chemically pretreated CNFs have smaller and more uniform 

thicknesses attributed to individual elementary fibrils 79. Both cellulose crystalline and 

amorphous domains are presented within these elementary fibrils, suggesting complex 

polymer chains traversing multiple crystalline and amorphous regions.  

1.1.3.b Rheological behaviors of CNF suspensions 

As previously mentioned, CNFs exhibit particularly high specific area flexibility and 

contain a high amount of hydroxy groups. These attributes profoundly influence their 

interactions, primarily within suspensions. These colloidal suspensions consist of highly 

anisotropic fibrous entities, which, even at minimal concentrations, tend to form 
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entangled aggregates. Over time, these aggregates evolve into interconnected three-

dimensional networks, exhibiting exponentially increasing strength.  Consequently, these 

networks give rise to complex rheological responses.  

The rheological properties of CNF were first studied by Herrick et al.23, who unveiled their 

pseudoplastic (shear-thinning) and gel-forming behavior. They observed that CNF 

suspensions exhibit network formation even at low solids contents (2 wt%)23. 

Rheological measurements have since been extensively employed to characterize 

nanocellulose and monitor its behavior during preparation and processing.  

Despite the utility of rheological principles, challenges persist in their application to CNF 

materials due to incomplete knowledge of their structures and complex surface chemistry, 

making accurate modeling difficult. Factors influencing the rheological properties of 

nanocellulose-containing suspensions can be broadly categorized into two main areas80. 

Firstly, morphology, encompassing fibril size, shape, length, diameter, fibrillation, and 

network structure, plays a crucial role. Secondly, surface-chemical composition is another 

key differentiator , which affects surface charge and can be influenced by treatment 

processes during material preparation, such as electrostatic or ionic charge and 

hydrophilic or hydrophobic nature. 

The strength of CNF networks is heavily influenced by the type of pre-treatment and the 

extent of mechanical fibrillation applied during CNF production. Chemically pretreated 

CNF suspensions usually exhibit stronger network properties compared to those obtained 

through enzymatic hydrolysis or purely mechanical fibrillation at equivalent 

concentrations81. This difference arises from the higher specific surface area of chemically 

pretreated CNFs, leading to an increased degree of entanglements within the network 

structure despite the presence of strong electrostatic repulsion between the nanofibrils. 

Moreover, when compared to CNCs, which are rigid rod-like particles, CNFs form stronger 

networks at similar concentrations due to their higher aspect ratio and their capability to 

form physically entangled structures comprising flexible nanofibrils (Figure 1. 13). 
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Figure 1. 13 Photographs of NC: (a) 1.0 wt% CNC suspension, (b) 10.0 wt% CNC hydrogel, (c) 

freeze-dried CNC, (d) 2.0 wt% TEMPO-CNF suspension, (e) 10.0 wt% TEMPO-CNF hydrogel, (f) 

freeze-dried TEMPO-CNF. Adapted from ref 82. Copyright 2022 Cellulose, with permission of 

Springer Nature. 

Regardless of the production conditions, all types of CNF suspensions possess shear-

thinning behavior, wherein their viscosity decreases as the shear rate increases83. They 

also display thixotropic properties, whereby their viscosity decreases under a steady 

shear rate, reaching equilibrium, and then returns to the original level when the shear 

rate decreases to zero. As a result, due to significant time dependencies, measurements 

should be conducted under steady-state flow conditions80. Shear flow measurements 

serve as a valuable tool for characterizing the degree of fibrillation, similar  to linear 

viscoelastic measurements. Many studies have shown that the viscosity of CNF 

suspensions increases with higher mechanical fibrillation levels or chemical pre-

treatment, such as TEMPO-mediated oxidation80. 

Oscillatory shear measurements are commonly employed to explore the linear 

viscoelastic properties of CNF structures. These measurements typically involve 

conducting oscillatory strain sweeps and frequency sweeps to identify the linear 

viscoelastic regions (Figure 1. 14). Within  this linear region, CNF suspensions usually 

manifest stable storage (G) and loss (G) moduli, which remain unaffected by the applied 
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strain at a fixed frequency. This method can facilitate a precise evaluation of the dynamic 

mechanical behavior of CNF networks and their reaction to applied strains across varying 

frequencies.  

Moreover, a nonlinear region emerges beyond a critical strain, where both G and G  

decline due to the structural breakdown of CNF networks under significant deformation. 

The critical strain value is widely employed to compare the structural stability of different 

samples. 

 

Figure 1. 14 Viscoelasticity curves as functions of strain (C) and frequency (D). The black solid 

lines, red dashed lines and blue dotted lines represent storage (') and loss (') modulus and tan ɿ 

(' Ⱦ'), respectively. The configuration of the frequency sweep curve varies based on the 

characteristics of viscoelastic materials. In solid viscoelastic materials, G  follows a linear trend, 

while G remains frequency-independent. Conversely, in gel-like materials, both '  ÁÎÄ ' exhibit 

frequency independence. On the other hand, for viscoelastic liquids, both G and G gradually rise 

with in creasing frequency. Adapted with permission from ref 84. Copyright 2021 Advanced 

Materials, with permission of John Wiley and Sons. 

The unique rheological characteristics of CNFs render them highly suitable for a variety 

of applications, such as serving as rheology modifiers and being utilized in additive 

manufacturing. Efforts have been undertaken to control and alter the rheology of CNF 

suspensions across various fluids by incorporating them with other bio-additives or 

utilizing  surface modification/extraction techniques. These efforts will be discussed in the 

subsequent section. 
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1.1.4 Surface modification of nanocellulose 

One prominent feature of the CNF is the abundance of polar hydroxy groups presenting 

on their surface, which induces high hydrophilicity and strong interfibrillar hydrogen 

interactions. Those hydroxy groups also lead to certain limitations . CNFs exhibit a 

hygroscopic behavior and lack a distinct melting point, which can impact their 

processability. Furthermore, their inherent hydrophilicity renders them 

insoluble/unstable in water and most organic solvents, posing challenges to their 

dispersion and utilization in various applications. 

Conversely, surface modification of nanocellulose heavily relies on the presence of 

hydroxy groups, which play crucial roles in both chemical and physical transformations. 

Each AGU has three available surface hydroxy groups (Figure 1. 1): the primary C6-OH 

and two secondary C2-OH and C3-OH, each having specific reactivity. Although all three 

hydroxy groups are theoretically accessible at the surface of CNFs, the C6-OH is typically 

presumed to have the highest activity, while the other two hydroxy groups have lower 

activity85,86. Experimental evidence has shown that the reactivity of the C3-OH group is 

particularly limited  due to steric effects and intrachain hydrogen bonding87,88. 

In addition to those reactive sites, CNFs possess a high specific surface area to volume 

ratio due to their nanostructure, providing many C6 positions for potential modification. 

Consequently, there has been significant interest in surface modification of CNFs to 

address their intrinsic drawbacks and unleash their potential in a broader array of 

applications.  

Figure 1. 15 provides an overview of commonly employed surface modification 

approaches of NC, including chemical, physical and enzymatic routes.  

Physical surface functionalization techniques for NC encompass a variety of methods, 

including plasma treatment, ultrasonic treatment, irradiation, and surface fibrillation5. 

One promising avenue of research involves blending NC with drug entities and subjecting 

the mixture to surface defibrillation. This process alters the morphology of NC and yields 

a novel matrix system characterized by a densely interconnected fiber network, thereby 

enhancing its versatility and potential for a wide range of applications89. 
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In addition to physical techniques, enzymes can also be utilized to modify the surface of 

NC. There are two primary  approaches for utilizing enzymes for NC functionalization90: 

(i ) direct modification, in which the enzyme comes into direct contact with NC as 

substrate, including phosphorylation via hexokinase91, oxidation via galactose oxidase92, 

and enzymatic acylation93.  

(ii) indirect enzyme-mediated modification, in which enzymes facilitate the NC 

functionalization reactions, including click chemistry94,95, in situ polymerization96 and 

grafting of active molecules97. 

The use of enzymes for NC functionalization presents both advantages and disadvantages. 

Enzymes, being environmentally friendly, exhibit specificity in targeting particular 

functional groups on the cellulose surface and operate under mild reaction conditions, 

thereby preserving the integrity of NC properties. Their versatility allows for a wide range 

of functionalization strategies, and their biocompatibility makes them suitable for various 

biomedical applications. However, limitations such as restricted substrate specificity and 

longer reaction times compared to chemical methods exist. Additionally, enzymes can be 

costly to produce or obtain, and their reactions may require longer timeframes compared 

to chemical processes. Ensuring the stability and scalability of enzyme-modified NC for 

industrial production also poses significant challenges. In Figure 1. 15, a schematic 

representation of the most commonly used surface modification routes of nanocellulose 

is shown. 
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Figure 1. 15 Schematic representation of the most commonly used surface modification routes of 

nanocellulose5. Copyright 2020 Sec. Polymer Chemistry, with permission of Frontiers Chemistry. 

1.1.4.a Surface chemical modification 

The surface of CNFs can be tailored using surfactants, polyelectrolytes or oppositely 

charged entities. Surfactants are usually amphiphilic organic compounds containing both 

hydrophobic groups and hydrophilic groups. For example, CNFs pretreated with TEMPO-

mediated oxidation bear various contents of carboxyl groups, which can be modified with 

a cationic surfactant98,99. Bertsch et al.100 explored the adsorption and interfacial structure 

of NC at the fluid interface, highlighting the distinct interfacial structures and adsorption 

characteristics of native hydrophilic and hydrophobized surfaces of CNFs. Adsorption of 

NC at oil-water interfaces facilitates the formation of stable and biocompatible Pickering 

emulsions. 

Furthermore, the layer-by-layer self-assembly technique is another potent approach to 

customize CNF properties by depositing different materials onto their surfaces. 

Sequential layer deposition exploits electrostatic interactions, hydrogen bonds, or van der 

Waals forces to connect with either polyelectrolytes or neutral biopolymers101.  
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CNFs are characterized by the presence of a primary hydroxy group, enabling direct 

functionalization through reactions with various functional groups. These reactions can 

yield a variety of alternative surface chemistries, as illustrated in Figure 1. 16. Generally, 

they can be divided into four categories102:  

(a) substitution of hydroxy groups with small molecules (indicated with red arrows);  

(b) ÐÏÌÙÍÅÒ ÇÒÁÆÔÉÎÇ ÂÁÓÅÄ ÏÎ ÔÈÅ ȰÇÒÁÆÔÉÎÇ ÔÏȱ ÓÔÒÁÔÅÇÙ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÃÏÕÐÌÉÎÇ ÁÇÅÎÔÓ 

(indicated with blue arrows);  

(c) polymer gÒÁÆÔÉÎÇ ÂÁÓÅÄ ÏÎ ÔÈÅ ȰÇÒÁÆÔÉÎÇ ÆÒÏÍȱ ÁÐÐÒÏÁÃÈ ×ÉÔÈ Á ÒÁÄÉÃÁÌ ÐÏÌÙÍÅÒÉÚÁÔÉÏÎ 

(indicated with yellow arrows) involving ring -opening polymerization, atom transfer 

radical polymerization and single-electron transfer living radical polymerization.  

(d) ÐÏÌÙÍÅÒ ÇÒÁÆÔÉÎÇ ÓÔÒÁÔÅÇÙ ËÎÏ×Î ÁÓ ȰÇÒÁÆÔÉÎÇ-ÔÈÒÏÕÇÈȱȟ ×ÈÉÃÈ ÃÏÕÌÄ ÂÅ ÃÏÎÓÉÄÅÒÅÄ ÁÎ 

intermediate approach between the ȰÇÒÁÆÔÉÎÇ ÏÎÔÏȱ ÁÎÄ ȰÇÒÁÆÔÉÎÇ ÆÒÏÍȱ strategies.  
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Figure 1. 16 Common surface covalent chemical modifications of cellulose nanocrystals102. Red 

arrows: substitution of hydroxy groups with small molecules; blue arrows: ȰÇÒÁÆÔÉÎÇ ÔÏȱ ÓÔÒÁÔÅÇÙȠ 

yellow arrows: ȰÇÒÁÆÔÉÎÇ ÆÒÏÍȱ ÁÐÐÒÏÁÃÈȢ Copyright 2012 Nanoscale, with permission of RSC Pub. 

Small molecule substitution 

The substitution of hydroxy groups with small molecules has been sought to change their 

chemistry and endow CNFs with new properties (Figure 1. 17). Chemical reactions, such 

as sulfonation, acetylation, esterification, silane treatments, and carboxylation, which 

interact with hydroxy groups, are commonly employed for the surface modification of 

CNFs. 
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Figure 1. 17 3ÕÒÆÁÃÅ ÍÏÄÉÆÉÃÁÔÉÏÎ ÏÆ #.&Ó ÔÈÒÏÕÇÈ ȰÔÒÁÄÉÔÉÏÎÁÌȱ ÃÈÅÍÉÃÁÌ ÒÅÁÃÔÉÏÎ103. Copyright 

2011 Chemical Society reviews, with permission of ROYAL SOCIETY OF CHEMISTRY, ETC. 

Broadly, sulfonation results in the formation of sulfate esters and imparts negatively 

charged surfaces to cellulose. Acetylation introduces an acetyl functional group CH3-

C(=O)- onto the surface of cellulose. Esterification involves the creation of ester functional 

groups (O-C=O) on the surface of cellulose through the condensation of a carboxylic acid 

with the cellulosic hydroxy groups.  Silane treatments create a silylated layer on the 

surface of CNFs. The well-known TEMPO-mediated oxidation reaction allows the 

introduction of carboxylate groups (-COO-) on the CNF surface. These anionic surface 

CNFs obtained through TEMPO-mediated oxidation can be readily modified with cationic 

surfactants. For example, cellulose-based hydrogels can be prepared via metal-ion-

induced ionic crosslinking of CNFs, where the choice of cations can fine-tune the 

rheological properties of the hydrogels104.  

However, despite the introduction of th ose small molecules, a generic challenge persists. 

Due to the relatively low degree of substitution on the CNF surface, the properties of the 

modified CNFs remain slightly unchanged. These modified CNFs still exhibit high 
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hydrophilicity, low miscibility with low or non -polar solvents, a tendency for inter-fibril 

agglomeration, moisture absorption, and poor interfacial compatibility with conventional 

composites. 

Polymer grafting 

As previously discussed, the covalent attachment of low molecular weight molecules 

poses limitations to the use and advancement of CNFs. Therefore, transitioning towards 

grafting polymerizations onto CNFs represents a pivotal solution to overcome these 

challenges, as it allows for the attachment of numerous monomers using a single CNF 

anchoring point.   

Polymer grafting onto the CNF surface can be achieved via three main approaches: 

ȰÇÒÁÆÔÉÎÇ ÔÏȱȟ ȰÇÒÁÆÔÉÎÇ ÆÒÏÍȱȟ ÁÎÄ ȰÇÒÁÆÔÉÎÇ ÔÈÒÏÕÇÈȱ ɉFigure 1. 18).  

In ÔÈÅ ȰÇÒÁÆÔÉÎÇ ÔÏȱ approach, pre-formed polymers are covalently attached to the 

cellulosic nanomaterials105. The chain end of the pre-formed polymer reacts with the 

functional groups on the cellulose surface. While this method may encounter challenges 

such as sterical hindrance, a significant advantage lies in the precise control over resulting 

material properties, as the molecular weight of the attached polymers can be fully 

characterized prior to grafting106. 

4ÈÅ ȰÇÒÁÆÔÉÎÇ ÆÒÏÍȱ approach, also known as surface-initiated polymerization (SIP), 

involves immobilizing reactive moieties onto the surface, initiating monomer 

propagation107Ȣ 5ÎÌÉËÅ ȰÇÒÁÆÔÉÎÇ ÔÏȱȟ ÔÈÉÓ ÍÅÔÈÏÄ offers greater efficiency due to reduced 

steric hindrance of monomer diffusion and yields higher grafting densities. Examples 

include ring-opening polymerization (ROP)108, atom transfer radical polymerization 

(ATRP)109, and single-electron transfer controlled radical polymerization (SET-LRP)110, 

enabling precise control over chemical composition, graft length and topology of 

cellulose-based hybrid materials. 

4ÈÅ ȰÇÒÁÆÔÉÎÇ ÔÈÒÏÕÇÈȱ ÓÔÒÁÔÅÇÙ serves as an intermediate approach involving a 

macromolecule formed via solution polymerization in the presence of a surface with 

functionalized groups that participate in polymerization. This technique offers the 

advantage of integration with other polymerization methods, allowing for one-pot 
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synthesis, with living polymerization offering superior control over grafted chain 

structures111. 

 

Figure 1. 18 Schematic illustrations ÏÆ ÓÕÒÆÁÃÅ ÍÏÄÉÆÉÃÁÔÉÏÎ ÁÐÐÒÏÁÃÈÅÓȡ ɉ!Ɋ ÔÈÅ ȰÇÒÁÆÔÉÎÇ ÔÏȱȟ ɉ"Ɋ 

ÔÈÅ ȰÇÒÁÆÔÉÎÇ ÆÒÏÍȱȟ and ɉ#Ɋ ÔÈÅ ȰÇÒÁÆÔÉÎÇ ÔÈÒÏÕÇÈȱ105. Copyright 2016 Multifunctional Polymeric 

Nanocomposites Based on Cellulosic Reinforcements, with permission of Elsevier. 

To conclude, each grafting approach offers unique advantages and challenges. The 

Ȱgrafting toȱ method provides controlled and predictable material properties but may be 

limited by steric hindrance during the later grafting process. The Ȱgrafting fromȱ method, 

in contrast, achieves higher grafting densities and reduces steric hindrance issues, making 

it suitable for yielding higher grafting densities. However, it requires careful initiation and 

propagation control. The Ȱgrafting throughȱ approach balances these aspects by 

permitting integration with various polymerization techniques and allowing one-pot 

synthesis, although ensuring efficient participation of functionalized groups during 
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polymerization can be challenging. Overall, the choice of grafting method depends on the 

specific polymer design and application requirements. 

The versatility of surface modification strategies holds promise for enhancing properties 

and expanding the application domains of resulting materials across various fields. These 

fields include but are not limited to packaging112, composites113, selective adsorption114, 

optoelectronics115, biomedicine116, and catalysis117. Through tailored surface 

modifications, modified CNFs can meet the specific requirements of each application, 

unlocking their full potential in a wide range of industries and technologies. 
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1.2 Single electron transfer surface-initiated controlled radical 

polymerization (SET-LRP) 

Percec et al. 118 first introduced Cu0-mediated SET-LRP, which enabled the rapid synthesis 

of ȰÕÌÔÒÁÈÉÇÈ ÍÏÌÅÃÕÌÁÒ ×ÅÉÇÈÔ ÐÏÌÙÍÅÒÓȱ using functional monomers containing 

electron-withdrawing groups, such as acrylates and methacrylates, all at ambient 

temperature (Figure 1. 19).  The reaction was conducted in polar media, facilitating the 

disproportionation of CuI into Cu0 and CuII species in the presence of specific 

disproportionati on ligands. The initial activation was proposed to occur via Cu0-mediated 

(source: Cu wire, Cu powder, or Cu particles) single electron transfer to the electron 

acceptor alkyl halide. Remarkably, this synthesis facilitated the production of high 

molecular weight polymers (Mn ~ 1 400 000 g/mol)  within just a few hours without the 

need for any purification steps118.  

 

Figure 1. 19 Cu0-mediated SET-LRP of methyl acrylate in binary mixtures of 2,2,2-trifluoroethanol 

(TFE) and 2,2,3,3-tetrafluoropropanol (TFP) with water in the presence of the ligand Me6-Tren 119. 

Adapted with ref 119. Copyright 2018 Polymer Chemistry, with permission of Royal Society of 

Chemistry. 

1.2.1 Mechanism 

SET-LRP is driven by the disproportionation of CuI into Cu0 and CuII. Figure 1. 20 

illustrates this cyclical process, wherein the polymer chain lengthens as the 

disproportionation of CuI continuously regenerates the copper (Cu0) catalyst. 

The notations Cu0, CuIX/L, and CuIIX2/L represent all the unionized Cu species, all Cu 

species in the oxidation state (+1 and +2) either bonded to a halide (X) or attached to a 

ligand (L). The notations Pn-X, Pn·, and Pn-Pn represent the deactivated polymers bonded 

to a halide, the activated polymer, and the undesired terminated polymer chain, 

respectively, while M represents an individual monomer unit. 
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At the beginning of the polymerization, the copper catalyst (Cu0, the electron donor) 

transfers a single electron to the acceptor alkyl halide (initiator at first, then later the 

dormant propagation species Pn-X), generating the CuI species and activates the 

propagating radical Pn·. The rapid disproportionation of CuI regulates the concentrations 

of initiating species (Cu0) and deactivating species (CuIIX2/L) required for the reversible 

termination step (Pn· to Pn-X). Both the activation and deactivation of the polymer renew 

the CuI species in the system, allowing the disproportionation reaction to occur 

repeatedly in both cycles of activation and deactivation. 

In addition, the deprotonation of CuI species is promoted not only through the presence 

of the ligand (as mentioned earlier) but also by the solvent. In this scenario, sufficient 

deactivators in the medium suppress the chance of a possible unwanted termination 

(terminated polymer chain, Pn-Pn) due to potential free-radical cross-reactions.  

 

Figure 1. 20 Schematic illustration of SET-LRP reaction mechanism120. Copyright 2007 Journal of 

Polymer Science Part A: Polymer Chemistry, with permission of John Wiley and Sons. 

The chain length is significantly influenced by the rates of activation (Kact) and 

deactivation (Kdeact). With the constant propagation (Kp) and steady propagation radicals 

achieved by the balanced rate of Kact and Kdeact, the reaction exhibits first -order kinetics 

with respect to monomer concentration. Initiation occurs early in the polymerization 

process, leading to a constant number of propagative radicals (Pn·) over time, resulting in 
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predictable polymerization behavior. The number average molecular weight (Mn) is 

directly proportional to monomer conversion, defining SET polymerization as a form of 

controlled radical polymerization. 

The distinctive features of SET-LRP make it a powerful synthetic tool for designing 

complex macromolecular structures while maintaining precise control over key 

parameters such as degree of polymerization, compositions, functionalities, and 

topologies.  

However, the SET-LRP mechanism can be complex due to its responsiveness to various 

environmental factors, including solvent polarity, nature and concentration of ligands, 

and the ability to stabilize Cu0 colloidal particles. Moreover, the reactivity of nascent Cu0 

is self-controlled by the extent of disproportionation influenced by the combination of 

solvent and ligand. Therefore, careful selection of reaction conditions and functional 

initiators is crucial to produce well-defined copolymers and polymers with complex 

architectures. 

1.2.2 Monomers 

A wide range of monomers, including acrylates121ɀ125, methacrylates126ɀ128, 

acrylamides129,130, and methacrylamide131, can be effectively polymerized using SET-LRP. 

Acrylates, particularly methyl acrylate, have been the most extensively studied for 

optimizing reaction conditions. Monomers with long alkyl side chains, for example, lauryl 

acrylate (LA)132, and semifluorinated acrylates (e.g. 1,1,1,3,3,3-hexafluoroisopropyl 

acrylate (HFIPA))133, have also been reported to be compatible with the technique. 

Monomers containing more complex water-soluble side groups, such as sugars 134, 

di(ethylene-glycol)-2-ethylhexyl ether acrylate (DEGEEA)135, oligo (ethylene oxide) 

methyl ether acrylate (OEOMEA)136, have also been successfully polymerized to adjust the 

aqueous solubility of the final polymers (Figure 1. 21).  
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Figure 1. 21 Examples of the chemical structure of acrylate monomers suitable for SET-LRP. 

1.2.3 Solvents 

In SET-LRP, the disproportionation of CuIX to Cu0 and CuIIX2/ligand plays a critical role in 

controlling  the polymerization process, and the choice of solvent and the presence of 

complexing agents greatly influence this disproportionation. The choice of solvents is 

important in SET-LRP as it can either facilitate or hinder the disproportionation of CuIX 

into Cu0 and CuIIX2 137.  

Polar solvents have been shown to promote disproportionation to varying extents, 

leading to first-order kinetics and extremely high-end-halide functionality. H2O138ɀ141 and 

DMSO142ɀ145 are by far the most extensively studied solvents; alcohols, such as 

methanol138,146 and ethanol144,145, have also been used. 

Disproportionating solvents cause CuIX/L to undergo disproportionation into nascent Cu0 

and CuIIX2/L deactivator , resulting in the absence of CuIX/ L species. This indicates that 

CuIIX2/L is generated solely via disproportionation  and not through bimolecular 

termination -mediated persistent radical effect (Figure 1. 22). Therefore, 

disproportionation is a critical  parameter for achieving successful SET-LRP. 

However, certain solvents that do not promote disproportionation, such as acetonitrile 

and toluene, result in two distinct linear first-order kinetics and inhibit the 

disproportionation of CuIX144,147,148. Figure 1. 22 illustrates the SET-LRP in non-

disproportionating  solvents. In this scenario, the nascent Cu0 is not adequately produced, 
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leading to decreased participation in the activation process and an increase in the 

concentration of CuIX/L with conversion. Insufficient disproportionation results in 

propagating radicals being inadequately deactivated by CuIIX2/L . Consequently, extensive 

bimolecular termination (terminated polymer chain, Pn-Pn) occurs to offset the inhibited 

disproportionation, leading to low end-halide functionality. 

 

Figure 1. 22 Kinetic models for SET-LRP in the presence and absence of disproportionation. 

Adapted with permission from ref 149. Copyright 2011 Journal of Polymer Science Part A: Polymer 

Chemistry, with permission of John Wiley and Sons. 

In addition, binary mixtures of non-polar solvents with disproportionating solvents will 

still yield efficient SET-LRP144,150,151. This allows for the technique to be applied using a 

wider range of solvents and solvent mixtures. 

1.2.4 Catalyst system of Cu0-mediated LRP  

The catalyst in Cu0-mediated SET-LRP is a combination of metal and ligand, with copper 

being the most widely employed catalyst. Levere et al.152 interrupted SET-LRP 

experiments of methyl acrylate in DMSO by removing the Cu0 catalyst to determine the 

role of Cu0 in the activation of polymerization. Their finding  suggested that Cu0 or Ȱnascentȱ 

Cu0 (produced in situ during the deactivation process) primarily acts as the activator of 

the initiator, whereas only a limited activation contribution occurs by CuBr, as CuBr 

undergoes rapid disproportionation152.  

When Cu powder is employed as the catalyst, perfect or near-perfect end-group fidelity 

can be maintained throughout the polymerization153,154. However, the use of Cu particles 

presents challenges as the particle size directly impacts the polymerization conditions. 
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Studies have shown that reducing the Cu particle size (from 425 to 0.05 µm) while 

maintaining a constant concentration in the reaction medium leads to a significant 

increase in the propagation rate and faster polymerization reaction (13 min instead of 

90 min)155,156.  

Despite these advantages, the use of Cu powder has become less common over the past 

year, with  Cu wire gaining popularity . Cu wire offers several advantages over Cu powder, 

including better control over the molecular weight distributions, enhanced predictability, 

easier tuning of reaction rate, and recyclability138,157ɀ159. However, it should be noted that 

Cu wire may take longer to interact with the monomer and initiator to mediate SET-LRP 

in an aqueous system160.  

N-containing ligands have been found to be effective in promoting the disproportionation 

of CuI into Cu0 and CuII in the catalytic system161. However, even small changes in ligand 

concentration can negatively affect the end-group fidelity of the polymer chain, 

necessitating careful optimization of reaction conditions162. Figure 1. 23 displays the 

structures of some N-containing ligands, with Me6-TREN being one of the most widely 

used and highly recommended for the polymerization of acrylates and methacrylates163ɀ

165. PMDETA and tris(2-aminoethyl)amine (TREN) are also good commercially available 

alternatives153,166. TREN has been used as a replacement for Me6-Tren in Cu0-catalyzed 

SET-LRP of acrylates and methacrylates, as it is less expensive (206 Ό ÐÅÒ ρππ mL for 96 % 

from Sigma-Aldrich) than Me6-Tren (185 Ό ÐÅÒ 1 ml for 97 % from Sigma-Aldrich) and 

has been found to mediate the reaction efficiently167.  

 

Figure 1. 23 Molecule structures of N-containing ligands: Me6-TREN, TREN, PMDETA. 
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1.2.5 Post-modification 

Post-modification reactions offer a valuable approach when grafting di-functional 

reactants onto the CNF surface. This method allows for the installation of a diverse array 

of functionalities onto the reactive scaffold, which may be incompatible or not readily 

inducible during the initial modification stage.  

The end-functionality group of the polymers prepared by SET-LRP can serve as 

macroinitiators for copolymer synthesis or precipitate in varieties of post-modifications. 

The halogen, the typical functional end group, can be substituted to induce complex 

structures, as shown in Figure 1. 24. For thio-bromo coupling, bromo-amine induces 

different polymer architectures. Moreover, polymers can be coupled together to form 

novel structures using radical coupling chemistries such as atom transfer radical coupling 

and atom transfer nitroxide radical coupling.  

Indirect post-modification approaches can also be used, such as replacing the end-halide 

with an azide followed by attaching alkyne-functionalized polymers or through 

methanethiosulfonate-mediated thiol-ene and thiol-disulfide exchange reactions.   
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Figure 1. 24 Schematic illustrations of several post-modification methods168. Copyright 2015 

American Chemical Society. 

In addition, post-modification of the polymers can be achieved through the 

polymerization of monomers containing reactive functionality in the initial step. This 

straightforward approach allows for the introduction of desirable amounts of azido- or 

alkyne-groups, which can subsequently participate in efficient click-type modifications 

with complementary alkyne or azido-functionalized species.  This versatile approach 

extends beyond simple end-group substitutions. 

Ȱ#ÌÉÃË cÈÅÍÉÓÔÒÙȱ refers to modular reactions characterized by high yield and in-offensive 

by-products169. They are conducted under simple synthetic conditions, allowing for 

efficient solvent removal and straightforward product isolation. Notable examples 

include ÔÈÅ $ÉÅÌÓϺ!ÌÄÅÒ ÃÙÃÌÏÁÄÄÉÔÉÏÎ170,171 and the thiol-ene reaction172,173, along with 

the CuI-catalyzed azide-alkyne cycloaddition (CuAAC).  
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CuAAC has been widely explored under various experimental conditions since its 

discovery174,175, highlighting its robustness and compatibility with diverse functional 

groups, solvents, and additives regardless of its source catalyst. Importantly, 

biomolecules retain their bioactivity during CuAAC, rendering them valuable for 

numerous biomedical applications176ɀ180. Over the years, the popularity of this reaction 

has grown, leading to the commercial availability of a large library of starting compounds, 

which has made it very attractive to the scientific community181,182.  
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1.3 Emerging applications of cellulose nanofibrils  

Cellulose stands as a fundamental building block in various everyday materials like paper, 

cardboard, and textiles derived from plant sources such as cotton or flax. Its versatility 

also extends to the production of fibers, films, and cellulose derivatives183. With 

remarkable mechanical strength, reinforcing capabilities, and biodegradability at the 

nanoscale, cellulose emerges as an ideal selection for diverse applications.  

1.3.1 CNFs as rheology modifiers 

The diversity in cellulosic sources and production methods contributes to the varied 

morphology and surface chemistry of CNFs, which directly impacts the rheology of CNF 

suspensions. CNFs have proven to be effective rheological modifiers with customizable 

viscosity and viscoelastic properties. They exhibit high viscosity at rest, significant shear-

thinning behavior, favorable thixotropic properties, excellent water retention capacities, 

and remarkable emulsion stabilization abilities. These rheological characteristics suggest 

that CNFs may be well-suited for a range of specific applications (Figure 1. 25).  
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Figure 1. 25 An overview of key factors in cellulose nanomaterial rheology and their influence on 

its emerging applications84. Copyright 2021 Advanced Materials, with permission of John Wiley 

and Sons. 

These rheological characteristics make CNFs well-suited for specific applications. For 

instance, CNFs have the potential to serve as additives, replacing other natural and 

synthetic co-binders in paper coating formulations184. This is due to their thixotropic 

behavior, which is advantageous in situations where the mixture must flow readily 

initially but thicken or immobilize once the flow stops. Additionally,  the water-holding 

tendency of CNFs is also beneficial in paper coating formulations as it prevents the 

formation of crumbs on coating blades from water-binding gel-forming components, thus 

ensuring smooth coating185.  

In the realm of additive manufacturing (AM), also known as 3D printing, direct ink writing 

(DIW), a subset of material extrusion AM, is particularly relevant for CNFs. The rheological 

properties of inks are crucial for DIW, impacting printability and shape fidelity. As shown 

in Figure 1. 26,  an ideal DIW ink should exhibit shear-thinning capability, which allows it 

to flow smoothly through small deposition nozzles under shear stress. Additionally, it 

needs to have sufficient zero-shear viscosity and high yield stress to maintain the 
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structural stability of printed constructs, preventing them from deforming or collapsing 

under their own weight. Moreover, superior thixotropic properties are desirable, 

facilitating rapid recovery in viscoelastic properties after printing.  

 

Figure 1. 26 Ideal rheological properties of a DIW ink for good printability and shape retention. 

(A) The interplay of rheological properties in extrusion-based printing. (B) The amplitude sweep 

for a viscoelastic material is represented as a function of the shear stress, showing the yield point 

as the limit of the linear viscoelastic range and the flow point where the viscous modulus G  

surpasses the elastic modulus G, indicating the onset of flow. (C) Elastic recovery test, where G 

(blue) and G (red) are measured under low deformation (white time interval) and high 

deformation (gray time interval)186. Copyright 2020 American Chemical Society. 

CNF-based gels meet these requirements, emerging as promising candidates serving as 

novel inks or rheological modifiers in multi-component ink formulations for 3D printing 

structural constructs. Efforts have been devoted to fine-tuning the rheology of CNF 

suspensions in various fluids through blending with other bio-additives or employing 

surface modification/extraction techniques. A comprehensive review by Rana et al.80 

underscored the distinctive rheological qualities of CNFs, elucidating their significant 

value across a spectrum of applications. These applications include the formulation of 

bioinks (Figure 1. 27) for printing 3D electronic and biomedical187ɀ189, as well as 

advancements in tissue engineering190ɀ192. 
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Figure 1. 27 Emerging applications of CNFs as bioink for 3D printing. (A) The fabrication process 

of Ti3C2Tx MXene/CNF for solid-state supercapacitor device and its electrochemical performance. 

Adapted with permission from ref 187, Copyright 2021 Advanced Functional Materials, with 

permission of John Wiley and Sons. (B) 3D printed hollow cylinder , a 5-layered serpentine pattern, 

and serpentine pattern wrapped around a glass rod with glowing LED light using conductive ink 

out of modified CNFs and conductive polymers. Adapted with permission from ref 188, Copyright 

2023 Applied Materials Today, with permission of Elsevier. (C) A flexible microfluidic thin film 

with multilayered channels by matrix-assisted 3D printing in the CNF hydrogel. Different shapes 

of channel patterns formed in CNF films. Scale bars are 1 cm. Adapted with permission from ref 
189, Copyright 2017 Applied Materials, with permission of American Chemical Society. (D) 3D 

printed human ear (left)  and sheep meniscus (right)  with CNF-Alginate Bioink. Adapted with 

permission from ref 192, Copyright 2015 Biomacromolecules, with permission of American 

Chemical Society. 

1.3.2 CNFs loaded with inorganic nanoparticles 

As a versatile material, CNFs offer great potential for acquiring new properties by 

combining them with inorganic nanoparticles (NPs). Inorganic NPs exhibit unique 

characteristics distinct from their bulk counterparts, such as optoelectronic193,194, 

catalytic195, antimicrobial 196ɀ198 and super-paramagnetic199ɀ201. When combined with 

cellulose nanomaterials, these functional properties of inorganic NPs can enhance and 

complement the properties of the resulting cellulose-based hybrid materials. 

Consequently, there has been considerable interest in these hybrid materials due to their 
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ability to leverage the distinct features and complementary properties of both 

constituents. 

Currently, the deposition of metal nanoparticles onto nanocellulose is primarily achieved 

through physical adsorption and chemical reduction synthesis. A wide range of metal NPs, 

including noble, non-noble metals, such as gold, silver, nickel, platinum, copper, and iron, 

as well as metal oxides, such as zinc oxide, titanium dioxide, copper oxide, have been 

successfully loaded or assembled onto CNFs. These cellulose-based hybrids with NPs have 

been extensively investigated for various applications, including catalysis, biomedicine, 

and electronic devices (Figure 1. 28). 

 

Figure 1. 28 An overview of the applications of nanocellulose-based hybrid materials with 

inorganic nanoparticles202. Copyright 2020 Carbohydrate Polymers, with permission of Elsevier. 
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For example, Madivoli et al.203 reported a TEMPO-oxidized CNF composite embedded 

with  silver NPs, which exhibited antimicrobial properties. This composite can be utilized 

in wound dressings and packaging materials to inhibit microbial growth in vivo. Alle et 

al.204 developed a spontaneous method for integrating gold NPs onto CNFs. This hybrid 

composite was further processed into a paper strip, which functions as a biosensor for 

detecting H2O2 and cholesterol, indicating its significant potential for disease diagnosis 

applications204. 

Farooq et al.205 reviewed the latest advancements in the synthesis of nanocellulose-zinc 

oxide hybrid nanocomposites, highlighting their  excellent mechanical, UV-barrier  

capabilities and antibacterial properties. These composites hold promise for applications 

in food packaging, biochemistry, and the cosmetics industry. Zeng et al.206 developed a 

series of CNF-based hybrid aerogels embedded with conducting nanomaterials 

(transition -metal carbide), demonstrating superior mechanical flexibility, strength, 

tunable electrical properties, and potential for low-cost terahertz device development. 

Oprea et al.207 provided an overview of nanocellulose hybrids with metal oxide 

nanoparticles (MONPs) in biomedical applications. MONPs, such as ZnO, TiO2, CuO, MgO 

or Fe3O4, are incorporated to introduce antibacterial and magnetic functionalities to CNFs, 

with CNFs serving as a support material offering flexibility and high surface area for 

MONPs impregnation207. 
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1.4 Objectives and outline of this thesis 

To broaden the application potential of CNFs, the intrinsic deficiencies of CNFs cannot be 

neglected. One of the main challenges arises from the surface hydroxy groups, which 

induce high hydrophilicity and strong interfibrillar hydrogen interactions , resulting in 

poor dispersibility in water and most organic solvents, as well as irreversible 

agglomeration after drying. Consequently, the cellulosic fibrillar strands lose their 

flexibility and conformability. However, hydroxy functions are also the primary reactive 

moieties of CNFs. 

As introduced previously, conventional methods involving the substitution of hydroxy 

groups with small molecules suffer from low substitution degrees and are limited to the 

CNF surface. Grafting polymers onto the surfaces of CNFs has become a widely favored 

approach. The extended polymer chains function as "spacers," significantly diminishing 

hydrogen bonding effects. This modification enhances interactions with the surrounding 

solvent molecules, thereby improving the dispersibility of the CNFs. 

This thesis comprises two interconnected studies with distinct objectives.  

The first study (Chapter 2) focuses on the development of a multifunctional platform 

made of CNFs adaptable to various applications, and morphology study of CNFs, CNFs 

grafted with polymers and their embedding in a matrix.  

The specific objectives of this study were to: 

1) Produce CNFs from dried elemental chlorine-free (ECF) bleached kraft pulp using 

grinding and a microfluidizer.  

2) Convert CNFs into CNF-based macroinitiators. 

3) Graft polymers onto CNFs surface via Cu0-mediated radical polymerization (SET-LRP). 

The monomers comprise a di(ethylene glycol) ethyl ether acrylate (DEGEEA) and a 

protected alkyne monomer (acrylic acid 3-trimethylsilyl -prop-2-ynyl ester, TMSPgA). 

4) Label polymer-grafted CNFs with different luminescent dyes via post-modification 

through CuI-catalyzed azide-alkyne click chemistry (CuAAC). 
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5) Morphology study of CNFs during the production process, CNFs grafted with polymers 

and their embedding in a matrix by SEM, confocal laser scanning microscopy (CLSM) 

and stimulated emission depletion (STED) microscopy. 

The second study (Chapter 3) continues the surface modification approach and attempts 

to in situ cross-link CNFs with inorganic particles, specifically upconversion nanoparticles 

(UCNPs) and gadolinium fluoride nanoparticles (GdF3 NPs). The objectives were to: 

1) Surface-modify NPs for adapting the current surface modification strategy of CNFs.   

2) Characterize surface-modified CNFs cross-linked with UCNPs and GdF3 NPs, 

respectively. 

3) Discuss the properties and potential applications of these novel CNF-based hybrid 

materials. 

Chapter 4 concludes the thesis, summarizing the findings and providing insights and 

future prospects for surface-modified CNFs.   

 

Figure 1. 29 Graphical overview of the studies. 

Outline 
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2 Extraction, surface modification and morphology study of 

CNFs 

The content in this chapter (except Caption 2.2.1, Figure 2.7-2.8, and Table 2.1) has been 

published and adapted from:  

(1) Jiang, X.; Mietner, J. B.; Navarro, J. R. G. A Combination of Surface-Initiated Controlled 

Radical Polymerization (SET-LRP) and Click-Chemistry for the Chemical Modification and 

Fluorescent Labeling of Cellulose Nanofibrils: STED Super-Resolution Imaging of a Single 

Fibril and a Single Fibril Embedd. Cellulose 2023, No. 0123456789. 

https://doi.org/10.1007/s10570 -022-04983-y. 

Reproduced with permission from Springer Nature. 
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2.1 Introduction  

The interest in using CNFs as fillers or reinforcing agents in bio-based composite 

applications has constantly increased over the last decade due to their numerous 

advantages, such as their relatively low cost, extraction feasibility from numerous 

renewable resources, indicating high abundance and global availability, and their 

excellent mechanical properties103. Over the last few years, various research groups have 

focused their efforts on developing composites reinforced with wood flour, cellulose 

fibers, or cellulose nanofibrils208ɀ210.  They aimed to enhance the understanding of the 

filler -matrix compatibility, the interaction at their interface, and 

morphological/dimensional aspects, such as homogeneous dispersion and orientation of 

the filler in the matrix.  

Although SEM and AFM have been extensively employed for imaging and localizing 

cellulose fibrils/fibers in the host matrix, the challenge of elucidating how and where 

CNFs organize themselves within a polymer matrix persists. The direct observation of 

single-buried CNFs in composite remains significantly challenging.  

In this chapter, we aimed to address the challenge of revealing the morphology of CNFs 

embedded in a polymer matrix (bio-based composites) in a non-destructive manner. To 

achieve this, we first  obtained CNFs from elemental chlorine-free (ECF) bleached kraft 

pulp through grinding and the use of a microfluidizer; subsequently, we developed a 

surface chemistry modification protocol for CNFs. It  began with converting the CNFs into 

a CNF-based macroinitiator (CNF-MI). Following this conversion, we employed a 

synthesis route that combined SET-LRP and CuI-catalyzed azide-alkyne click chemistry 

(CuAAC) to both graft polymers onto the CNFs and label them with fluorescent dyes for 

visualization purposes (Figure 2. 1).  
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Figure 2. 1 Graphical overview of the Chapter 2. 

SET-LRP, as introduced in the previous chapter, is widely regarded as a powerful and 

adaptable technique for synthesizing acrylate polymers with precise functionalities. In 

this chapter, we focused on two specific monomers: di(ethylene glycol) ethyl ether 

ÁÃÒÙÌÁÔÅ ɉ$%'%%!Ɋ ÁÎÄ ÁÃÒÙÌÉÃ ÁÃÉÄ σȤÔÒÉÍÅÔÈÙÌÓÉÌÙÌȤÐÒÏÐȤςȤÙÎÙÌ ÅÓÔÅÒ ɉ4-30Ç!ɊȢ 4-30Ç! 

was used to attach luminescent dyes to the CNF surface through CuAAC, while DEGEEA 

served to enhance CNF stability in selected solvents (DMSO and H2O) and acted as a spacer 

reactive clickable monomer to ensure proper separation of luminescent dyes. 

Following this, the post-modification reaction - CuAAC - was employed to label surface-

modified CNFs with various fluorescent dyes, specifically azide fluor 488 dye (AF 488) 

and azide ATTO 633 (Figure 2. 2). Those dyes are suitable for imaging with confocal laser 

scanning microscopy (CLSM) and/or stimulated emission depletion (STED) microscopy. 

We investigated the behavior of CNFs dried from DMSO, examining single fibrils, fibril 

networks, bundles, and clusters. The distribution and morphology of the modified CNFs, 

embedded in a PVA composite with an approximate thickness of 10 µm, were revealed 

through a wide field microscope and CLSM/STED microscopes. 
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Figure 2. 2 Chemical structure and spectral properties of AF 488 and ATTO 633. The spectra are 

obtained from Fluorescence SpectraViewer, ThermoFischer Scientific211. 

Furthermore, the morphology of CNFs throughout the production process, CNFs grafted 

with polymers and their embedding in a host matrix, was studied using SEM and STED 

microscopy,  

STED microscopy, one of the light-based super-resolution microscopy techniques, has 

been developed to overcome the diffraction limit of light microscopy212,213. In STED 

microscopy, a depletion laser beam is superimposed on the excitation laser beam. This 

overlapping pattern forces excited fluorophores to return to their ground state in 

predefined regions, thereby reducing the amount of spontaneous fluorescence emission 

(Figure 2. 3)214. As a result, the effective point spread function is lower than the diffraction 

limit, thus achieving a high resolution down to 20 nm215. It has proven versatile in 

biological research216ɀ218 and nanoscale materials219ɀ221, enabling living-cell 

imaging222,223, 3D imaging, as well as fast imaging224. Another advantage of STED is deep 

imaging. By minimizing specimen-induced spherical aberration, STED microscopy can 

achieve a resolution of 60 to 80 nm, even at depths of up to 120 ʈm within  scattering 

biological tissue225. However, to effectively characterize CNFs using STED microscopy, 
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specific luminescent dyes must be labeled on the CNFs. Fortunately, there is a wide variety 

of commercially available fluorophores that are well-suited for this purpose. 

 

Figure 2. 3 Left: illustration of stimulated emission depletion (STED) microscopy214. Copyright 

2010 Cell, with permission of Elsevier. Right: comparison of confocal laser scanning microscopy 

and STED microscopy images of modified cellulose nanofibrils labeled with a fluorescent dye. 

The labeling of CNMs with fluorescent dyes is particularly valuable for biomedical and 

sensor applications226ɀ230. Fluorescently tagged CNFs are also employed in studies related 

to nanotoxicology and therapeutics231,232. Schyrr et al.233 prepared CNF/PVA 

nanocomposites with a high concentration of fluorescent sensor motifs using thiol -ene 

click reactions. Navarro et al.234 modified CNFs with methyl acrylate and acrylic acid N-

hydroxysuccinimide ester, enabling the labeling of a fluorescent probe (Lucifer yellow 

derivative) through an amidation reaction. Goodge et al.235 functionalized biotin-CNF 

membranes with the substitution of alkyne groups and fluorescently tagged azide-biotin 

conjugate via CuAAC. Recently, a method to label CNFs with fluorescence using a triazine 

linker and click chemistry also has been reported236. In all these examples, the labeling 

process involved specific chemical reactions where certain precursors were sequentially 

introduced, followed by one or two click chemistry reactions. 
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2.2 Results and discussion 

2.2.1 Production of CNFs  

CNFs were obtained from dry kraft pulp via a series of mechanical disintegration steps. 

SEM images in Figure 2. 4 illustrate the progression of cellulose morphology through each 

stage of mechanical disintegration. Upon grinding, cellulose fibers exhibit reduced 

aggregation, leading to the liberation of cellulose fibrils (CFs) and fragmentation into 

smaller entities. Fiber shredding phenomena are primarily observed at this stage. 

Subsequently, the cellulose aqueous suspension underwent microfluidization under 

consistent shear rates. Initially, it traversed a chamber pair with orifice widths of 400 ʈÍ 

and 200 ʈÍ ÓÕÃÃÅÓÓÉÖÅÌÙȟ ÓÕÂÊÅÃÔ ÔÏ Á ÐÒÅÓÓÕÒÅ ÏÆ ρυ 000 Psi, repeated twice. This was 

followed by passing through another chamber pair with orifice widths of 200 ʈÍ ÁÎÄ 

100 ʈÍ ÓÕÃÃÅÓÓÉÖÅÌÙȟ ÓÕÂÊÅÃÔÅÄ ÔÏ Á ÐÒÅÓÓÕÒÅ ÏÆ ςυ 000 Psi, repeated four times. The 

intermediate product from the first chamber pair (Figure 2. 4 C&D) exhibited significantly 

reduced dimensions and enhanced separation compared to the post-grinding stage. After 

undergoing microfluidization through the smaller chamber pair twice, the number of CF 

aggregates further decreased, but with some heterogeneity (Figure 2. 4 E&F). Subsequent 

delamination processes, repeated twice, yielded CNFs with improved homogeneity 

(Figure 2. 4 G&H). The application of high pressure and strong shear forces facilitated 

precise geometrical control of the fibrils. The yield of CNFs from the kraft pulp was then 

calculated to be 50 %. 

The data obtained fromШoptical fiber analysis through FiberLab aligns with the 

observations from SEM images (Figure 2. 5). At the post-grinding stage, the distribution 

of cellulose fiber lengths primarily clustered in the range of 0.20-1.20 mm (83.3 %) and 

then significantly transitioned to the range of 0.00-0.20 mm (52.7 %) following exposure 

to the microfluidizer. Subsequently, after completion of the entire microfluidization 

process, the distribution was further concentrated in the range of 0.00-0.20 mm (90.3 %). 

Similarly, the width distribution exhibited a consistent trend towards lower values as 

mechanical disintegration progressed.  
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Figure 2. 4 SEM images of cellulose from each stage of mechanical disintegration steps: (A) initial 

kraft pulp, (B) cellulose fibers after grinding, (C)&(D) CFs underwent microfluidizer 2 times with 

τππ ʈÍ ÁÎÄ ςππ ʈÍ ÃÈÁÍÂÅÒÓȟ ɉ%ɊǪɉ&Ɋ #&Ó ÕÎÄÅÒ×ÅÎÔ ÍÉÃÒÏÆÌÕÉÄÉÚÅÒ ς ÔÉÍÅÓ ×ÉÔÈ ςππ ʈÍ ÁÎÄ 

ρππ ʈÍ ÃÈÁÍÂÅÒÓȟ ɉ'ɊǪɉ(Ɋ ÆÉÎÁÌ #.&Ó ÕÎÄÅÒ×ÅÎÔ ÍÉÃÒÏÆÌÕÉÄÉÚÅÒ τ ÔÉÍÅÓ ×ÉÔÈ ςππ ʈÍ ÁÎÄ ρππ ʈÍ 

chambers. 
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Figure 2. 5 Width- (left row) and length (right row) distribution diagrams of (A) cellulose fibers 

ÁÆÔÅÒ ÇÒÉÎÄÉÎÇȟ ɉ"Ɋ #&Ó ÕÎÄÅÒ×ÅÎÔ ÍÉÃÒÏÆÌÕÉÄÉÚÅÒ ς ÔÉÍÅÓ ×ÉÔÈ τππ ʈÍ ÁÎÄ ςππ ʈÍ ÃÈÁÍÂÅÒÓȟ ɉ#Ɋ 

CFs underwent microfluidizer 2 times with 200 ʈÍ ÁÎÄ ρππ ʈÍ ÃÈÁÍÂÅÒÓȟ ɉ$Ɋ ÆÉÎÁÌ #.&Ó 

ÕÎÄÅÒ×ÅÎÔ ÍÉÃÒÏÆÌÕÉÄÉÚÅÒ τ ÔÉÍÅÓ ×ÉÔÈ ςππ ʈÍ ÁÎÄ ρππ ʈÍ ÃÈÁÍÂÅÒÓȢ ɕШThe values of CFs&CNFs 

ÍÁÙ ÅØÃÅÅÄ ÔÈÅ ÒÅÓÏÌÕÔÉÏÎ ÏÆ &ÉÂÅÒ,ÁÂ ɉÌÅÎÇÔÈȡ υπ ʈÍȟ ×ÉÄÔÈȡ ρ ʈÍɊȢ 

2.2.2 Solvent exchange, chemical conversion and surface modification of CNFs with 

poly-SA 

The process began with the solvent exchange of the unmodified pristine CNFs, which were 

first  suspended in water, and then an appropriate amount of DMSO was slowly added. 

This exchange procedure is an exothermic process due to the water-DMSO interaction and 

/
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the hydrogen bonding formation between the CNFs and the DMSO237. Subsequently, the 

CNFs suspended in DMSO underwent surface modification to yield CNF-MI via an 

esterification reaction between the hydroxy groups of the CNF and the 2-bromo-2-

methylpropionic acid in DMSO. The immobilization of the initiator onto CNFs occurred in 

a one-step process, enabling subsequent polymer growth via SET-LRP directly from the 

CNF surface using the macroinitiator unit as an anchoring point. This surface-initiated 

polymerization offers a pathway for fully tuning and optimizing CNF properties. The 

chemical conversion is illustrated in Scheme 2. 1.  

 

Scheme 2. 1 Synthesis of the CNF-based macroinitiator (CNF-MI) and PSA-CNF.  

The polymerization was conducted in a mixture of DMSO and toluene because the CNF-

MI is only stable in DMSO, whereas the monomer SA is only soluble in toluene, and the 

addition of toluene to the CNF-MI/DMSO suspension did not destabilize the nanocellulose 

suspension. During the controlled radical polymerization of SA to form PSA-CNF, phase 

separation was observed. White floccules were observed after 1 h of the reaction and 

accumulated in the upper phase when the reaction ended, which predominantly consisted 

of PSA-CNF. The lower DMSO-rich phase displayed a green to blueish color, indicating the 

primary presence of Cu-ligand complexes, also containing unreacted monomer SA, 

catalyst, and Me6-TREN. Similar phasic separation was observed during the SET-LRP of 

the SA homopolymerization.  
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The successful chemical conversion and surface modification were confirmed with FT-IR 

spectroscopy (Figure 2. 6). The FT-IR spectrum of unmodified CNFs exhibited 

characteristic cellulose absorption bands at 3320 cm-1 (O-H), 2950 and 2895 cm-1 (C-H), 

1430 cm-1 (C-H), and 1161 cm-1 (C-O-C). Following the chemical conversion, the spectrum 

of the CNF-MI induced a distinct band at 1733 cm-1, attributed to C=O stretching from the 

ester group, confirming the introduction of ester functionalities. Furthermore, the 

spectrum of PSA-CNF displayed not only the unaltered characteristic bands of cellulose 

but also additional peaks at 2917 and 2850 cm-1 (C-H), 1733 cm-1 (C=O), 1467 cm-1 (C-H) 

and 1162 cm-1 (C-O-C). These new bands indicate the successful grafting of polymer 

chains, evidenced by the presence of ester groups and an increased number of methylene 

groups in the main and side chains of each graft repeating unit.  

 

Figure 2. 6 FT-IR spectra of pristine CNF (black), CNF-MI (red)  and PSA-CNF (pink) . 

The 13C cross-polarization magic angle spinning (CP-MAS) NMR spectra of unmodified 

CNFs, CNF-MI and PSA-CNF are presented in Figure 2. 7. The pristine CNFs have the 

characteristic NMR signals for cellulose at 105 ppm (C1, glycosidic bonds), 84 ppm 
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(C4am), 72 ppm (C2, C3, C5), 62 ppm (C6am) for surface sites, and at 89 ppm (C4cr), 

76 ppm (C2, C3, C5), 65 ppm (C6cr) for the crystalline fibril interior 238. Spectral 

deconvolution revealed a significant proportion of hemicellulose (Figure 2. 7 b, orange 

signals), approximately 15 % molar, which may potentially participate in chemical 

reactions and consequently impact the conversion rate of CNFs.  

Based on the commonly accepted 'core-shell' model, the supramolecular organization of 

CNFs can be characterized by three parameters: the crystallinity index, lateral fibril 

dimension (LFD), and lateral fibril aggregate dimension (LFAD), illustrated in Figure 2. 7 

b. These parameters allow tracking potential modifications of CNFs induced by different 

grafting processes. As summarized in Table 2. 1 , the crystallinity of CNF-MI decreases 

slightly, from 32 % to 27 %, suggesting that the chemical conversion did occur to CNFs. 

Conversely, in the PSA-CNF sample, the crystallinity significantly increases to 54 %, 

suggesting degradation of amorphous cellulose. This change correlates with a reduction 

in the molar proportion of hemicellulose to 7 %. 
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Figure 2. 7 (a) 13C CP-MAS spectrum of CNF sample (b) Deconvolution of 50-120 ppm region. The 

upper black line corresponds to experimental data. The yellow line corresponds to the sum of 

individual peaks resulting from the spectral deconvolution. Two signals from hemicelluloses are 

ÉÎÄÉÃÁÔÅÄ ÉÎ ÏÒÁÎÇÅȢ $ÅÃÏÎÖÏÌÕÔÉÏÎ ÏÆ #τ ÒÅÇÉÏÎ ×ÉÔÈ ÃÒÙÓÔÁÌÌÉÎÅ ÆÏÒÍÓ #Ò ɉ)ɼɊ ÁÎÄ #Ò ɉ)ɻϹɼɊ 

(black), paracrystalline form (PCr) (grey), accessible fibril surfaces (AS) (green), and inaccessible 

fibril surface (IAS) (dark green). 

Table 2. 1 Various parameters for the supramolecular organization of CNFs. 

 CNF CNF-MI PSA-CNF 

Crystallinity index 32 % 27 % 54 % 

LFD / nm 2.6 2.4 4.3 

LAFD / nm 5.2 3.9 n.c. 

Grafting rates were calculated by dividing the signal integral associated with 1 carbon 

atom from the polymer graft by all signals related to the C4 of cellulose. Note that the 

signal observed at approximately 39.5 ppm, visible almost exclusively in multiCP spectra, 

corresponds to residual DMSO and not to a part of the grafts. 
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For CNF-MI, grafting rates were found to be relatively low at 1.1 %. The CP-MAS spectrum 

subtracted from the multiCP spectrum provides an estimate of the mobile part of the 

sample. As shown in Figure 2. 8, CNF-MI exhibits a more significant mobile cellulose 

component than CNFs and the PSA-CNF sample, which is consistent with a reduction in 

the crystallinity of CNFs. 

 

Figure 2. 8 13C CP-MAS spectra (blue), 13C multiCP spectra (black) and the difference between 

these spectra (red) of (a) CNF, (b) CNF-MI and (c) PSA-CNF. 
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It  is important to mention that the PSA-CNF sample was synthesized in toluene, which has 

a CH3 function, therefore making the grafting calculation obsolete since it was based on 

this chemical function. To enhance accuracy, the calculation was carried out with the 

signal at approximately 175 ppm, associated with two esterified carbons; this analysis 

determined the molar percentage of PSA on CNFs to be 187 %. ШCombining this with the 

grafting rate of CNF-MI (1.1 %), the molar percentage of PSA-CNF on each AGU is thus 

determined to be 170 %. The average molecular weight (Mw) of each graft is calculated to 

be 55 165 g/mol.  

In summary, the successful conversion of CNFs to CNF-MI and their subsequent surface 

modification with PSA via SET-LRP have been effectively confirmed by combining the 

results from FT-IR and 13C CP-MAS NMR. 

2.2.3 Surface initiated SET-LRP: growth of random copolymer poly-DEGEEA and 

poly-TMSPgA on CNFs (DEG-TMSPgA-CNF) and its post-treatment 

Given that the chemical conversion and surface-initiated grafting polymerization pathway 

have been successfully demonstrated, we now extend it to a more complex scenario. The 

current objective is to initiate the growth of random copolymers made of di(ethylene 

glycol) ethyl ether acrylate (DEGEEA) and an alkyne-functionalized monomer in the 

presence of CNF-MI. The SET-LRP of these two monomers was conducted in the presence 

of a Cu wire and ligand Me6-TREN (Scheme 2. 2 A). 
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Scheme 2. 2 General chemical strategy for the immobilization of fluorescent dye onto the CNF. (A) 

di(ethylene glycol) ethyl ether acrylate (DEGEEA) and the protected alkyne acrylate (TMSPgA) 

grafted onto the CNFs via surface-initiated  SET-LRP, followed by the sequential deprotection of 

trimethylsilyl groups;  (B) Cu-catalyzed azide-alkyne cycloaddition between alkyne-induced CNFs 

and the azido-chromophores. 

In the preliminary experiments, we attempted to initiate the SET-LRP of unprotected 

propargyl acrylate. Unfortunately, the modification of CNFs was not achieved through this 

polymerization technique. Several undesirable side reactions involving the alkyne 

functionalities transpired under Cu-catalyzed radical polymerization conditions. Notably, 

the terminal alkyne groups are not completely inert under the conditions typically 

employed in Cu-catalyzed radical polymerizations and are susceptible to various side 

reactions (Figure 2. 9).  

One of the primary unintended reactions was oxidative coupling, commonly referred to 

as Glaser coupling239. This side reaction is likely to occur due to the oxidation of CuI to CuII 

during the polymerization process. Moreover, Glaser coupling may also occur in the 

presence of deprotected alkyne groups during an open-air CuAAC coupling, whether an 
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additional CuI catalyst is still employed. Thus, employing excess reducing agents or 

conducting the reaction under an inert atmosphere was considered. 

 

Figure 2. 9 Schematic illustration of side reactions of terminal alkynes under radical 

polymerizations239. Copyright 2015 Macromolecules, with permission of American Chemical 

Society. 

In this study, we implemented a protection/deprotection methodology for the alkyne 

groups to prevent undesired side reactions during the copolymerization process. Firstly, 

trimethylsilyl propargyl acrylate (TMSPgA) was synthesized via the esterification 

reaction of acryloyl chloride and 3-(trimethylsilyl) propargyl alcohol. Following the 

protection step, both monomers TMSPgA and DEGEEA were copolymerized onto the CNF 

surface to form DEG-TMSPgA-CNF. In the final step, the TMS protecting group was 

removed and deprotected using a tetra-n-butylammonium fluoride (TBAF) in 

tetrahydrofuran (THF), with acetic acid (AcOH) as a buffering agent. This approach 

successfully produced deprotected alkyne-functionalized CNF groups, as illustrated in 

Scheme 2. 2 B. 
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The efficiency of the co-grafting polymerization of DEGEEA and TMSPgA onto CNFs was 

first evaluated with FT-IR spectroscopy (Figure 2. 10). The spectra of DEG-TMSPgA-CNF 

and DEG-PgA-CNF exhibit a significant increase in the carbonyl band at 1733 cm-1, 

indicating a substantial increase in the number of ester groups per polymer repeating unit 

compared to the CNF-MI spectra. Additionally, the bands observed at 1250 cm-1 and 

700 cm-1 are attributed to trimethylsilyl groups (TMS, Si(C-H3)) from the TMS-protected 

alkynes. This confirmed that the trimethylsilyl group remained intact, with no cleavage 

occurring during or after the surface-initiated polymerization onto CNFs.   

 

Figure 2. 10 FT-IR spectra of the pridtine CNF (black), CNF-MI (red) , DEG-TMSPgA-CNF (protected 

alkyne, blue), DEG-PgA-CNF (deprotected alkyne, yellow). 

Following the deprotection step, which involves removing the TMS groups from the CNF 

surface, the absorption bands at 1250 cm-1 and 700 cm-1 disappear from the FT-IR spectra, 

while the carbonyl signals remain unchanged. Unfortunately, detecting the alkyne groups 

on CNFs is more challenging, as they are difficult to distinguish from the background in 

the spectrum clearly. 
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Figure 2. 11 13C CP-MAS NMR spectra of (a) CNF-MI, (b) DEG-TMSPgA-CNF, (c) DEG-PgA-CNF. 

We further enhanced our characterization using solid-state CP-MAS 13C NMR, with the 

spectra presented in Figure 2. 11. The results align with those obtained from FT-IR. In 

addition to the characteristic signals of CNFs, an additional signal located at 175 ppm (C7) 

was observed, corresponding to the carbonyl bonds and the accumulated ester groups of 

the polymer repeating units. The peak at 0 ppm (C23) corresponds to the TMS-protecting 

group. Following the deprotection step, the TMS groups disappeared, and a new signal at 

76 ppm (C22), appearing as a broad peak overlapping with CNFs (C4), was detected and 

attributed to the deprotected alkyne groups. 
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2.2.4 Click chemistry azide-alkyne cycloaddition of alkyne-modified CNFs and 

various fluorescent azide dyes 

2.2.4.a The proof of the presence of alkyne functions via click chemistry with 3-azido-7-

hydroxycoumarin 

As previously discussed, the grafting of DEGEEA and TMSPgA onto CNFs through SET-LRP 

was successful. Nevertheless, the direct visualization of alkyne functionalities on CNFs 

proved challenging, necessitating confirmation via a combination of two characterization 

techniques. To ensure the presence of the alkyne function onto CNFs, we conducted a test 

click reaction using DEG-PgA-CNF and 3-azido-7-hydroxycoumarin in a DMSO/H2O 

mixture (Scheme 2. 3). An essential aspect of this experiment relies on the fluorescence 

feature of 3-azido-7-hydroxycoumarin, which can be revealed only when the dye forms a 

1,2,3-triazole linkage with an alkyne group through CuAAC; otherwise, the fluorescence 

remains quenched (Scheme 2. 3 A).  

Shortly after initiating the reaction, the CNF suspension became highly fluorescent. 

Following several purification steps, the luminescent CNFs were collected (Scheme 2. 3 B 

(ii)). This click reaction was also performed with unmodified CNFs and CNF-MI under 

identical conditions to serve as controls. In both control cases, the suspensions did not 

show any fluorescence under UV light, indicating no cycloaddition reaction occurred due 

to the absence of alkyne functionalities.  
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Scheme 2. 3 (A) Fluorescence feature of 3-azido-7-hydroxycoumarin, used to investigate reaction 

conditions before using the expensive biomolecule or cargo reagent(s); (B) CuAAC reaction of 

DEG-PgA-CNF and 3-azido-7-hydroxycoumarin: (i) DEG-PgA-CNF before the reaction, (ii) after the 

reaction with the fluorescence of 3-azido-7-hydroxycoumarin. 

Despite the successful attachment of functional molecules to CNF surfaces, determining 

the precise number of reagents remains challenging, particularly in estimating the exact 

quantity necessary for complete surface coverage. In our experimental setup, the reagents 

for CuAAC were calculated based on the assumption of 100 % chemical conversion in SET-

LRP and the subsequent deprotection, equating to 1 ʈÍÏÌ ÏÆ ÁÌËÙÎÅ ÇÒÏÕÐÓ ÉÎ πȢτ mg of 

dry DEG-PgA-CNF. 2 equivalents of azide were used for each alkyne group to ensure rapid 

reaction kinetics, given the relatively low alkyne concentration; the concentration of the 

Cu catalyst was controlled at 250 ʈ- ÆÏÒ ÅÆÆÉÃÉÅÎÔ ÃÙÃÌÏÁÄÄÉÔÉÏÎȢ  
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Figure 2. 12 Left: UV-Vis spectra of DEG-PgA-CNF (black) and coumarin@DEG-PgA-CNF (red) ; 

right: confocal scanning laser microscopy imaging of coumarin derivate labeled on the polymer 

modified CNFs (fluorescence image obtained at an excitation wavelength of 488 nm, red color). 

Initial characterization was performed using UV-Vis spectroscopy; the resulting spectra 

(Figure 2. 12, left) showed a strong absorption band at 350 nm in the luminescent CNFs, 

in contrast to the spectra of DEG-PgA-CNF, which displayed no distinct absorption bands 

in the visible range. This result confirms the successful grafting of the coumarin azide dye 

onto the alkyne-functionalized CNFs through CuAAC. 

Further imaging by confocal laser scanning microscopy (CLSM) revealed fluorescent 

spots uniformly distributed along the CNF surface, indicating a homogeneous decoration 

of the fibrils with the fluorescent dye (Figure 2. 12, Right). This visualization not only 

confirms the presence of alkyne functionalities but also demonstrates the effectiveness of 

the surface modification strategy. 

2.2.4.b Fluorescence labeling of DEG-PgA-CNF via click chemistry with ATTO 633 and 

AF 488 

As detailed earlier, successful attachment of a fluorescent coumarin dye derivative to 

CNFs was achieved using a CuAAC, providing a foundation for further functional 

modifications. Building upon this success, our objective shifted towards labeling CNFs 

wit h specific dyes to facilitate single-molecule studies using stimulated emission 
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depletion (STED) microscopy. For this purpose, two distinct fluorescent dyes, ATTO 633 

and AF 488, were conjugated onto CNFs as depicted in Scheme 2. 4. 

 

 

Scheme 2. 4 Preparation of luminescent cellulose nanofibrils: labeling of the two dyes ATTO 633 

and AF 488 onto DEG-PgA-CNF through click chemistry. 

The first dye, AF 488, with absorption and emission wavelengths (Abs/Em) of 

501/525  nm, was chosen for its bright green fluorescence. This dye is extensively utilized 

in confocal microscopy due to its robustness and provides excellent spectral separation 

from ATTO 633. Its primary purpose in this study was to facilitate easy localization of 

CNFs under the microscope.  

The second dye, ATTO 633, exhibits red fluorescence with Abs/Em wavelengths of 

630/657  nm. This dye is particularly advantageous for STED microscopy because of its 

high quantum yield and photo-stability, which are essential attributes for accurate and 

detailed imaging at the molecular level. 

Two separate batches of fluorescent CNFs were prepared: one batch labeled with both 

dyes (AF 488 and ATTO 633), referred to as AF 488&ATTO 633@DEG-PgA-CNF, and 
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another batch labeled solely with ATTO 633, referred to as ATTO 633@DEG-PgA-CNF, as 

exposed in Scheme 2. 4.  The dual-labeled and singly-labeled CNFs are intended to address 

different aspects of the microscopy and labeling study, enabling a comprehensive analysis 

of CNF behavior under various imaging conditions. 

2.2.5 Morphology study of modified CNFs and their embeddings in PVA 

As previously mentioned, STED microscopy, when combined with suitable dyes and 

optical schemes, can achieve exceptionally high resolution, as illustrated in Figure 2. 3. To 

process the images, we employed a deconvolution method using a standard algorithm to 

prevent over-deconvolution, along with a modeled point spread function (PSF) specific to 

our experiment. This PSF was validated using 40 nm beads that exhibit excitation and 

emission within the same wavelength ranges as our fibrils. 

Accordingly, the CNFs, modified and labeled with specialized fluorescent dyes or 

integrated into a composite material, are ideally suited for exploration using this high-

resolution technique. Samples were prepared with DEG-PgA-CNF labeled with both AF 

488 and ATTO 633 (AF 488&ATTO 633@DEG-PgA-CNF) or solely with ATTO 633 (ATTO 

633@DEG-PgA-CNF) in a 0.5 wt% DMSO suspension to ensure the detection of isolated 

modified CNFs and optimal signal clarity against a clean background under microscopic 

observation. 

We hypothesized two possible morphologies of the grafted polymer chains on the CNF 

surfaces: either extending away from (Figure 2. 13, M1) or wrapping around the CNFs 

(Figure 2. 13, M2).  These morphologies correspond to the observed fluorescent patterns, 

either spreading along or encircling the CNFs.  
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Figure 2. 13 Schematic illustration of labeling fluorescent dyes on CNF surfaces and hypothetical 

morphologies of modified CNFs. 

2.2.5.a STED & high-resolution imaging of modified single CNFs 

Figure 2. 14 presents a series of deconvolved STED images, where fluorophores appear 

as red dots configured into spaghetti-like shapes. In Figure 2. 14 (a), for instance, the 

fibrils display a continuous fluorescent strip measuring 56 nm in width and 9 ʈÍ ÉÎ ÌÅÎÇÔÈȟ 

dimensions typical of CNFs processed mechanically. Notably, the fluorescent strip 

exhibits a periodic pattern of luminescent red dots interspersed with non-fluorescent 

(black) spaces, potentially indicating either grafted di(ethylene) glycol chains, unmodified 

alkyne functions or unmodified CNF surfaces due to the low grafting rate, as described 

previously. As mentioned earlier, excess azide dyes were employed strategically to 

maximize the functionalization efficiency of the alkyne groups. 

This periodical interval phenomenon was consistent across all imaged CNFs and samples. 

Detailed analysis of the polymeric-modified CNF morphology confirmed that the grafted 

polymer chains predominantly wrap around the CNF surfaces (Figure 2. 13, M2). The 

spatial arrangement of the fluorophores primarily reflects the intrinsic dimensions and 

morphology of CNFs rather than the disposition of the grafted polymer.  
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Further observations were made regarding the interactions between various CNF 

nanostructures. Figure 2. 14 (b) provides an overview of the representative CNFs with 

different interfibrillar structures, as observable via STED microscopy. These interfibrillar 

structures can be categorized into three types: homogeneous networks (Figure 2. 14, c), 

fibril bundles (Figure 2. 14, d), and clusters (Figure 2. 14, e). A homogeneous network 

consists of individual fibrils spaced no more than 0.5 µm apart; a fibril bundle comprises 

multiple aligned fibrils separated by approximately 50 nm; and a cluster encompasses 

entangled fibrils or bundles with minimal gaps below 10 nm. 

For optimal dispersion of CNFs in solvents such as DMSO to create a stable suspension, 

monomers with extended hydrophilic groups like oligo(ethylene glycol) are considered 

for the CNF surface modification. These long hydrophilic groups effectively interact with 

the solvent molecules (DMSO & H2O), thereby reducing interfibrillar interactions. 

Lastly, it is important to note that for a given chromophore, the intensity of the fluorescent 

signal is directly proportional to the concentration of the fluorophore. In some instances, 

this can indicate an inhomogeneous dispersion of CNFs, with dense dye aggregations 

potentially leading to fluorescence signal saturation and rendering STED measurements 

infeasible.  
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Figure 2. 14 Deconvolved STED images of modified CNFs: (a) isolated fibril, (b) dispersion state of 

fibrils, (c) fibril network, (d) fibril bundle, (e) cluster.  

2.2.5.b STED & high-resolution imaging of modified CNFs in PVA 

As previously noted, traditional methods for investigating the morphology of CNFs within 

composites, such as AFM, SEM and TEM, often struggle to differentiate between CNFs and 

the surrounding matrix materials. For example, Figure 2. 15 (a) illustrates a FESEM image 

of a modified CNF/PVA composite where the CNFs are indistinguishable as they are 

completely embedded within the matrix. However, the application of STED microscopy, 

especially when combined with fluorescent labeling, significantly enhances the 

visualization of CNFs, revealing not only their morphology but also their spatial 

arrangement within the PVA matrix (Figure 2. 15, b).  
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Figure 2. 15 (a) FESEM image of fibrils/PVA composite, (b) STED image of fibrils in PVA. 

Our initial investigations utilized STED microscopy to image isolated CNF nanostructures. 

We then extended this approach to explore the morphology of CNFs embedded in a PVA 

composite using a combination of CLSM and STED microscopy (Figure 2. 16). CLSM is 

beneficial for its ability to illuminate the entire specimen quickly and locate all 

chromophores simultaneously. By integrating CLSM with STED microscopy, we were able 






































































































































































































































