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an aura of contagious excitement seems to follow you wherever you go. Also, 
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thanks to your efforts to secure the financial situation of the group, I, among 
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with funding applications, which is a true scientific luxury. In short, I could not 

have found a better place to do my PhD studies. In accordance, my master’s 

thesis supervisor and former boss, prof. Vesa Hytönen, also, deserves a huge 

thanks, since he was the one who encouraged me to approach Olli and MolMat 
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in the first place back in 2015. Also, I want to thank Walter Ahlström’s 
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of my journey. Thereafter, I have enjoyed the wisdom, open-mindedness and 

never-ending optimism and ideas of Nonappa, who has successfully guided me 

this far. It seems that for him everything appears doable – and often he is right. 

In fact, I have enjoyed my time under Nonappa’s guidance so much that I will 

still be following him and have agreed to work with him in Tampere for one 

more year, where he has been freshly appointed as an associate professor to run 

his own group. So, thank you, and congratulations once more! 

The third round of thanks goes to all my co-authors, colleagues, collaborators, 

and university personnel who has made all this possible. Your input, knowledge, 

and skills have been vital. For example, the optical fiber studies would not have 
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grateful for the HYBER community and its activities, where all kinds of 
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Fourth, I would like to thank all the people in MolMat, SMW, and Active 
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1. Introduction 

This thesis explores various cellulose-based functional nanocomposites. 

Generally, nanocomposites consist of a combination of different materials, out 

of which at least one is present in a nanoscale form, such as nanoparticles or 

nanofibers. In terms of properties, nanocomposites typically show synergies 

and outperform what would be expected based on the simple sum of their parts, 

which makes them intriguing research subjects. Of course, the exact properties 

of each nanocomposite depend on and can be tuned by adjusting its raw 

materials, chemistry, and interactions providing nearly endless possibilities. 

Thus, the difficulty often lies in how to choose the right components.  

Nature and its biological extraordinary materials, such as strong and tough 

spider silk and bone,1,2 structural colors of beetles and butterfly wings,3,4 and 

superhydrophobic self-cleaning lotus leaves,5 are often used as inspiration for 

man-made nanocomposites. The biological materials prove that a huge variety 

of functions and lightweight and energy-efficient structures can be achieved 

from surprisingly limited building blocks. As a result, the natural raw materials, 

such as cellulose, have recently gained more interest from materials scientists 

trying to mimic and improve the time-tested biological structures. 

Cellulose and cellulosic derivatives can be used either as nanofillers or as 

bulkier supporting matrix in nanocomposites depending on the situation. For 

example, here, cellulose nanocrystals (CNCs) used in Publications I, II and IV 

and cellulose nanofibers (CNF) in Publication III represent rigid 

nanocomponents with excellent mechanical properties and chemical 

modifiability. On the other hand, thermoresponsive amorphous methylcellulose 

(MC) polymer was used as a ductile supportive matrix in Publications I, II and 

IV. In addition to the broad chemical variety, cellulose-based components are 

generally lightweight, renewable, and biocompatible making them tempting 

raw materials for sustainable functional and high-performance materials.6  

Through correct processing, biobased nanocomposites have the potential to 

challenge and eventually overcome many traditional energy-intensive, heavy, 

expensive, and non-degradable materials. Also, new needs and functions may 

emerge with the assistance of nanocomponents that the current materials 

cannot handle or that have remained yet unexplored, such as active packaging 

materials with sustained enzymatic reactions, or biocatalytic fiber-bound 

enzymatic “factories”.7,8 Thus, nanocomposite technology has the aptitude to 

convert common and ordinary materials into something extraordinary. In 

accordance, here, optical fibers, and sensory and responsive materials are 

prepared from hybrids of simple and mostly cellulose-derived components. 

Especially, the cellulosic optical fibers have been rarely studied or envisioned 
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before, and potentially transformational discoveries in the field are still waiting 

to be uncovered. The thesis aims to take controlled steps towards these secrets 

and to provide a practical example via the development of MC-based optical 

fibers. 

1.1 Outline of the Thesis 

The thesis describes the entire process from the preparation and 

characterization of functional cellulosic nanocomposite hydrogels, to wet-

spinning of the gels into solid fibers, and the functionalization and modification 

of such fibers into bio-based optical fibers. Additionally, feasible production of 

bicomponent nanocellulose fibers via interfacial polyelectrolyte complexation 

(IPC) is demonstrated. The thesis consists of four peer-reviewed publications 

(Figure 1). The main raw materials include MC polymer, rigid rod-like CNCs, 

nanofibrillar CNFs, and atomically precise gold nanoclusters (GNCs). As a 

result, thermoresponsive hydrogels and solid fibers with high ductility, light 

transmission capabilities, and sensory functions were produced. Overall, the 

thesis demonstrates functional materials from simple and mainly cellulose-

derived components. 

The introductory part of the thesis is split into two parts, starting with an 

overview of nanocomposite hydrogels (Chapter 2) followed by an introduction 

to (bio)polymeric optical fibers (Chapter 3). The most common nanocelluloses 

and the spinning of nanocellulosic fibers are also introduced. The methods 

section (Chapter 4) gives a brief overview of the main experimental tools used 

in the thesis. In the results section (Chapter 5), the main findings of the 

Publications I-IV are presented and, finally, followed by concluding remarks 

and future outlook (Chapter 6). 

 

 

Figure 1. Publication relations. The thesis consists of four peer-reviewed publications (I-IV) that 
cover the development of methylcellulose-derived optical fibers and functional nanocellulosic 
bicomponent fibers. The work progresses from 1) the characterization of thermoresponsive MC-
CNC hydrogels (Publication I) to 2) material processing including solid fiber preparation via wet-
spinning of the hydrogels (Publication II) and interfacial polyelectrolyte complexation 
(Publication III), and, finally, to 3) manufacturing of cellulose-derived feasibly modifiable 
biopolymeric optical fibers (Publication IV). 
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The Publication I focused on the characterization of the mechanical and 

optical properties of thermoresponsive MC-CNC nanocomposite hydrogels. The 

tunability and reversibility of the properties as a function of CNC concentration 

and external temperature were studied. 

In Publication II, solid MC-CNC fibers were wet-spun from the previously 

described hydrogels. The mechanical properties and morphology of the fibers 

at various compositions were screened and compared to existing cellulosic 

fibers. The optimal composition to produce smooth fibers with remarkable 

ductility was discovered.  

The processing and manufacturing of nanocellulose containing fibers were 

also studied in Publication III, where IPC spinning was identified as a feasible 

method to produce CNF-based two-component fibers from aqueous polyion 

solutions devoid of chemical crosslinkers. In the context of biopolymeric optical 

fibers, which were studied in Publication IV, IPC potentially enables a simple 

approach to core-clad step-index optical fibers and other solid coated fibers 

comprising a variety of charged components in the future. The IPC process 

nicely complements the benign wet-spinning of MC fibers described in 

Publication II. 

In Publication IV the potential of the MC-based fibers as biopolymeric optical 

fibers was investigated in detail and the effect of nanodopants, including CNCs, 

GNCs and combinations of thereof, on the mechanical properties and optical 

performance were carefully elucidated. In addition, the fibers displayed 

controllable degradation speed, intense fluorescence, and could be used as 

heavy metal ion (Hg2+) sensors demonstrating the feasible modifiability and 

diversity of (bio)polymeric optical fibers. 

1.2 Aims of the Thesis 

The thesis aims to demonstrate and broaden the diversity of nanocomposite 

materials and applications that can be produced from simple and mainly 

cellulose-derived raw materials. Accordingly, the development of MC-based 

optical fibers is described. Specifically, the progress from responsive 

nanocomposite hydrogels to sensory and optical fibers is covered (Publications 

I, II, and IV). An alternative fiber spinning method (Publication III) and 

potential improvements are also suggested to facilitate future research. The 

work contributes to the current rather limited literature on cellulosic optical 

fibers and optical waveguides, and seeks to encourage further studies on the 

topic, and to attract interest and promote interdisciplinary collaboration, 

especially with the more traditional optics and optical fiber communities. By 

expanding the diversity and capabilities of cellulosic materials and by 

distributing the knowledge of such materials across disciplines, the steps 

towards generally more sustainable and greener society and bioeconomy may 

also be taken and actively supported. 
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2. Nanocomposite Hydrogels 

Nanocomposite hydrogels consist of a highly hydrated polymer gel network and 

a filler material that has at least one of its dimensions in nanoscale (typically 1 

– 100 nm).9 Examples of typical nanofillers include gold nanoparticles and 

carbon nanotubes.10,11 The mixture of soft polymeric elements and stiff 

nanoparticles combines the advantages of both hydrogels and nanoparticles and 

allows the nanocomposite gels to overcome the limitations of simple hydrogels, 

such as poor mechanical performance.9 The structures are inspired by the 

natural hierarchical and composite materials with excellent mechanical 

performance, such as nacre, spider silk, and extracellular matrix (ECM).2,12,13 

Complementary functionalities, such as self-healing,14–17 electric 

conductivity,18–20 temperature and light responsiveness,21,22 actuation and 

motion,23 and simple learning may also be added through a careful selection and 

engineering of the nanocomposite constituents.24  

The diversity and modifiability of nanocomposite hydrogels have attracted 

significant scientific interest during the past couple of decades. Especially 

biomedical applications are tempting, because nanocomposite gels can be 

tailored to mimic the properties of ECM, while also possessing the potential for 

a range of supportive modifications.25 Explored biomedical applications up to 

date include, among others, tissue engineering and cell cultivation scaffolds, 

biosensors, and drug delivery.26–29 In addition, nanocomposite hydrogels have 

been envisioned for water purification,30 soft robotics,31 and photonic 

applications.32 Due to the dynamic structural systems and the recent emergence 

 

 

Figure 2. Applications of nanocomposite hydrogels. 
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of Pavlovian materials,24 simple life-mimicking abilities are also becoming 

readily available (Figure 2). 

Nanocomposite hydrogels can be classified, among others, based on 

nanoparticle and polymer type, polymer source, method of preparation, target 

application, and functional properties.33 Whether a hydrogel is chemically 

(covalently) or physically (non-covalently) crosslinked significantly affects its 

properties. In chemically crosslinked structures, irreversible and strong 

covalent bonds provide rigidity but limit adaptability and functionality, whereas 

physically reversibly crosslinked gels are able to restructure and respond to 

dynamic conditions. Hence, various physically crosslinked hydrogels can be 

processed by, e.g., extrusion, heating, cutting, compression, and molding, 

without irreversibly compromising the structural integrity or the related 

properties. Furthermore, this allows the re-structuring and use of such 

hydrogels as raw materials for the feasible manufacturing of certain structured 

solids, such as fibers, in various conditions. 

In this thesis, physically crosslinked cellulose-based nanocomposite hydrogels 

have been extensively utilized both as functional entities and as raw materials 

for the manufacturing of solid fibers. The properties of macroscopic 

nanocomposite hydrogels are greatly tunable by the nanoparticle concentration 

and type as demonstrated in Publications I and IV. For further background, the 

general capabilities of both pure simple hydrogels and nanoparticles are 

discussed below. 

2.1 Hydrogel Matrix 

Hydrogel matrix is a stable three-dimensional polymer network with high water 

absorption capacity, connected via crosslinking points. It shows the properties 

of both solids, by having a well-defined shape, and liquids, by containing a 

significant amount of liquid, potentially accompanied with freely diffusing 

molecules.34 By tuning the polymer and interaction types and crosslinking 

density, the properties of a hydrogel, such as mechanical performance and 

swelling, can be controlled.35 Hydrogels are suitable for applications ranging 

from bioactive materials to adhesives and superabsorbents.26,36–38 

In covalently crosslinked hydrogels, the mechanical performance is often 

relatively poor, which limits the applicability of the material. The weakness 

stems from the random distribution of the irreversible crosslinking points and 

varying polymer lengths between those points that focus external stress onto 

specific sites resulting in locally initiated fractures (Figure 3a).39 The energy 

dissipation, then, mainly occurs through irreversible breakage of the covalent 

bonds, which eventually cascades to total failure. 

By introducing sacrificial bonds,40 dynamic dissipative physical connections,41 

or stiff nanoscale reinforcing agents, the mechanical performance can be 

enhanced.42,43 Recently, homogeneous chemically crosslinked gels with very low 

levels of defects have also been prepared by applying geometrical constraints in 

the pre-gelation state to ensure efficient bond percolation.44 On the other hand, 

physically crosslinked gels are completely based on reversible dynamic bonds, 

such as hydrogen bonds, ionic interactions, halogen bonds, hydrophobic 

interactions, and entanglement of polymer chains, that provide adaptive, 

malleable, and responsive networks (Figure 3). 
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The swelling capacity and swelling rate of hydrogels are regulated by the type 

and mechanical characteristics of the gel network: The equilibrium state is 

achieved once the elastic forces of the hydrogel are in balance with the osmotic 

pressure.45 However, gels may show “smart” responsive behavior and dynamic 

swelling depending on their composition and functional groups, where the gel 

strongly reacts to certain external stimuli, such as ionic strength, pH, or 

temperature.46–48 As a result, the gel porosity, volume, 

hydrophilicity/hydrophobicity, and/or ionic strength may become changed, 

which is then observed as either increased absorption or squeezing out of 

network-bound water or even a radical gel collapse and phase separation as a 

new swelling state equilibrium is established. The change is typically fully 

reversible and repeatable and allows on-demand functional materials. 

Generally, the gel characteristics together with the environment determine the 

efficacy of the stimulus and the magnitude of the response. For example, the 

swelling response of a pH-sensitive copolymer gel can depend, among others, 

on the amount of acidic and basic groups on the hydrogel, gel composition and 

copolymer ratio, crosslinking density, surrounding pH level, and temperature.49  

2.1.1 Thermoresponsive Hydrogels 

Thermoresponsive hydrogels contain polymer units with both hydrophilic and 

hydrophobic sections. Their solubility drastically changes with varying 

temperature resulting in phase separation at a characteristic temperature. The 

temperature-sensitive swelling/de-swelling can be classified as either lower 

critical solution temperature (LCST) type or upper critical solution temperature 

 

Figure 3. Schematic illustrations of the irreversible and reversible hydrogel-enabling interactions. 
a) Covalent chemical bonds are irreversible interactions that due to uneven distribution and 
distance between crosslinking sites often tend to focus stress on certain short chain-length 
sections (green crosslinking chain pointed with an arrow) resulting in structural weak points in 
hydrogels. b) Especially with long polymer chains, chain entanglement provides additional rigidity 
and stability for hydrogels. c) Hydrophobic sections of polymers can minimize their 
thermodynamically unfavorable contact with water by self-aggregation. d) Dipole-dipole forces 
attract uncharged molecules together; δ- and δ+ denote local partial negative and positive 
charges due to differential electron density, respectively. e) Hydrogen atoms coupled to highly 
electronegative atoms (C, N, O, F) enable directional and relatively strong reversible interactions; 
H = hydrogen; E = electronegative atom. f) Two oppositely charged ions or chemical groups 
strongly attract each other resulting in ionic interaction.  



Nanocomposite Hydrogels 

8 

(UCST) type depending on the particular polymer system and solvent 

conditions (Figure 4a).50–52 LCST polymers are soluble at all compositions and 

show extensive swelling below the LCST temperature and collapse and de-swell 

at higher temperatures. UCST polymers show the opposite behavior. Examples 

of typical aqueous LCST polymers are poly(N-isopropylacrylamide) (PNIPAM) 

and methylcellulose (MC).53,54 In this thesis, MC has been used in Publications 

I, II and IV. Poly(N-acryloyl glycinamide) (PNAGA) is an example of a non-ionic 

UCST polymer.55 

In LCST transition, the polymer network suddenly converts from hydrophilic 

to hydrophobic when heated above the critical temperature (Tc) causing phase 

separation (Figure 4b).52 Typically, at low temperatures below the LCST, 

extensive hydrogen bonding and weak polar interactions with the surrounding 

solvent (ΔΗmix << 0) promote polymer mixing and solubility, while the highly 

organized directional polymer-water interactions induce some entropic penalty 

(ΔSmix < 0). The strong enthalpic contribution from the hydrogen bonding 

network dominates the free energy equation (ΔGmix = ΔΗmix – TΔSmix < 0) and 

the polymers prefer to exist in a hydrated extended coil conformation.52 When 

the temperature is elevated above the LCST, the hydrogen bonds become 

weakened and may break, i.e., ΔHmix becomes less negative while also increasing 

ΔSmix making it less negative due to released water. To minimize the contact 

with the solvent, the inter- and intrachain hydrophobic interactions of the 

dehydrated polymer predominate and drive the transition towards tighter 

globular conformation surrounded by a cage of water molecules. As a result, ΔS 

remains slightly negative and together with increased T the significance of the 

entropic term (– TΔSmix) greatly increases and it converts the total ΔGmix 

positive, i.e., resulting in phase separation. Hence, the LCST transition upon 

heating is considered entropy driven.52 

 

Figure 4. LCST phase transition. a) Schematic phase diagrams describing the typical LCST and 
UCST phase diagrams. The actual LCST and UCST points lie at the graphs’ minimum and 
maximum, respectively. b) Representation of the phase transition of an LCST polymer. Below 
the phase transition temperature, the polymer extensively interacts with the surrounding solvent 
via hydrogen bonds and exists in an extended conformation. Above the temperature threshold, 
the polymer becomes dehydrated and self-aggregates driven by hydrophobic interactions. A 
rough depiction of the corresponding thermodynamic parameters (Gibbs free energy, ΔG; 
enthalpy, ΔH; and the entropic factor, -TΔS) is given below each state. Figure composed and 
drawn based on Jeong et al.,50 Niskanen and Tenhu,51 and Zhang et al.52   
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2.2 Nanoscale Particles 

Nanomaterials are typically defined as materials having at least one of their 

dimensions in the nanoscale (1-100 nm).56 Due to their extremely small size and 

high surface-to-volume ratio, nanomaterials possess significantly different 

properties from the respective bulk materials. Examples of such nanoscale-

specific properties include, for example, superparamagnetism, high catalytic 

activity, fluorescence, and photothermal heating.57–59 When combined with 

polymer networks and hydrogels, it is possible to transfer the nanoparticles’ 

properties to the composite structures. Additionally, the hydrogel matrix may 

stabilize nanoparticles and enhance their functions, such catalytic activity.60,61 

Finally, nanoparticle shape, ranging from 0D spheres to complex 3D forms, 

affects the interactions and self-assembly of the nanoconstituents and, 

consequently, can induce directionality and order to the surrounding medium.62 

In nanocomposite hydrogels, weak interactions combined with large available 

surface area of the nanoparticles are the typical driving force behind the 

enhanced hydrogel performance and functions.63,64 Therefore, it is essential to 

prevent particle aggregation during nanocomposite preparation to retain their 

nanoscale-specific benefits. There are three main approaches to obtain 

nanocomposite hydrogels with homogeneous nanoparticle distribution: 1) in 

situ polymerization, where the polymer network is grown to encapsulate pre-

existing nanoparticles; 2) in situ particle growth, where the nanoparticles are 

synthesized or precipitated from precursor molecules trapped inside a hydrogel; 

and 3) physical mixing, where polymer chains are directly blended with the pre-

existing nanoparticles (Figure 5).65 The practical applicability of each method 

depends on the characteristics of the selected polymer and nanoparticle system 

and may be limited by, e.g., high attracting opposite electric charges. In order 

to control the mixing and interactions, the nanoparticle surface may be 

 

Figure 5. Preparation of nanocomposite hydrogels. a) In situ polymerization: ready-made 
nanoparticles are mixed with polymer precursors (monomers, initiators, and crosslinkers). After 
the polymerization step nanoparticles are trapped within the hydrogel. b) In situ particle 
synthesis: soluble nanoparticle precursors (e.g., ionic compounds) are dispersed and adsorbed 
onto a hydrogel matrix followed by particle precipitation and growth. c) Direct physical mixing: 
Nanoparticles and polymers are synthesized separately and then combined with the help of 
physical agitation. Figure drawn based on Chen et al.65 
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modified and coated, for example, through covalent modifications or the 

addition of surfactants.66,67 Recently, a concept utilizing a polymer network with 

photo-cleavable charge-masking groups has been introduced to prevent 

catastrophic attractive ionic interactions with oppositely charged nanoparticles 

during the mixing stage. With UV-light, the positively charged polymer-bound 

groups can be revealed on-demand post-mixing to secure homogeneous 

nanoparticle distribution before the sealing of the structure by ionic 

interactions.68 

2.2.1 Nanoparticle Interactions at High Concentrations 

Anisotropic and high aspect ratio nanoparticles, such as rods and nanosheets, 

self-assemble into ordered liquid crystalline structures above critical 

concentration (c*) (Figure 6a).69,70 Therein particle rotational movement is 

sacrificed for increased translational freedom, which results in an oriented 

assembly. Additionally, directional particle self-assembly can be induced by 

external fields, such as magnetic and electric fields.71–74 Oriented assemblies 

may express specific collective functions, such as optical birefringence, as well 

as, directional electric conductivity and thermal transport.75,76 It is also possible 

to incorporate such properties into macroscale nanocomposite gels, where 

oriented structures provide directional responses, such as axis-dependent 

swelling and elasticity. For instance, 3D printed shear-aligned cellulose 

nanofiber (CNF)-acrylamide hydrogel networks respond to humidity with 

localized directional swelling, which generates complex autonomously folding 

shapes, such as spirals and flowers.77 However, the rather high c* to initiate 

nanoparticle self-assembly may not be easily achieved nor the precise 

nanoparticle organization preserved in nanocomposite hydrogels due to high 

 

Figure 6. Liquid crystalline self-assembly and percolation. a) Self-assembly occurs when the 
concentration of rod-like nanoparticles exceeds a critical concentration (c*). Below the c*, the 
nanorods have rotational and translational freedom (green arrows). Above c*, rotational freedom 
is sacrificed for increased translational freedom resulting in collective alignment. b) At amounts 
above the critical volume fraction (φc) nanoparticles percolate, i.e., form a connected network 
throughout the medium (black rods). c) Excluded volume (area in 2D; blue shade) of a 
nanoparticle depends on the nanoparticle packing and orientation. In i) the misaligned nanorods 
have larger excluded volume (light blue area) compared to the uniaxially aligned particles in ii). 
Figure contents adapted according to Baxter and Robinson.80 
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water content and interfering polymer chains. At the extreme nanofiller 

concentrations, inter-particle interactions eventually also outweigh the 

polymer-particle interactions leading to aggregation, increased network 

stiffness, and loss of elasticity, which may be detrimental for the desired 

application.78  

At high nanoparticle loadings, critical percolation threshold volume fraction 

(φC) may be reached, where a network of inter-connected nanoparticles spans 

through the entire nanocomposite structure (Figure 6b).79 At and above the φC, 

significantly enhanced collective functionality is possible, such as sharp 

increase in the mechanical performance or ionic conduction capacity.79,80 The 

excluded volume of nanoparticles and, consequently, also the φC is dependent 

on the particle shape, packing density and orientation, which highlights the 

importance of the particle characteristics and nanocomposite processing 

methods (Figure 6c). The excluded volume can be defined as the volume 

surrounding an object into which a center of a similar particle cannot access.80 

Increased particle alignment typically increases the φC, while reduced φC and 

improved reinforcing potential is expected from higher aspect ratio particles, 

such as CNF.81 Furthermore, the transitional semi-stiff polymeric interfacial 

layer surrounding the nanoparticles in the nanocomposites contributes to the 

effective particle size and interparticle connectivity and, therefore, has been 

observed to lower the required percolation threshold and affect the overall 

stiffness of the polymer nanocomposites.80,82,83  

2.2.2 Atomically Precise Metal Nanoclusters 

Atomically precise metal nanoclusters are nanosized particle-like assemblies of 

core metal atoms and surrounding stabilizing molecules with an exact 

composition.84 The size of the nanoclusters typically varies from sub-nanometer 

up to a couple of nanometers depending on the core atomic composition and 

surface ligands. The molecule-like exact structure provides extreme 

monodispersity and characteristic properties, such as high photoluminescence 

and photostability,59,85,86 great catalytic potential due to vast surface-to-volume 

ratio,87,88 biocompatibility and anti-bacterial activity,89,90 and enable defect-free 

self-assemblies.91,92 Furthermore, high chemical sensitivity combined with the 

intense fluorescence makes metal nanoclusters excellent candidates for sensory 

and imaging applications.86,89,93–97 Fluorescent gold nanoclusters (GNCs) have 

been used, for instance, as visual heavy metal ion detectors, since their 

fluorescence becomes quenched or altered as a result of a binding of certain 

heavy metal ions.95,97,98 This property has been utilized in Publication IV, were 

heavy metal ion detection abilities were imbued into MC fibers by adding bovine 

serum albumin (BSA) -stabilized gold nanoclusters (GNC-BSAs).  

2.3 Cellulose-Containing Nanocomposites  

Cellulose is the most widely available renewable and sustainable polymer 

source. It is one of the main structural components of plants and is also 

produced by other organisms, such as bacteria (Figure 7).99,100 In plants it is 

typically associated with other components, such as lignin and hemicelluloses, 

whereas highly crystalline pure cellulose can be obtained from bacterial 

cultures.101 Also, cotton, which was the source material of CNCs used in 
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Publications I, II and IV, yields a highly crystalline and pure form of cellulose 

without the non-cellulosic components.102 

Structurally cellulose is a linear homopolymer of anhydro-D-glucose units 

linked via β-1,4-glycosidic bonds (Figure 7). The subsequent D-glucose units are 

rotated by 180° along the axis of the chain with respect to each other.99,103  Each 

glucopyranose ring in a cellulose chain contains three available reactive oxygen 

groups that contribute to hydrogen bonding, hydrophilicity, and structural 

rigidity of the cellulose chain, and can be used for chemical modifications.104,105 

Furthermore, the two ends of a cellulose chain are chemically different because 

the chains are enzymatically unidirectionally synthesized.106 At the reducing 

end, the hemiacetal group at C1 carbon exists in an equilibrium state and may 

convert between an aldehyde and hemiacetal form. The other, non-reducing end 

contains a stable non-converting hydroxyl group at the C4 position.105 Through 

aldehyde specific reactions, the reducing end can be used for topological end-

specific modification of cellulose. For example, Lin et al. have reported 

thermosensitive star-shaped assemblies of end-modified CNCs.107 

Naturally, cellulose chains self-assemble into fibrillar bundles, known as 

elementary fibrils, after being synthesized.99,108 The elementary fibrils pack into 

microfibrils and eventually into larger macroscopic cellulosic structures.99 

Thanks to the extensive inter- and intramolecular hydrogen bonding, the closely 

packed cellulose chains form tight crystalline regions within the fibers that show 

right-handed structural twisting.104,109,110 The rigid crystalline sections are 

intercalated with softer amorphous segments due to chain dislocations, packing 

defects, and material processing providing structural flexibility.109,111 Natively, 

cellulose chains are mainly organized into metastable parallel (cellulose I) 

Figure 7. Cellulosic structures at multiple length scales. Individual cellulose fibers self-assemble 
into elementary fibrils with rigid crystalline regions and softer amorphous areas after the 
enzymatic synthesis. The elementary fibrils further arrange into microfibrils and then into fibrillar 
cellulose matrix surrounding wood cells. The cellulosic matrix supports and provides mechanical 
strength to the wood tissue. Figure composed and drawn according to Dufresne.100 
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conformation that is interconvertible into other crystalline polymorphs (II-

IV).112–114 Nanoscale cellulosic materials containing the crystalline regions can 

be isolated, e.g., via chemical or mechanical methods and used in 

nanocomposite materials.115–117 

Unmodified cellulose is insoluble in water, but also in many typical organic 

solvents. The water-insolubility is generally attributed to the extensive internal 

hydrogen bonding that prevents the dissociation of the crystallites.118 Therefore, 

chemical modifications would be expected to improve cellulose solubility and to 

allow individual cellulose chains as the H bonding network becomes disrupted. 

For example, methylcellulose (MC), a chemical derivative of cellulose having 

hydroxyl (-OH) groups partially replaced with methoxyl (-OCH3) groups, shows 

good water-solubility regardless of its decreased polarity.118 However, 

amphiphilic cellulose chain structure and hydrophobic interactions also likely 

contribute significantly to solubility as suggested by cellulose compatibility with 

intermediate amphiphilic solvents.118,119 

Since cellulose can be amply modified and processed to yield a variety of 

water-soluble polymers and rigid nanomaterials, it is a diverse and plentiful 

source to build nanocomposite hydrogels. Beneficially, water-soluble cellulose 

derivatives are generally also biocompatible exhibiting no cytotoxicity and only 

mild inflammatory responses.120,121 Below, MC and typical cellulose 

nanomaterials, CNCs and CNFs, that have been used in this thesis are 

introduced in more detail. 

2.3.1 Methylcellulose 

MC is a chemically modified cellulose derivative, where the lateral -OH groups 

of a cellulose chain have been partially substituted with methoxyl (-OCH3) 

groups.122 Generally, by substituting on average 1.2 – 2.0 of the three available 

lateral -OH groups on each of the glucopyranose rings in a cellulose chain 

results in good water solubility (Figure 8a).123 MC is nontoxic and biocompatible 

and broadly used in various industries and applications including, for example, 

food, construction, cosmetics, biotechnology, and pharmaceutics.120,122 

When dissolved in water, MC forms a clear viscous fluid, whose viscosity is 

tunable by the MC chain length and concentration (Figure 8b).124,125 However, 

upon heating to and above the ~40 °C LCST temperature, significant 

thermoresponsive mechanical stiffening and gelation occurs (Figure 8b,c).125 

During the process, MC polymers self-assemble into helical fibrillar aggregates 

with lateral dimensions of 14 – 16 nm, which results in the formation of an 

opaque physically cross-linked hydrogel.126–130 Even though the LCST-like 

phase transition and chain assembly is driven by hydrophobic MC interactions, 

significant excretion of bound water (syneresis) is not observed unless very long 

continuous heating (>days) is used.46 Also, only an infinitesimal increase in 

total gel volume takes place.46 Finally, the process is fully reversible and the gel 

reverts back to liquid state when the temperature is lowered, even though 

obvious hysteresis exists.125 In this thesis, MC-based gels are relevant for 

Publications I, II and IV and the inverse thermoreversible behavior has been 

explored and utilized in Publications I and IV. 
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2.3.2 Cellulose Nanomaterials 

Different types of cellulose nanomaterials exist, cellulose nanofibers (CNF), 

cellulose nanocrystals (CNC), and bacterial cellulose (BC) being the typical 

examples.131,132 Out of these three, CNF and CNC are attained via top-down 

deconstruction from macroscopic cellulosic raw-materials, whereas BC is 

synthesized by bacterial microorganisms, i.e., bottom-up.81,132 All three 

materials express typical anisotropic 1D elongated shape and retain the 

dimensions and remarkable mechanical properties of the naturally organized 

cellulose chain crystallites. For instance, the longitudinal elastic modulus of 

highly crystalline acid hydrolyzed tunicate cellulose nanocrystal has been 

measured to be ~150 GPa by AFM.133 As an indication of the structural 

anisotropy, the transverse elastic modulus of nanocellulose is significantly 

lower in the range of 8 – 57 GPa.134 Also, the specific elastic modulus, i.e., the 

elastic modulus divided by the density of the material (~1.6 g/cm3 for crystalline 

cellulose), for CNF and CNC is approximately 65 J/g and 85 J/g, respectively, 

which is higher than steel, 25 J/g.100 The exact sample-specific properties and 

crystallinity are dependent on the cellulosic raw-material source and processing 

conditions.131 Cotton-based CNCs have been utilized in Publications I, II and IV, 

and CNFs from birch pulp in Publication III.  

In addition to high mechanical performance, cellulose nanomaterials retain 

the other characteristics of cellulose: Beneficially, cellulose in general 1) is easily 

available from various sources and low-cost, 2) has low density, which together 

with the great mechanical performance results in light but strong materials, 3) 

is biodegradable, renewable, and non-toxic, and 4) cellulose surfaces can be 

 

Figure 8. Methylcellulose. a) Chemical structure of methylcellulose. The amount of methoxyl 
functional groups per anhydroglucose unit, i.e., the degree of substitution (DS), can vary from 0 
to 3. b) Aqueous methylcellulose solutions appear as clear viscous liquids at room temperature. 
Above the LCST temperature, reversible thermoresponsive gelation occurs and the material 
stiffens and turns cloudy opaque. As demonstrated by the vial inversion test (vial on the right), 
the MC gel is self-supporting and does not flow at the elevated temperature. c) Schematic 
representation of the MC polymer chain conformation at below and above the phase transition 
temperature. The polymer is in extended random conformation at low temperature but at 
elevated temperature it becomes dehydrated and forms stiffer coiled fibrils. 
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rather feasibly chemically modified to match with different environments and 

needs. On the other hand, possible drawbacks include 1) high hydrophilicity 

that may limit compatibility or composite material stability, 2) absence of 

melting transition and relatively low thermal stability causing degradation and 

loss of structure at high temperatures, and 3) irreversible cornification upon 

drying, which poses challenges for processing.135 Furthermore, specifically in 

the case of nanocelluloses requiring top-down deconstruction processes, the 

production costs and price may still remain rather high, regardless of the 

abundancy of cellulosic raw materials and the growing number of commercial 

nanocellulose manufacturers, until more feasible preparation methods are 

discovered.136 

By introducing cellulose nanomaterials into composite structures, the high 

stiffness and strength of the nanoscale cellulose can be potentially transferred 

to the macroscopic materials, while avoiding the defects and inhomogeneities 

present in macroscale cellulose. Unfortunately, reaching the theoretical 

nanocomposite performance has turned out challenging, mainly due to 

difficulties in producing homogeneous, aligned, and precise composite 

materials, which result in sub-optimal stress transfer and loss of the pursued 

mechanical integrity.137  

2.3.2.1 Cellulose Nanofibers (CNF) 

Entangled networks of spaghetti-like high-aspect ratio CNFs are obtained from 

cellulosic raw materials via mechanical or chemo-mechanical processes. 

Mechanical treatments include, e.g., microfluidization and grinding, and 

chemical treatments, for example, acid or enzyme hydrolysis, and 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) oxidation, which converts hydroxyl 

groups of the glucopyranose units of cellulose chains into acidic carboxyl (-

COOH) groups.116,138 Poly-anionic TEMPO-CNFs are critical components of the 

bicomponent fibers prepared in Publication III (Figure 9). CNF fibrils typically 

have a thickness in the range of 4 – 20 nm and length even up to micrometer 

scale and they display the characteristic structural right-handed chirality of 

cellulose.104,109,131 CNFs are semicrystalline, i.e., contain crystalline ordered 

regions intermitted with less-ordered irregular segments, and due to their high 

aspect ratio and surface area are excellent candidates for nanocomposite 

reinforcement (Figure 9).109,111 

 

Figure 9. Cellulose nanofibers. a) CNFs are typically prepared by mechanical treatment of a 
cellulosic raw material. b) Photograph of a 1.2 % (w/v) TEMPO-oxidized CNF gel. c) AFM 
micrograph of TEMPO-CNF. Color range has been adjusted to highlight the fibrils. AFM 
micrograph reproduced with permission from Publication III © 2017 American Chemical Society. 
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Through extrusion and shear-induced alignment, macroscopic fibers with 

excellent mechanical properties can be prepared from CNF.139–141 Therein, 

higher alignment is accompanied with better mechanical performance. For 

example, Mittal et al. have rather recently prepared CNF-based fibers via flow-

assisted assembly of the CNF components. The fibers showed high elastic 

modulus of 86 GPa and tensile strength of 1.57 GPa.141 In composite hydrogels, 

CNFs provide interesting opportunities as they can function as both the 

supporting gel matrix or the nanoscale filler.138,142 Due to the extensive chemical 

modification possibilities, CNF-containing composite films, membranes, 

hydrogels, and foams can be produced for a broad range of applications, such 

as packaging, catalysis, tissue engineering, gas barriers, filtration, and 

sensors.143 

2.3.2.2 Cellulose Nanocrystals (CNC) 

CNCs are rigid rod-like nanoparticles with typical lengths between 100 – 1000 

nm and a width of 3 – 50 nm depending on the source material and preparation 

process.144 Like CNFs, CNCs are right-handedly structurally chiral.110,145 

Preparation via sulfuric acid hydrolysis is often preferred since it produces 

CNCs with a negative surface charge and excellent colloidal stability 

(Figure 10a,b).146,147 Alternatively, other acids, such as hydrochloric acid and 

phosphoric acid, oxidative methods or enzyme treatment can be used.148 During 

the hydrolysis, the amorphous cellulosic segments of the raw material become 

degraded and only the crystalline nanorods are preserved. For Publications I, II 

and IV, sulfuric acid hydrolyzed CNCs were prepared from cotton filter paper. 

CNCs show lyotropic concentration dependent liquid crystalline (LC) 

behavior due to their rod-like twisted shape, that is, they phase separate into 

left-handedly chiral nematic anisotropic phase and unorganized isotropic phase 

above a critical concentration, c* (Figure 10c).145,149,150 The LC packing grants 

CNCs optical birefringence, characteristic for crystalline materials, meaning 

that the LC material’s refractive index is dependent on both the polarization and 

 

Figure 10. Cellulose nanocrystals. a) CNCs are typically prepared from cellulosic raw materials 
via sulfuric acid hydrolysis, which gives the particles good colloidal stability due to the 
electrostatic repulsion arising from negatively charged sulfate half-ester groups. b) TEM 
micrograph of a 0.1 mg/ml cotton-based CNC dispersion. Photograph of a colloidal 30 mg/mL 
CNC dispersion in the inset. c) Polarized optical micrograph of an 8.0 % (w/v) CNC dispersion, 
i.e., above c*, reveals emerging cholesteric liquid crystalline tactoids. A schematic representation 
of the left-handedly twisted cholesteric CNC packing is depicted in the inset.   
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the propagation direction of light.145 The effect can be visualized with crossed 

polarizers. c* is inversely dependent on the nanoparticle aspect ratio and for 

cotton-based CNCs it is typically around 3 – 4 % (w/v).69,151 The transition 

threshold is sensitive to the surrounding ionic concentration due to its effect on 

the surface charges and electrostatic repulsion.151 The cholesteric CNC structure 

can be preserved in solid films after drying.150 

Due to the excellent mechanical properties and collective liquid crystalline 

behavior, CNCs have been used, for example, as reinforcement agents in 

composites and hydrogels,152 components in photonic materials,153 structural 

templates for organized solids,154 nanoscale drug carriers,155 and as a sustainable 

adhesive.156 In this thesis, CNC-enabled tunable structural reinforcement and 

optical anisotropy in nanocomposite hydrogels (Publication I) and the effect of 

CNC concentration on composite fiber spinning and related mechanical and 

optical fiber performance have been explored (Publications II and IV). 
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3. Towards Sustainable Cellulosic 
Optical Fibers 

Optical fibers are an excellent tool to efficiently transfer high amounts of data 

and information:157 Compared to electronics and conventional copper wire 

systems, the information capacity is substantially higher with low signal losses 

and negligible heat generation. Optical fibers are also physically small and 

lightweight, and their relative material cost is lower compared to copper. 

Finally, optical fibers do not conduct electricity and are insensitive to energy 

spikes from, e.g., lightning strikes, and their signal transmission is immune to 

disturbances and interference from external electromagnetic fields. 

Typical commercial optical fibers are made from silica glass. High quality 

state-of-the-art glass optical fibers can transmit signals over several tens of 

kilometers without significant attenuation or need for amplification.158 In 

addition to long-range data transmission, optical fibers can be used for local 

applications, such as sensors and biomedical devices.158 However, for short-

range use and novel applications, new materials can provide properties and 

benefits beyond the conventional glass fiber optics.159 For example, polymeric 

optical fibers are often more feasibly modified and can be easily doped to 

enhance or to add properties, appear softer, and are more ductile and cost-

effectively produced, for example, by simple extrusion process.157 Furthermore, 

by developing fully biopolymeric optical fibers from, e.g., silk and cellulose, 

important aspects, such as sustainability, biodegradability, and renewability 

can be achieved, which is atypical for the conventional glass and plastic optical 

fibers.160–163 In this thesis, the preparation of wet-spun MC-based 

nanocomposite optical fibers is established in Publications II and IV. Below, 

general characteristics of the spinning of nanocellulosic fibers are introduced 

followed by basic theoretical optical fibers framework and an overview of the 

polymeric and biopolymeric optical fibers. 

3.1 Spinning of Nanocellulosic Fibers 

The spinning of fully nanocellulosic or nanocellulose-containing fibers is 

tempting because of the availability, high specific strength, renewability, and 

safety of nanocelluloses.81 The fibers can be used, for example, as support 

structures and reinforcement, to make textiles and fabrics, and in composites. 

From a broader perspective, increased use of biobased materials promotes a 

more sustainable society. Compared to natural and regenerated cellulose fibers, 

such as flax, hemp, viscose, and rayon, the strictly defined submicron 

dimensions of nanocelluloses combined with their 1D anisotropic shape and 
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high crystallinity provide a prospective towards tightly packed and highly 

organized biobased fibers with mechanically superior properties.164 

Despite the vast potential, feasible large-scale production of high-quality 

nanocellulosic fibers is challenging. Significant effort has been targeted towards 

achieving uniaxial defect-free nanocellulose packing in order to maximize 

structural homogeneity and macroscopic strength similar to the orientation-

controlled mechanical performance in natural plants.135 A range of methods to 

spin either pure nanocellulose dispersions or composites of them have been 

explored including, e.g., wet-, dry-, and electro-spinning as well as microfluidic 

flow-focusing, and polyelectrolyte complexation.140,164–166 In the spinning 

methods, generally, a pre-prepared nanocellulose dispersion is pushed through 

a small hole, needle or a narrow capillary, i.e., a spinneret, to orient the spinning 

dope into fibrillar form with the help of hydrodynamic shear (Figure 11).135 The 

method roughly mimics the natural cellulose elementary fibril synthesis and the 

extrusion of spider silk.2,106 Depending on the exact method, the nascent fiber is 

either 1) extruded and partially solidified via solvent exchange in an antisolvent 

coagulation bath followed by a drying step (wet-spinning); 2) fixed directly 

through solvent evaporation after extrusion, usually at elevated temperature 

(dry-spinning) or; 3) pulled and oriented by a uniaxial electric field applied 

between the spinneret and a collector platform accompanied with solvent 

evaporation (electro-spinning). In wet-spinning, organic solvents, such as 

ethanol, acetone or isopropanol, that are water-miscible and show some polarity 

and ability to form hydrogen bonds, can be used as the coagulation solvent.167 

The solvent type, rate of solvent exchange, and diffusion through the nascent 

fiber during the coagulation affect the fiber internal structure, surface 

morphology, and related properties.135 In this thesis, wet-spinning of MC-CNC, 

pure MC, and MC-gold nanocluster (MC-GNC) hydrogel dopes have been used 

and explored in Publications II and IV. 

Unidirectional and uniform nanocellulose alignment inside a fiber is desired, 

since it provides structural homogeneity and strength.139 During the spinning, 

narrower and longer capillaries and higher flow speeds have been shown to 

induce improved alignment due to high shear forces and, subsequently, better 

mechanical performance (Figure 11).139 However, as a tradeoff, the fiber 

ductility often suffers. Additionally, nanocellulose concentration affects the 

 

Figure 11. Effect of spinning conditions on the fiber’s internal alignment. a) Wide capillary and 
low flow speed (depicted by black arrow) result in poor alignment. b) Thin and long capillaries 
together with high flow speeds induce high uniaxial shear and increased alignment, as reported, 
for example, by Mohammadi et al.139 
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spinnability and the consequent fiber characteristics; For CNF, low 

concentrations, close to the spinnability limit, typically allow more freedom of 

movement and more effective orientation of the individual CNFs.168 In CNC-

reinforced composite fibers, optimal mechanical performance typically is 

achieved at low CNC loadings, and with higher amounts brittleness increases 

due to emerging local aggregates and assemblies of CNCs.169–171 

Fiber mechanical characteristics and additional functionalities can be 

adjusted at different stages of the spinning process. First, fiber alignment by 

mechanical stretching may be applied immediately during the spinning or post-

drying to enhance the internal orientation.172 Stretching was utilized in 

Publications III and IV. Second, if functional components, such as dyes or 

nanoparticles, are to be included in the fibers, they can either 1) be mixed 

already within the aqueous spinning dope (hydrophilic additives); 2)  be 

embedded onto the fiber surface and pores from the coagulation solvent 

(hydrophobic additives) or; 3) be added via an additional functionalization step, 

such as dip-coating, covalent cross-linking or chemical vapor deposition.135,167 

For instance, simple pure CNF fibers can be impregnated with acrylic resin to 

achieve transparency; functionalized with silane layer to provide humidity 

resistance; infused with functional molecules, such as dyes, and tailored for 

controlled release profile; surface-modified by dip-coating into dodecyl benzene 

sulfonic acid-doped polyaniline (PANI(DBSA)) solution to achieve electrical 

conductivity; and made magnetically responsive by coupling 

superparamagnetic nanoparticles to the fiber structure.167 Moreover, a 

complementary reinforcing and protective layer can be produced onto the fiber, 

for example, by using concentric extrusion needles for the fiber spinning.173 In 

Publication IV, GNCs embedded in an MC matrix provide highly fluorescent 

MC-based nanocomposite optical fibers with sensory capabilities. 

3.1.1 Interfacial Polyelectrolyte Complexation – Structure from Solvents 

Polyelectrolytes, according to IUPAC definition, are macromolecules consisting 

of units containing multiple charged or ionizable groups, or combinations of 

them. By bringing oppositely charged polyelectrolytes into contact with each 

other, spontaneous self-assembly occurs resulting in complexation and 

structure formation that can be extended into fibers.174 As the polyelectrolyte 

self-assembly and fiber formation occur at the interface of two different 

polyelectrolytes, it is, hence, regarded as interfacial polyelectrolyte 

complexation (IPC). At suitable conditions the polyelectrolyte complex 

interface can be physically grabbed and extended into a fiber by simple 

continuous pulling.175 Due to the pulling, the initial film-like complex between 

the polyelectrolytes is disrupted into smaller scattered extendable domains. The 

small domains, then, collectively function as fiber nucleation sites and enable 

fiber growth upon pulling by draining more polyelectrolytes from the 

surrounding medium. Since polyelectrolytes are typically water soluble due to 

their extensive electrostatic interaction capabilities, fiber formation by IPC can 

be run at ambient conditions without the need for extreme temperatures, harsh 

solvents or hazardous chemicals, which is atypical for many other fiber 

manufacturing processes.176 The IPC method was utilized in Publication III to 

produce humidity responsive CNF-based bicomponent fibers.  
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3.2 Optical Fiber Theory – How Light Travels 

Optical fibers typically consist of three concentric layers: core, cladding, and a 

protecting coating (Figure 12a). The light signal travels through the transparent 

core, which generally is prepared from glass or plastic. The cladding layer 

surrounds the core and its main function is to guarantee total internal reflection 

(TIR) to promote signal transmission, and to minimize undesired scattering and 

loss of signal. The outermost protective layer provides the optical fiber with 

mechanical rigidity and shields it against external damage and degradation. 

Optical fibers can be classified into three main types: single mode, multimode 

step-index, and multimode graded-index fibers (Figure 12b).177 The 

classification is based on how the light is propagated through the fiber and 

depends, among others, on the size and geometry of the fiber as well as the 

wavelength of light. In single mode fibers, the light travels one straight spatial 

path, i.e., mode, through the fiber. For this, very narrow fibers having diameters 

of 5 – 10 μm are essential. Single fundamental mode allows high bandwidth, 

i.e., data-carrying capacity, and effective transportation of signals with less 

detrimental signal overlapping or dispersion. Therefore, the main application 

for single mode fibers is in long range communication networks. Multimode 

optical fibers are thicker than single mode fibers and they allow a range of 

different simultaneous propagation modes. The splitting of the incoming light 

signal into multiple paths traveling through the fiber decreases the multi-mode 

fiber’s bandwidth because of mode overlapping and consequent signal 

degradation. Step-index fibers have a core with a uniform refractive index (n) 

throughout the material until the cladding interface, whereas graded-index 

cores have radially gradually decreasing n towards the cladding, which helps to 

reduce signal spreading. Due to their inherently higher signal loss, the use of 

multimode fibers is more focused towards shorter range applications. 

3.2.1 Total Internal Reflection (TIR) 

Light beam is contained and guided through an optical fiber due to TIR 

occurring at the core-cladding interface (Figure 13). The effect is dependent on 

 

Figure 12. Optical fiber structure. a) Schematic drawing of a typical optical fiber. b) Different 
types of optical fibers and their representative refractive index profiles and light travelling modes. 
Cladding layer is shown in yellow, fiber core in blue, and propagating light signal modes as 
orange lines. Schematics drawn according to Yeh.177 
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the refractive index contrast between the core and the surrounding cladding and 

on the angle of incidence of the incoming light signal. Refractive index (n), i.e., 

the optical density, of a material is determined as the ratio of the speed of light 

in a vacuum (c) against the velocity of light inside the particular material (v) 

(Equation 1): 

 

𝑛 =  
𝑐

𝑣
 (1) 

 

For TIR to occur, light should be travelling from an optically denser material 

(core; higher n) towards the optically less dense medium (cladding; lower n). 

Since light travels faster in the cladding, it tends to deviate away from the 

normal perpendicular to the core-cladding interface making the exit angle (θe) 

larger than the incident angle (θi). Consequently, at and above certain critical 

incident angle (θc), light is fully reflected back to the core at the interface 

resulting in TIR. The critical angle for TIR can be determined with the help of 

Snell’s law of refraction (Equation 2): 

 

𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2 (2) 

 

where n1 and n2 are the refractive indices of the adjacent materials, and the sinθ1 

and sinθ2 are the corresponding incident and exit angles (Figure 13a). 

Considering optical fibers, we can set n1 to be the refractive index of the core 

and n2 the n of the cladding. Also, we know that when the incident angle θ1 = θc, 

θ2 = 90° and TIR occurs. Therefore, Snell’s law at TIR conditions can be re-

written as Equation 3: 

 

𝑛𝑐𝑜𝑟𝑒𝑠𝑖𝑛𝜃𝑐 = 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔𝑠𝑖𝑛90° (3) 

 

The equation can be rearranged and solved for θc (Equation 4): 

 

Figure 13. Total internal reflection. a) TIR depends on the incident angle (θ1) of the incoming 
light signal. The refractive index of the core (n1) is greater than the refractive index of the cladding 
(n2).  If θ1 is below the critical incident angle (θc), light proceeds through the interface and is 
refracted into the cladding (i). When θ1 equals the θc, the exit angle (θ2) becomes 90° and no 
light escapes into the cladding (ii). When θ1 > θc, light is fully reflected due to TIR and becomes 
confined in the core. b) NA describes the acceptance angle of the optical fiber. θa is the maximum 
½ acceptance angle of the optical fiber. If the incoming light (red line) is not within the acceptance 
angle (black line), TIR does not occur and the signal proceeds into the cladding and becomes 
absorbed. Higher θc indicates narrower θa. 
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𝜃𝑐 = 𝑠𝑖𝑛−1 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

𝑛𝑐𝑜𝑟𝑒
 (4) 

 

Thus, the ratio of the refractive indices affects the magnitude of θc. Light that 

approaches the interface at the incident angle of ≥ θc becomes fully reflected at 

the interface and transmitted along the fiber. In optical fibers, small refractive 

index contrast between the core and cladding is generally desired, since it 

provides large θc, which suppresses undesired multimodal signals and decreases 

scattering and signal distortion.178 This is especially critical in manufacturing 

single mode fibers. However, low contrast and large θc also limit the acceptance 

angle at which light can effectively enter and be propagated along the fibers, 

which makes the light-to-fiber coupling more precise and sensitive to 

misalignment (Figure 13b). The acceptance angle and the related ease of light 

coupling can be described as numerical aperture (NA) of the fiber that can be 

expressed as a function of the maximum ½ acceptance angle (θa) or as a 

function of the refractive indexes of the optical fiber’s core (n1) and cladding (n2) 

according to Equation 5: 

 

𝑁𝐴 = 𝑠𝑖𝑛𝜃𝑎 =  √𝑛1
2 − 𝑛2

2 (5) 

3.2.2 Attenuation of Optical Signals 

Some signal loss inevitably occurs regardless of the optical fiber material and 

quality. Attenuation, i.e., the loss of average optical power per unit length, of the 

signal is typically reported in decibels (dB) per signal propagation length and 

determined with the help of known optical input power guided into the fiber 

and the measured output power at the other end. Cutback method, which is 

described in more detail in Chapter 4.6, was used in Publication IV to monitor 

the attenuation of MC-based biopolymeric optical fibers. For the state-of-the-

art glass optical fibers, attenuation is in the range of ~0.2 dB/km, that is, signals 

can be transmitted over several kilometers without significant losses or need for 

amplification.158 

Scattering and absorption are considered as the major causes of signal 

attenuation (Figure 14). Since Rayleigh scattering (i.e., the scattering from 

particles significantly smaller than the wavelength of light), which is the 

typically dominating scattering type in polymeric optical fibers (POFs), is 

strongly wavelength dependent (inversely proportional to the fourth power of 

the light wavelength; ∝ 1/λ4), higher wavelength signals are typically preferred 

to minimize losses.179 Overall, scattering in optical fibers may occur due to 

material and interface roughness, defects, impurities and fiber morphology. On 

the other hand, signals can become absorbed both in the fiber core and the 

cladding. Additionally, attenuation is markedly affected by fiber bending either 

at macroscale or as microscale twisted features at the interfaces, which locally 

compromise TIR. Attenuation can be classified as either 1) intrinsic, i.e., 

dependent on the material (e.g. absorption), or 2) extrinsic, i.e., resulting from 

the manufacturing process (e.g. cracks and twists). Typically, when light 

becomes scattered beyond the NA limit of the optical fiber, it fatally collides with 

the cladding and becomes absorbed or re-oriented back towards the light 

source, hence, the propagating signal strength is reduced.  
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Signals become extended or widened with time when traveling through the 

optical fiber, i.e., become dispersed, which reduces the received signal quality. 

Significant dispersion may present an upper bandwidth limit for an optical fiber 

due to emerging data corruption. The issue is pronounced in multimode fibers, 

where different modes induce overlapping and different path lengths for the 

propagating light signals (modal dispersion). Secondly, different wavelengths of 

light tend to propagate through the fibers at different velocities (chromatic 

dispersion) similar to the colors of a rainbow emanating from light being 

dispersed through airborne raindrops. The effect may be enhanced due to e.g., 

imperfect confinement of the light in the fiber core or inhomogeneous or 

wavelength-sensitive n along the fiber. Thirdly, polarization dispersion occurs 

when differently polarized parts of the incoming light signal, that normally 

would be propagated at identical speeds, become unequally delayed resulting in 

signal spreading because of alterations in the fiber’s birefringence, i.e., the 

dependency of the fiber’s refractive index on the light signal polarization and 

travelling orientation. (Figure 14). 

3.3 Benefits and Drawbacks of Polymeric Optical Fibers 

While silica glass optical fibers are the current standard in the long-range 

information transfer, they are not optimal for some specific short-range dense 

networks and equipment, such as sensors, textiles, automotive, and in-home 

connections. For example, lack of flexibility and brittleness decrease the 

convenience in intricate short-scale applications. Additionally, the conventional 

glass fiber optics manufacturing requires extreme, ~2000 °C, temperatures.158 

 
 

Figure 14. Signal attenuation and dispersion in optical fibers. Attenuation, i.e., the loss optical 
signal power, is typically caused by absorption, scattering and fiber bending. The loss of signal 
quality by distortion may occur either within one mode due to signal wavelength and waveguide 
material imperfections and properties (chromatic), be a result of multiple overlapping and mixing 
modes (modal) or be induced by the varying birefringence along the optical fibers (polarization). 
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In contrast, polymeric optical fibers (POFs) generally provide fast, efficient and 

cost-effective preparation process with good yields and relatively well-

performing and flexible end product.157 As a drawback, POFs express a few 

orders of magnitude higher signal attenuation (≥ tens of dB/km) compared to 

silica-glass, which, however, is agreeable in short-range applications.180 

POFs can be manufactured, for instance, from poly(methyl methacrylate) 

(PMMA), polystyrene (PS), polycarbonate (PC) and various biopolymers, which 

are discussed in more detail below.181–183 The properties and performance of the 

POFs vary depending on the source polymer and preparation conditions. 

Compared to glass, polymers react more strongly to alterations in temperature 

or humidity. For example, polymers generally have a relatively large negative 

thermo-optic coefficient (TOC; dn/dT), i.e., their refractive index decreases with 

increasing temperature approximately 10-4/°C, whereas TOC for glass is positive 

and approximately one order of magnitude smaller.157 POFs are also subject to 

yellowing and eventual degradation due to thermal aging, for example, through 

the oxidation of carbon double bonds, with the severity of aging strongly 

dependent on the chemical structure.157 Moreover, polymer hydrophilicity and 

moisture uptake may result in undesired swelling and, hence, affect the 

structural rigidity, refractive index, and attenuation behavior in a complicated 

manner. For instance, the n of deuterated PMMA fibers increases with 

increasing humidity at room temperature, but decreases if the temperature is 

above 60 °C.184  

While the POF preparation is generally relatively straightforward, it mainly 

allows only thicker multi-mode fibers.185 Thick fibers are feasibly manipulated, 

e.g., cleaved, connected, and installed, which promotes the affordability and 

ease-of-use of the POFs. Additionally, POFs are mechanically softer, ductile, 

have feasibly tunable refractive indices, and possess higher elastic strain limits 

compared to glass optical fibers. For example, glass optical fibers will fracture 

at 1 – 3% strain without noticeable yielding or deformation, whereas PMMA 

fibers tolerate strains up to approximately 10% without the loss of structure.181 

Thus, polymeric optical fibers can endure and adapt to larger deformations 

without breaking. 

POFs can be feasibly modified similarly as described above for nanocellulosic 

fibers. Such ease of tunability is not available for glass fibers. Beyond enabling 

new functions, fiber doping with, for example, nanoparticles or dyes, can be 

used to adjust fibers’ mechanical ductility and refractive indices,186 which is 

evident also from the results of Publication IV. Furthermore, certain POFs are 

potentially recyclable and can be coupled with 3D printing processes to obtain 

various geometries and shapes in addition to simple 1D fibers, which is difficult 

for glass optical fibers.161,187 By utilizing natural biological polymers, 

sustainable, nontoxic, and biodegradable green optical fibers and waveguides 

are also within reach. 

3.4 Biopolymeric Optical Fibers and Waveguides 

Natural examples of optical fibers include Müller cells found in the eyes of 

vertebrate animals, and vascular tissue of woody plants. Müller cells are specific 

glial cells that span through the retinal membrane to form a low-loss and low-

scattering channels, similar to optical fibers, for light and images to travel 

towards the photoreceptor cells on the other side.188 In plants, tube-like 
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elongated vascular tissue is able to transmit light in addition to water and 

nutrients within the plant.189 This internally guided lighting potentially serves a 

morphogenetic significance via specified photoreceptors, especially inside roots 

and stems. Experimentally, light guiding properties of various bio-based 

materials, such as bacteria,190 DNA,191 silk,161,162,192 and cellulose,160,163 have been 

explored in lab conditions. 

Growing use of optical techniques in particular in medicine and healthcare has 

promoted the interest towards biopolymeric optical fibers and waveguides.193 

Biological materials provide biodegradability, biocompatibility, softness, and 

elasticity comparable to living tissues and decent photonic properties suitable 

for in situ and in vivo use. Even though their effective optical signal 

transmission is typically limited to some tens of centimeters, it is sufficient for 

local tissue-scale sensing, photomedical treatments, and diagnostics.193 

Furthermore, biopolymeric optical waveguides can be produced in different 

geometries, such as fibers, sheets and films, which may function as substrates 

for chemical modification and complementary properties. 

So far, silk allows some of the most advanced biopolymeric optical 

fibers.161,162,192 Silk fibers have inherently very good mechanical performance 

and they show potential for feasible extrusion and 3D printing.2,161 Typically, 

silk-based optical waveguides have attenuation coefficients in the range of 0.25 

– 10.5 dB/cm depending on their exact shape and environmental conditions 

confining them to local applications only.161,162,192,194–200 Silk waveguides have 

been demonstrated to be suitable for biomedical applications. For example, 

fully silk-derived step-index optical fibers consisting of silk sheets covered in 

silk hydrogel are able to guide light through tissues and could be permanently 

deposited in vivo for eventual cell infiltration and biodegradation.162 Also, 

comb-shaped bioabsorbable silk waveguide has been successfully used to 

trigger photochemical tissue bonding, i.e., light-induced wound healing in 

porcine skin samples.192 However, as a drawback, difficulties in silk production 

reduce its practicality as silk worm dissection and spider milking are 

impractical, and recombinant gene technology, despite its scalability, has 

struggled to effectively produce full scale natural silk protein due to its large size 

and highly repetitive sequence.2 Thus, more plentiful and cheaper raw-

materials, such as cellulose, are attracting more interest. 

In addition to solid biopolymeric optical fibers, stable hydrogel waveguides 

and collective bio-based assemblies have shown intriguing light transportation 

capabilities. In the case of hydrogels, poor mechanical performance is often an 

issue considering use inside constantly moving and adapting tissues. To provide 

reinforcement, natural polymers, such as ionically cross-linkable alginate and 

agarose, have been combined with synthetic ones, e.g., poly(ethylene glycol) 

(PEG) and poly(acrylamide) (PAM), to establish sufficient rigidity without 

sacrificing the biocompatibility.201–203 For instance, the alginate-PAM step-

index fibers are reversibly stretchable up to 700% strain and when doped with 

dyes have been demonstrated to function as optical strain sensors.203 Fully bio-

based optical waveguides consisting of agarose and/or gelatin have also been 

reported, even though captured in gel and as films, and not as self-sustaining 

individual fibers.204–206 As a more peculiar example, complete biological 

organisms, i.e., coli- and cyanobacteria, tend to become captured and orient 

themselves along a beam of light and, consequently, induce enhanced scattering 

or fiber-like beam containment and improved signal transmission depending 
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on the surrounding conditions.207,208 However, the observed signal attenuation 

is huge, in the vicinity of ~0.2 dB/μm. As a result, the bacterial systems as such 

are totally unsuitable for practical optical waveguides but may contribute to 

general understanding of how to more effectively capture and modulate light 

propagation. 

Even though the spinning of cellulosic fibers is a rather well-established field, 

surprisingly few studies have examined the potential of cellulose-based optical 

fibers. Prior to Publication IV, only two studies of fully cellulose-derived optical 

fibers had been reported.160,163 However, cellulose-derived components, like 

CNCs, hydroxyethylcellulose (HEC) and cellulose acetate (CA), have been used 

as a support matrix or as a part of a functional composite optical waveguides in, 

for example, CA-film and HEC film-coated optical nitrite (NO2
-), ammonia gas, 

and humidity fiber sensors;209–211 fluorescent CA-based waveguide films;212 and 

CNC-based luminescent solar collectors.213 In turn, the two fully cellulose-

derived optical fibers have been prepared from hydroxypropylcellulose (HPC)-

filled cellulose butyrate tubes and CA-clad regenerated cellulose fibers.160,163 

Preparation of both types of fibers requires substantial heating, even though far 

less than silica-glass fibers, and spinning above 100 °C conditions. The 

attenuation coefficients of the fibers are in the range of 1 – 5.9 dB/cm, i.e., 

comparable to the silk optical fibers, and the fibers showed potential as sensors 

and as a prospective drug carrier. Unfortunately, the mechanical properties are 

behind silk and other known mechanically optimized cellulosic fibers. MC-

based optical fibers in Publication IV managed to achieve both mechanically 

and optically competitive performance. 
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4. Main Experimental Methods 

Overview of the main experimental methods is briefly given below. The 

complete experimental information is available in Publications I-IV. 

4.1 Sulfuric Acid Hydrolysis of Cellulose Nanocrystals 

All CNCs used in the experiments were prepared in-house from cotton filter 

paper (Whatman 1) according to a published standard procedure.214 The filter 

papers were mechanically ground into a fine powder and then hydrolyzed with 

64% sulfuric acid at 45 °C for 45 min. The reaction was stopped by diluting 10-

fold with ultrapure MilliQ (MQ) water and the suspension left to sediment 

overnight (16-20 h) at room temperature (~22 °C). The clear supernatant was 

discarded by decanting and the cloudy hydrolyzed cellulosic mass deposited at 

the bottom was taken for purification. After two cycles of centrifugation, 

supernatant removal and pellet re-dispersion into MQ-water, white thick CNC 

slurry was obtained. The slurry was further purified with dialysis against MQ-

water for several (typically 5-7) days and finally filtered to remove possible 

aggregates before storing at +4 °C until use. The solid content (mg/mL) of the 

final CNC dispersion was determined gravimetrically through slow evaporation 

of water from a sample of known volume. Microscopy techniques, 

conductometric titration and dynamic light scattering were used to analyze 

particle size and stability. In general, the self-made sulfuric acid hydrolyzed 

cotton-based CNCs were favored in the experiments, since they could be feasibly 

prepared, the hydrolysis process is long-established and well-known, the 

nanorods show excellent colloidal stability, and various high-quality 

commercial alternatives are also readily available in case larger scale 

nanocomposite manufacturing would become topical.136 

4.2 Rheological Characterization of Hydrogels  

The mechanical characteristics and flow behavior of the MC-based hydrogels 

and polyelectrolyte solutions used in Publications I-IV were studied with 

dynamic oscillatory and steady shear rheological measurements. Standard 

parallel-plates (in I, II and IV) or concentric cylinders (in III) measurement 

geometries were used. A rheometer-integrated Peltier heating plate allowed 

temperature-dependent measurements. In the oscillatory measurements, the 

linear viscoelastic (LVE) regions and the critical strain (γc) of the samples were 

determined with strain (amplitude) sweeps under constant angular frequency 

(ω). Next, time-dependent behavior was studied with frequency sweeps using 

suitable oscillatory strain (typically 1.0%) below the γc to preserve the sample 
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structure during the measurement. Primarily, characteristics indicating gel-like 

behavior and gel strength, i.e., is the storage (elastic) modulus (G’) greater than 

loss (viscous) modulus (G’’), the absolute value of G’, and if G’ is independent of 

ω, were monitored and compared. Measurements were done at both low (RT; 

22°C) and high temperature (≥ 60°C). Temperature sweeps (20-60-20 °C) at 

constant γ and ω were used to follow thermoreversible stiffening and relaxation 

in Publication I. Flow curves under steady rotational shear were measured to 

reveal materials’ viscosity (η) at a range of shear rates. The observed shear-

thinning behavior is beneficial for fiber spinning, where large shear forces are 

involved. 

4.3 Microscopic Structural Investigations 

Various microscopy techniques, including standard optical light microscopy, 

polarized optical microscopy (POM), scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) were used at different experimental 

stages to visualize the structural features of the sample materials and their 

components. Conventional bright-field optical microscopy was used mainly as 

a qualitative control tool for the wet-spun fibers in Publications II as it allowed 

a view of relatively large samples with a decent magnification and attention to 

detail. 

In POM, the conventional optical microscope is equipped with crossed linear 

polarizers, one below (“polarizer”) and one above the sample stage (“analyzer”) 

rotated 90° with respect to each other. Initially, polarizer makes the incoming 

light linearly polarized, which then proceeds through the sample. If the sample 

is birefringent (double-refractive), i.e., its refractive index varies depending on 

the direction and polarization of the incoming light, the incoming plane-

polarized light becomes converted into two wave components (“ordinary” and 

“extraordinary” light rays) upon transmission that are perpendicular to each 

other and travel through the sample at different phases due to the direction-

dependent refraction of the sample material. The components become re-

combined via constructive and destructive interference when passing through 

the analyzer, which results in high-contrast images. Birefringence is a typical 

and indicative feature of crystalline oriented structures. Therefore, crystal-like 

areas are highlighted, while isotropic material remains invisible (black). POM 

was used in Publications I-II as a qualitative tool to assess the presence of 

organized (liquid) crystalline areas and the overall structure of the MC-based 

composite gels and fibers. When coupled with a temperature-controlled sample 

stage, thermoresponsive birefringence in MC-CNC hydrogels was recorded in 

Publication I. 

Electron microscopy was used to visualize sample features down to nanoscale 

level. High resolution results from the very short wavelengths of electrons that 

are used for sample illumination instead of light. TEM allowed determination 

of the CNC and GNC dimensions in Publications I, II and IV. Therein image 

contrast is a consequence of the differential transmission and scattering of the 

focused electron beam when travelling through the sample with varying 

electron densities in a low vacuum condition. The samples were typically 

prepared by pipetting aqueous sample material onto plasma cleaned 

commercial TEM sample grids followed by removal of excess solvent and 

sample material by blotting with a filter paper. 
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SEM was used to visualize internal and surface features of both MC-based gels 

and fibers. With SEM, sample surface is scanned with a beam of electrons and 

the backscattered and secondary electrons are recorded to build an image. 

Compared to TEM, the absolute resolution of SEM is typically poorer but allows 

more vivid reconstruction of the sample features. SEM was used for the analysis 

of MC-CNC hydrogel internal structure and for characterizing fiber surfaces and 

cross-sectional features throughout Publications I-IV. SEM samples were 

prepared typically by sputter coating initially dry (fibers) or lyophilized 

(typically gels) samples with a thin platinum-palladium layer (~6 nm) to 

provide enhanced contrast and conductivity. Standard aluminum SEM stubs 

were used as sample support stage and double-sided carbon tape for secure 

sample attachment. 

4.4 Wet-spinning of Methylcellulose-Based Nanocomposite 
Hydrogels 

In Publications II and IV, solid fibers were prepared from MC-based hydrogels 

by wet-spinning by using an earlier established spinning setup.139 CNC and GNC 

nanoparticle dopants had been incorporated into the MC gels during the gel 

preparation stage, i.e., before fiber spinning. The spinning setup consisted of a 

high-pressure pump, sample container, thin extrusion capillary, and a 

coagulation bath filled with ethanol (Figure 15). The hydrogel sample was 

loaded into the container and pumped through the capillary into the ethanol 

bath. The capillary end was guided by hand so that the nascent fiber was not 

overlapping itself in the coagulation bath, since the overlapping fibers sections 

tended to merge while still wet and not fully coagulated. The spinning rate was 

adjusted to be sufficiently fast to allow high shearing and good fiber quality, 

while still remaining manually maneuverable with the selected capillary size 

(1.2 – 1.8 ml/min; ⌀ = 0.5 – 1.0 mm). The ethanol concentration was found to 

affect coagulation efficacy, 96.0% (v/v) providing the optimal balance between 

coagulation speed and smooth fiber morphology (Publication IV). The fibers 

were typically coagulated for at least 20 min before cutting into shorter sample 

 

Figure 15. Schematic drawing of the extrusion setup used to wet-spin MC-based fibers in 
Publications II and IV. The drawing adapted with changed colors from Publication IV (Submitted 
to Small). 
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segments (length 6 – 8 cm) and picking up for drying. The fiber samples were 

fixed from both ends during the drying to prevent drying-induced crimping and 

bending. Drying was typically performed overnight (≥ 20 h) at ambient 

conditions (T ≈ 22 °C).  

4.5 Uniaxial Tensile Tests of Solid Fibers 

Fiber mechanical properties were studied with uniaxial tensile tests. A 5 kN 

compression/tensile module (Kammrath & Weiss GMbH) fitted with a 100 N 

load cell was used. Tensile test samples were prepared by cutting ca. 2 – 2.5 cm 

fiber sections that were glued between small square-shaped pieces of paper 

from both ends so that exactly 1.0 cm long measurement segment remained in 

the center (Figure 16). From one end of each sample fiber section, a small piece 

was separated for the determination of the cross-sectional area by SEM to 

calculate nominal stress. The tensile test sample was clamped to the tester from 

both ends and then stretched at a constant elongation speed (8.25 μm/s) until 

failure. Simultaneously, the force needed to create the stretch was recorded. 

Stress-strain curves were determined from the data and values for maximum 

stress (σ; in MPa), maximum elongation at break (ε; %), Young’s modulus (E, 

GPa), and modulus of toughness (MJ/m3) were collected. The modulus of 

toughness is the amount of energy the material can absorb before failure, and it 

was determined as the area below the stress-strain curve.139 

4.6 Determining Optical Attenuation with the Cutback Test  

In Publication IV, the optical attenuation, i.e., the efficiency of signal 

transmission, of MC-based optical fibers was determined with a cutback 

method.198 Attenuation coefficient, α, describes the power loss of a light signal 

travelling through a fiber per unit length.185 Naturally, a lower α indicates more 

efficient signaling and is more desirable. The signal output intensity for 

materials with an attenuation coefficient α can be expressed with Beer-Lambert 

law (Equation 6) 

 

𝐼(𝑧) = 𝐼(0)𝑒−𝛼𝑧  (6) 

 

 

Figure 16. Tensile test sample. a) Tensile test samples were prepared by gluing a fiber segment 
between pieces of paper so that exactly 1.0 cm long fiber segment remained in the middle to be 
measured. b) A photograph of a tensile test sample. The photograph reproduced with permission 
from Publication I © 2018 American Chemical Society. 



  Main Experimental Methods 

33 
 

where I(z) is the signal output power at different fibers lengths (z), and I(0) is 

the known initial signal power. By measuring I(z) at various positions and fitting 

a curve to the data, α can be obtained. In practice, a continuous wave red laser 

(λ = 662 nm) of a known power was coupled to an approximately 8 cm long MC-

based fiber and the transmitted output power measured. The experimental cycle 

was repeated several times and the fiber shortened 2-3 mm each time in order 

to gain a series I(z) values (Figure 17). Finally, α was determined by an 

exponential fitting to the collected experimental results. 

 

 

Figure 17. Schematic representation of the optical attenuation cutback experiment setup. During 
the test, the sample fiber is gradually shortened after each measurement cycle and the 
measurement then repeated, which results in data representing the light intensity at various 
positions along the fiber length. By fitting a curve to the experimental data, the attenuation 
coefficient can be extracted. Figure adapted with changed colors from Publication IV (Submitted 
to Small). 
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5. Results and Discussion 

Wet-spinning of ductile bio-based optical fibers from thermosensitive MC-

based nanocomposite gels is presented covering the complete progress from the 

preparation and characterization of the nanocomposite gels to the final 

transparent functional optical fibers. Publication I explores the concentration-

dependent and thermoreversible mechanical and optical responses of the MC-

CNC gels. In Publication II, wet spinning of the aforementioned gels into solid 

fibers is established and the mechanical performance of the obtained fibers 

characterized. Publication III explores an alternative nanocellulose fiber 

processing method, i.e., the preparation of CNF-based nanocellulosic 

bicomponent fibers via IPC spinning. Publication IV refines the wet-spinning 

system to yield all-MC and GNC-modified optical fibers with tunable 

mechanical and optical fiber characteristics, and complementary 

photoluminescent and sensory capabilities.  

5.1 Irreversibly and Reversibly Tunable Methylcellulose-Cellulose 
Nanocrystal Hydrogels (Publication I) 

Nanoparticles are broadly used to stabilize, reinforce and functionalize a variety 

of materials. The particle amount, size, shape, and chemistry largely determine 

the properties of the emerging nanocomposite.9 Previously in our group, MC 

hydrogels reinforced with rod-like CNCs had been shown to exhibit 

thermoreversible and  concentration-dependent stiffening.152 As an 

unpublished and unexplored observation, the nanocomposite hydrogels also 

displayed optical birefringence indicative of liquid crystal-like structural order 

at some conditions. In order to determine the conditions and mechanisms 

behind the birefringence and its relation to the known thermomechanical 

performance, a project, that eventually resulted in Publication I, emerged. Since 

the gels’ mechanical properties were tunable by temperature, birefringence was 

hypothesized to express similar reversible responsiveness. The results would 

shed more light on the structure and dynamics of the thermoresponsive 

methylcellulose nanocomposite gels and contribute to the development of 

responsive materials with multiple simultaneously tunable properties. 

5.1.1 Effect of Cellulose Nanocrystal Loading on the Gel Mechanical 
Properties 

The earlier rheological studies of MC-CNC nanocomposite hydrogels by McKee 

et al.152 were first replicated using similar sample compositions and 

measurement conditions to record and confirm the hydrogels’ mechanical 

performance. Gels with a fixed 1.0% (= 10.0 mg/mL) solid content of MC (MW 
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88 000 g/mol, DS 1.5-1.9) were doped with 0.0 – 3.5% of CNCs and the changes 

in stiffness systematically screened, i.e., the total solid content was also 

increased upon increasing the CNC loading. Note that all material compositions 

in the text are in % (weight-per-volume (w/v)). 

In agreement with the pre-existing data, increasing CNC content provided 

significant hydrogel reinforcement. Naturally, the stiffness could also be 

increased simply by increasing the pure MC concentration, but the CNC dopants 

provided significantly better reinforcement per mass. Importantly, through the 

addition of CNCs, transition from liquid state (G’ < G’’) to gel (G’ > G’’) at low 

temperature could be achieved, which was unattainable to pure MC at the used 

concentration ranges as observed in Publications I, II, and IV. Upon adjusting 

the CNC loading from 0 to 3.5%, the low strain limit storage moduli (G’) values 

increased close to two orders of magnitude from 1.6 Pa viscous liquid to 

120.5 Pa strong gel at room temperature (Figure 18a). The change was not 

linear, but a relatively rapid initial increase up to the CNC loading of 1.5% was 

followed by plateau-like G’ region. The effect was more pronounced at elevated 

temperature indicating the interplay of semi-rigid MC fibrillar aggregates and 

CNC nanorods. A potential percolation threshold was suggested, after which the 

further addition of CNCs no longer considerably enhanced the structural 

stiffness. Instead the relatively diminishing MC fraction would be less able to 

effectively bind and interact with the CNCs resulting in suboptimal 

entanglement, local CNC aggregation, and diminishing returns of the 

 

Figure 18. Mechanically tunable MC-CNC hydrogels. a) When MC content is kept fixed at 1.0% 
storage modulus of the nanocomposite hydrogels significantly increases until the CNC loading 
of 1.5%, that is at the total solid content of 2.5%, followed by a plateau suggesting a percolation 
threshold. The pattern was more pronounced above the critical phase transition temperature at 
60°C (red circles) than at 20°C (blue circles). Note that here, a logarithmic Y axis scale is chosen 
to better visualize the similar trend also at the lower temperature. Below, the change in hydrogel 
appearance with increasing CNC content is shown.  b) Temperature ramps (20-60-20°C) of MC-
CNC hydrogels at various compositions show fully reversible inverse thermoreversible stiffening. 
The storage modulus was increased approximately one order of magnitude by heating 
regardless of the CNC loading. Smaller hysteresis was observed at higher CNC loadings 
indicating faster re-hydration upon cooling due to hydrophilic CNCs. The thermoresponsive 
reversible stiffening and conformational change of MC is schematically depicted below the graph. 
Graphs adapted from Publication I with permission © 2018 American Chemical Society. 
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reinforcement. The notion was supported by an abrupt increase in birefringence 

intensity at ~1.5% CNC loading as discussed later. Moreover, close to the CNC 

loading of ~3.0% another increase in G’ started to emerge, possibly representing 

the formation of a vast sample-penetrating interlocked liquid-crystalline CNC 

network. The percolation behavior of the MC-CNC system had not been 

reported before.  

5.1.2 Thermoresponsive Reversible Mechanical Stiffening 

The LCST behavior of MC was retained in the CNC-doped nanocomposite 

hydrogels and they showed inverse thermoreversible behavior, i.e., stiffening at 

temperatures above ~40 °C.152 This enabled a fully reversible second level of 

mechanical tunability in addition to the static CNC loading. Due to the LCST, 

the G’ could be reversibly increased approximately one order of magnitude by 

relatively gentle heating (Figure 18). The effect appeared rather constant and 

independent of the amount of CNC loading. At 60 °C, the low strain limit G’ 

values ranged from to 12 Pa to 850 Pa with the CNC loadings ranging from 0 to 

3.5%, respectively. The thermally driven gelation turned the samples from clear 

and transparent to cloudy and opaque at elevated T. The increasing CNC 

concentration provided the samples with grayish hue (Figure 18a). 

Upon continuous 20-60-20°C temperature ramps, the storage moduli of the 

MC-CNC hydrogels expressed hysteresis (Figure 18b). The effect decreased at 

higher CNC loadings, suggesting that the CNCs facilitated the re-hydration of 

the gel network upon cooling, which had been postulated in the earlier MC-CNC 

hydrogel study.152 Regardless of the hysteresis, all gel compositions eventually 

recovered back to the initial state after the temperature cycle indicating fully 

reversible temperature-dependent behavior. 

The CNC-doped nanocomposite gels showed strain-stiffening at elevated 

temperatures. The effect was exclusive to MC-CNC nanocomposite gels at high 

T and was absent from pure MC and all low temperature samples (Figure 19). 

Strain stiffening is a characteristic property of many biopolymeric gels and 

biological tissues to prevent catastrophically large deformations, but it is not 

often encountered in synthetic polymers or carbohydrates.215 However, 

 

Figure 19. Strain stiffening in MC-CNC hydrogels. a) Strain sweep measurement of pure 1.0% 
MC hydrogel shows no strain stiffening at low or at elevated temperature. b) In MC-CNC 1.0-1.5 
nanocomposite gel strain stiffening is clearly detectable at high temperature even though absent 
at room temperature. Adapted from Publication I with permission © 2018 American Chemical 
Society. 
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comparable non-linear rheological behavior of pure MC gels at high T has been 

reported by McAllister et al.,216 who used relatively large MC polymers with an 

MW of 300 000 g/mol. There the behavior was attributed to originate from the 

thermogelation-induced self-assembled semi-stiff MC fibrils.216 The 

substantially smaller MC polymer (88 000 g/mol) used in our studies 

potentially decreased the strain stiffening response undetectable with our 

equipment. Additionally, the plate-plate rheological geometry may not have 

been optimal tool for detecting strain stiffening as has been reported in the case 

of agarose gels.217 However, the addition of CNCs appeared to remarkably 

reinforce the effect rendering it detectable at elevated temperatures. Further 

studies to elucidate the mechanism and uses of the nanoparticle dopant-tunable 

strain stiffening are encouraged.  

5.1.3 Cellulose Nanocrystal Concentration Dependent Birefringence in 
Composite Hydrogels 

Optical birefringence was hypothesized to be a function of CNC concentration 

and temperature similar to the mechanical performance. CNCs form liquid-

crystalline structures above critical concentration, and, based on the earlier 

observations, the MC matrix was expected to lower that threshold via network-

controlled particle confinement, since the absolute used CNC concentrations in 

the MC-CNC gels remained below the typical c* (ca. 4.0%) of pure cotton-based 

CNCs. Birefringence would indicate oriented crystal-like organization within 

the MC-CNC nanocomposite gels. Samples were imaged under POM inside a 

temperature-controlled chamber using fixed imaging settings and conditions to 

visualize the birefringence, and the average intensities of the recorded images 

were then converted to numerical values by ImageJ image processing software 

for relative quantitative comparison. The samples were placed within ~0.5 mm 

high glass chambers for imaging to avoid undesired shearing and evaporation 

at elevated temperatures. 

Indeed, birefringence showed similar trend to mechanical stiffness and a 

sudden increase at the CNC loading of 1.5% was observed followed by a plateau 

and a second increase above 3.0% CNC loading, matching with the mechanical 

performance (Figure 20a). Below the 1.0% CNC content the birefringence 

remained practically non-existent as POM micrographs appeared black. Also, 

even the 1.5% CNC loading, where birefringence appeared already rather strong, 

is considered remarkably low to induce CNC-based LCs. Therefore, structural 

cooperativity with the MC network and confinement-enhanced localized self-

assembly appeared plausible. At high CNC loadings, the particles were 

suggested to exhaust the available free MC chains and prefer to self-assemble 

into local aggregates or tactoids, while the gel network reduced their spatial 

freedom. With even higher concentrations, the liquid crystalline CNC-rich areas 

would grow contributing to both overall structural order and birefringence. 

Moreover, a semi-rigid MC layer adsorbed onto the CNC particles may have 

increased the effective CNC size lowering percolation threshold and facilitating 

self-orienting contacts at lower than usual concentrations of pure aqueous 

colloidal dispersions.80 

Even though care was taken not to substantially shear the samples when 

placing them into the imaging chambers, shearing could not be completely 

avoided. Thus, at least a part of the observed birefringence was likely shear-
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induced at the sample-glass interfaces. If the gel was rigid enough to prevent 

structural relaxation in the confined space at the used time scales, the shearing 

effect would remain visible. Nonetheless, higher CNC loadings produced more 

intense birefringence, emphasizing the significance of the nanorod 

concentration. Whether the birefringence originated from nematic (shear-

induced or MC network-guided) or local cholesteric assemblies (CNC self-

assembly-driven) was assessed with TEM and SEM but, unfortunately, the 

results were inconclusive. Likely a combination of both shear-induced 

alignment and local CNC self-assembly were the most probable sources of 

birefringence facilitated by the increased overall matrix stiffness and 

alignmentability of the MC-CNC hydrogels, which, in turn, was induced by the 

sufficiently high concentrations of the CNC dopants. 

5.1.4 Thermoreversible Birefringence in Methylcellulose-Cellulose 
Nanocrystal Gels 

Similar to the mechanical performance, birefringence intensity was studied as 

function of temperature. Analogous to the mechanical responses, the samples 

expressed thermoreversible increase in birefringence at high temperatures 

(Figure 20). However, the magnitude of the observed intensity enhancement 

was relatively modest compared to the mechanical stiffening. The increased 

birefringence was suggested to result from the more restricted movement and 

strict confinement of the CNCs due to the coiling of MC polymers into hollow-

cored and semi-stiff fibrillar aggregates upon heating.129 Mutual alignment of 

the CNC rods and the emerging MC fibrils potentially also contributed to the 

formation of organized structures and, consequently, the birefringence 

intensity. At low temperature, the MC fibrillar assemblies unravel and the 

random-coiled polymer chains allow CNCs more freedom of movement, which 

decreases the material’s level of orientation, packing, and birefringence 

intensity. Overall, heating induced fully reversible structural order both in MC 

polymer chains and their cooperative assembly with the CNCs, which was 

 

Figure 20. Birefringent MC-CNC nanocomposite hydrogels. a) Birefringence intensity of MC-
CNC hydrogels as a function of CNC loading. Sudden increase, indicating a percolation 
threshold, appears at 1.5% CNC. Below the intensity of ~1.0 (“Line of visibility”) practically no 
birefringence was detected, and the samples remained black. b) Representative POM 
micrographs of the thermosensitive birefringence change as a function of temperature in a MC-
CNC 1.0-2.5 hydrogel. Scale bars are 200 μm. Reproduced and adapted with permission from 
Publication I © 2018 American Chemical Society. 
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visible as mechanical reinforcement and enhanced optical birefringence. The 

static base level of both responses was tunable by adjusting the CNC content. 

5.2 Spinning of Nanocellulosic Composite Fibers (Publications II 
and III) 

In Publication II, wet-spinning of MC-CNC fibers from the previously studied 

MC-CNC hydrogels was established. The optimal composition to yield 

mechanically and structurally optimal fibers was screened by adjusting the MC-

to-CNC ratio by varying the CNC loading 0-3.0% while the MC content was kept 

constant at 1.0%, that is, the fiber total solid content became simultaneously 

adjusted. The fibers showed remarkable ductility for fully cellulose-derived 

fibers, and their continuous and scalable wet-spinning was demonstrated 

possible. The method was further utilized in Publication IV to prepare a variety 

of MC-based nanocomposite optical fibers. 

In Publication III, CNF-based composite fibers were produced via IPC 

spinning. The method is similar to the wet-spinning of MC-CNC fibers in a sense 

that it does not require chemical crosslinkers nor hazardous solvents and it can 

be feasibly and energy-efficiently run at benign conditions. In the future, IPC-

spun fibers have the potential to benefit the development of cellulose-based 

core-clad optical fibers as discussed in more detail below. 

5.2.1 Wet-Spinning of Mechanically Ductile Methylcellulose-Cellulose 
Nanocrystal Fibers 

Wet-spinning of (nano)cellulosic fibers is a well-known field and the method 

was experimented also with the MC-CNC composite hydrogels of Publication I. 

The hydrogels were feasibly utilized as the fiber spinning dope, since their 

rheological behavior was already well-characterized. The extrusion of the MC-

CNC gels into ethanol allowed the spinning of solid fibers. The resulting fibers 

would combine the structurally rigid and extremely stiff CNCs to amorphous 

and flexible MC polymer matrix, roughly analogous to tough spider silk fibers 

with softer amorphous regions intermitted with stiff β-sheet folds.218 The 

performance and morphology were again followed as a function of the varying 

CNC loading and total solid content. The optimal MC-to-CNC solid content ratio 

of 4:1 was found to give mechanically best and smooth fibers with an 

exceptionally high ductility (Figure 21). 

Fibers were wet spun through a thin capillary tube into ethanol bath at room 

temperature (~22 °C). The fiber formation relied fully on physical interactions 

and no cross-linkers or additional chemicals were used besides ethanol, and 

solid fibers were obtained after drying. Optimal ethanol content was found to 

be 96.0% (v/v). At lower ethanol concentrations fiber coagulation was 

insufficient to allow intact fibers, whereas at higher concentrations rapid 

coagulation resulted in rough surface and cloudier appearance. Pure 1.0% MC 

or pure CNCs did not form any fibers, but the combination of MC and CNC was 

essential at the tested concentration range. However, later in Publication IV, 

also pure MC fibers were demonstrated possible by using higher concentration 

(2-4%) MC gels as spinning dopants. Typically, dried MC-CNC fibers appeared 

transparent and colorless, which eventually encouraged the idea of testing their 

suitability in fiber optics in Publication IV. Note that fibers and their 
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compositions are referred to in the text based on their initial composition in gel 

state, e.g., MC-CNC 1.0-1.0 fiber has been prepared from MC-CNC 1.0%-1.0% 

hydrogel. 

The MC-to-CNC ratio significantly affected the fiber morphology and 

mechanical performance. Generally, low CNC loadings (<1.0%) produced fibers 

with smooth surface and relatively thin and uniform cross-section, even though 

pure 1.0% MC fibers remained unattainable. Thus, sufficient density and 

entanglement of the components were essential for solid fibers. Higher CNC 

concentrations gave thicker fibers with increasingly twisted and buckled 

structure and convoluted cross-sections suggesting concentration-driven CNC 

self-assembly, which also cascaded into the macroscale. Local crystalline CNC 

assemblies were qualitatively visible under POM as patched non-uniformly 

colored regions (Figure 21). Moreover, since the higher CNC loading in the 

initial hydrogels increased the total solid content, the gels became stiffer, denser 

and more challenging to extrude, thus, making also the resulting fibers 

increasingly dense and stiff. The observed behavior agreed with other recent 

CNC-reinforced composite fibers, where optimal mechanical performance is 

typically obtained at relatively low CNC loadings.169,171 Accordingly, high CNC 

content resulted in high brittleness, whereas low-end CNC loading yielded 

fibers with exceptional ductility and high toughness (Figure 21). Clear yielding 

and plastic deformation were observed only in fibers spun from gels having CNC 

 

Figure 21. MC-CNC fibers. Representative stress-strain curves and SEM and POM micrographs 
are shown for various MC-CNC solid content ratios. The initial hydrogel compositions in % are 
shown above the micrographs and the respective MC:CNC ratio announced inside the 
parentheses. Higher MC-to-CNC ratio produced smoother, uniform and highly ductile fibers, 
whereas relatively higher CNC loading resulted in increasing brittleness. Remember that in all 
fibers MC content was fixed at 1.0% in the spinning dope hydrogel and the amount of CNCs was 
adjusted to allow different compositions, which also affected the total solid content. Reproduced 
with permission from Publication II. Copyright Elsevier (2019).  
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loading below 1.5%, while higher CNC contents resulted in direct breakage at 

low strains within the elastic region. This coincided with the suggested 

percolation limit of the MC-CNC hydrogels observed in Publication I. Higher 

relative amount of the amorphous MC matrix was suggested to allow feasible 

deformation and restructuring under stress resulting in extreme ductility 

compared to the fibers with high relative CNC loading.  

In addition to CNC loading, the effect of the fiber spinning conditions on the 

resulting morphology are important to consider. Fibers with perfectly circular 

cross-sections were rarely obtained with used spinning setup. First, the 

horizontal fiber coagulation in the ethanol bath tended to yield flattened fibers 

due to gravitational pull. Some unilateral tension also possibly accumulated into 

the fibers from their interaction and attachment onto the bottom of the 

coagulation bath. Second, evaporation induced fiber shrinkage and folding of 

the partially flattened fibers during the drying stage promoted non-circular 

shapes. The effect was prominent especially in thicker fibers, where larger size 

hindered the diffusion-dependent coagulation and enabled more complex 

deformations. Thus, the processing and drying conditions affected the fibers 

morphology in addition to the MC-to-CNC ratio. Potentially, the problems could 

be avoided or minimized by exploring alternative more effective coagulation 

solvents or by using a continuous spinning-reeling process instead of a 

stationary immersion in a coagulation bath. 

The optimal MC:CNC ratio for smooth and tough fibers turned out to be 4:1, 

i.e., the initial gel dope composition of 1.0-0.25 (%/%) MC-CNC. In tensile tests, 

the fibers of the particular composition showed, on average, ultimate stress of 

190 MPa, ultimate strain of 36%, Young’s modulus of 8.5 GPa, and the modulus 

of toughness, i.e., the amount of absorbed energy before fracturing, of 48 

MJ/m3 at 50% relative humidity. Therein a relatively narrow elastic region was 

typically followed by an extensive plastic deformation (Figure 21). Such 

pliability is rare among fully cellulose-derived fibers, where the ultimate strain 

0f 10-15% is rarely exceeded.219 In terms of the ultimate stress and elastic 

modulus, significantly stronger optimized nanocellulosic fibers do exist, 

though.140,141 Later, in Publication IV it was further shown that MC-CNC fibers 

keeping the 4:1 ratio but having higher total solid content, i.e., MC-CNC 2.0-

0.50 and MC-CNC 3.0-0.75, showed nearly identical mechanical performance, 

while their thickness increased. Thus, the fiber size could be tuned by adjusting 

fiber composition without significantly altering the mechanical performance.  

High humidity typically made the fibers softer due to hygroscopic nature of 

cellulose and absorbed water. On the other hand, at low humidity the ductility 

suffered, and the fibers became more brittle. Higher strength and stiffness could 

have possibly been reached with using faster spinning flow rates and narrower 

capillaries to induce improved fiber alignment as suggested by an earlier study 

on CNF fiber spinning using an identical extrusion setup.139 However, the effect 

of spinning parameters was not screened and the focus was kept on the role of 

the CNC nanorod content. 

5.2.2 Internal Structure of the Methylcellulose-Cellulose Nanocrystal 
Fibers 

SEM analysis of the MC-CNC fibers’ fractured cross-sections revealed arrays of 

nematic-like oriented nanoscale rods taken to be assemblies of MC-coated CNCs 
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(Figure 22). Typically, the alignment appeared to radiate outwards from a fiber 

core-region and conform to the fiber shape, likely, as a result from the shear-

induced alignment of wet-spinning followed by gravity-driven fiber flattening 

during the coagulation phase and, then, re-folding in the fixed upright position 

during drying. With high CNC loadings, local cholesteric-like twisted pseudo-

layers and sharp aggregates were present supporting the theory of local chirally 

assembled CNCs at high concentrations (Figure 22a,c). In accordance, relatively 

low uniaxial longitudinal alignment was confirmed with wide-angle X-ray 

scattering (WAXS). Even though high CNC content affected the internal 

structure, later in Publication IV similar rod-like internal features were 

observed also in pure high-content MC and MC-GNC fibers (Figure 22b,d). 

Thus, the rod-like structures were inherent to MC matrix and did not require 

the presence of CNCs, even though high CNC loadings appeared to induce 

enhanced cholesteric-like packing of the features.  

5.2.3 Polyelectrolyte Complexation Assembled Nanocellulosic Fibers 

Ionic interactions enable self-assemblies with intricate patterns and strictly-

defined structures.220,221 In IPC spinning solid fibers are produced based on the 

spontaneous attractive interaction of two oppositely-charged polymers and/or 

colloids followed by elongation through mechanical pulling of the interface and 

solidification upon drying (Figure 23a).175,176 By using TEMPO-oxidized anionic 

CNFs (TOCN; from birch pulp) as one of the components, the inherently good 

mechanical characteristics of CNFs potentially become incorporated into the 

macroscopic fibers. Currently, the industrial-scale production and commercial 

availability of TOCNs are also growing, which further encourages research and 

the development of novel CNF-based materials. In Publication III polycationic 

 

Figure 22. Internal alignment of the MC-based fibers. Overview of a) MC-CNC 1.0-3.0 and b) 
pure MC 4.0 fiber cross sections are shown. c) Close-up of the MC-CNC fiber’s surface reveal 
rigid and twisting aggregates of rod-like structures due to high CNC content. d) Pure MC fiber 
shows similar but less pronounced rod-like features. The squares marked in (a) and (b) represent 
the locations of the structures shown in (c) and (d), respectively. The arrows in (c) and (d) follow 
the alignment direction of the rods. (a) and (c) reproduced with permission from Publication II. 
Copyright Elsevier (2019). (b) and (d) reproduced from Publication IV (Submitted to Small).  
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chitosan and poly(diallylmethylammonium chloride) (PDADMAC) were used as 

the counter-polyions for TOCN to enable IPC. The study was inspired by the 

bicomponent-like natural wool fibers that express spontaneous spring-like 

coiling, i.e. crimping, resulting in, for example, the characteristic porosity, 

moisture absorption, and good thermal insulation of wool-based materials.222  

IPC was found a viable method to produce flexible and transparent TOCN-

PDADMAC and TOCN-chitosan fibers after screening of the optimal component 

ratios. In order to produce robust fibers the optimal TOCN concentration was 

found to be 0.1-0.4%, and the polycation content typically ranged from ~0.1% 

to 2.0%, i.e., similar to the wet-spinning of the MC-CNC fibers, relatively low 

concentrations appeared beneficial for the fiber spinning, while resistance to 

flow tended to become an issue at the highest concentrations. Interestingly, 

chitosan containing complexes appeared less sensitive to concentration as all 

tested chitosan-containing compositions, including the lowest ones, were 

assessed as spinnable. This was suggested to result from the tighter 

complexation between TOCN and chitosan because of additional interactions of 

their carbohydrate backbones in addition to the ionic attraction.223  

The dried fibers expressed circular cross sections of a tunable size and a TOCN 

core surrounded by a polycation skin (Figure 23b). Such structure would be 

beneficial for manufacturing, e.g., biobased environmentally benign step-index 

optical fibers in the future and, thus, the discovery nicely complements the 

findings of Publication IV discussed next. However, the rough 

nervation/veining patterned surface characteristic for the IPC-spun fibers 

potentially disrupts TIR and should be addressed when fiber optics applications 

are considered (Figure 23c).176 Mechanically the fibers showed solid 

performance that could be further adjusted by improving their internal 

alignment by pre-stretching before drying. In terms of the ultimate stress (~200 

MPa) and Young’s modulus (~15 GPa) the performance exceeded the MC-CNC 

fibers and closely matched many other reported wet-spun and dry-spun CNF-

based fibers.165,167,168,172,224 Furthermore, combining shear-induced CNF 

alignment to IPC was hypothesized to yield even better  mechanical properties 

and uniaxial alignment. 

To mimic the natural wool fibers, two IPC-spun filaments were wound 

together in the wet-state to produce a helically twisted bicompartmental 

 

Figure 23. IPC fibers spinning. a) Photograph of the IPC spinning process of 0.4% CNF (blue) 
and 1.0% PDADMAC (pink). The components have been dyed for the demonstrative purposes. 
b) Close-up SEM micrograph of the edge of a CNF-chitosan fiber shows thin polycation skin 
(encircled with red) surrounding the CNF core. Inset shows the circular shape of the cross-
section. c) Side view of an CNF-chitosan fibers shows the veined rough surface pattern. d) SEM 
micrograph of a helically twisted compartmentalized fiber surface from two IPC fibers. Here, two 
clearly distinct compartments (veined and dotted) are observed due to one compartment being 
infused with microparticles. Reproduced with permission from Publication III © 2017 American 
Chemical Society. 
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structure. By infusing one of the filaments with microparticles, the separate 

continuous compartments could be feasibly visualized by SEM (Figure 23d). By 

selecting IPC filaments with different compositions, compartment-specific 

responses to either humidity or temperature were induced due to differences in 

hygroscopicity. This resulted in selective swelling/shrinkage of the 

compartments and a crimping-like shape change. With further optimized 

materials and compositions, actuation and motion suitable for smart textiles 

and soft robots were envisioned. 

5.3 Methylcellulose-Based Modifiable Optical Fibers (Publication IV) 

Polymeric optical fibers in general have various benefits over traditional silica 

glass optical fibers, such as feasible preparation, modification and 

manipulation, tunable refractive index, cost-effectiveness, and flexibility.157 

However, they are typically targeted more towards local short-range 

applications due to higher signal attenuation. Furthermore, when considering 

especially biopolymeric optical fibers the availability and processability of 

suitable raw materials may threaten their usability and cost-efficacy. The 

versatility and availability of cellulose has the potential to overcome such 

problems, but while the spinning of advanced cellulosic fibers is an actively 

studied field, fiber optics applications of cellulosic fibers or the practicalities of 

manufacturing such fibers have unfortunately rarely been examined.160,163 Here, 

MC-based fibers from Publication II were further modified with gold 

nanoclusters (GNCs) to create a set of cladding-free functional optical fibers. In 

addition to MC-CNC, two types of MC-GNCs, MC mixed with CNC-GNC 

hybrids, and pure MC fibers were prepared. Overall, the effect of each 

nanodopant on the gel dope rheology, mechanical properties of the fibers, and 

the light signal transmission capacity as optical fibers were analyzed. While pure 

MC allowed the most efficient and fully cellulose-derived optical fibers, fibers 

with nanodopants enabled tunable mechanical performance and 

complementary fiber functionalization. 

5.3.1 Appearance and Mechanical Performance of Nanocomposite Optical 
Fibers  

CNCs, BSA stabilized gold nanoclusters (GNC-BSA), glutathione capped GNCs 

(GNC-GSH), and covalently linked hybrids of CNC and GNC-GSHs (CNC-GNC) 

were mixed with MC to prepare nanocomposite hydrogels and functional fibers 

(Figure 24a-d). In addition to being mechanical adjuvants, the specific 

properties of the nanoparticles, such as photoluminescence and sensory 

functions, could be bestowed onto the resulting nanocomposite structures. The 

optimal MC-to-nanodopant solid content ratio of 4:1 recognized in 

Publication II for the MC-CNC fibers was favored to secure the production of 

high-quality smooth fibers with similar solid contents to allow comparison. 

Also, pure MC gels and fibers with the initial MC hydrogel content of 2.0-4.0% 

were prepared, which had not been previously studied. 

The relative mechanical performance of the different nanocomposites in the 

hydrogel-state was generally directly reflected in the solid fibers, i.e., the 

strongest gels tended to produce also the mechanically stiffest fibers allowing 

decent tunability. Significant variety was observed depending on the added 
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nanoparticle type. Pure MC gels and fibers were highly transparent and 

colorless expressing already relatively good mechanical performance 

(Figure 24e). Higher MC concentrations produced stiffer solutions and fibers, 

while decreasing flow and ductility. The highest ultimate tensile strain (52%) of 

all tested fibers was achieved with 2.0% MC fibers. There the relatively low solid 

content and less dense packing of the amorphous MC matrix was suggested to 

readily allow structural re-alignment under stress leading to high elongation. 

Addition of CNCs to MC provided clear reinforcement and the overall 

strongest fibers, which was in agreement with the Publications I and II. The 

mechanical performance of MC-CNC fibers exceeded, for instance, that of the 

CA-coated regenerated cellulose optical fibers reported by Orelma et al. rather 

recently.163 The MC-CNC hydrogels were also the only samples showing clearly 

gel-like characteristics (G’ > G’’, and G’ independent of ω), whereas pure MC and 

MC-GNC mixtures all were viscous fluids (G’’ > G’) before the spinning step. 

Some cloudiness was apparent in the MC-CNC gels and fibers due to the 

increased scattering from the CNC particles. 

On the other hand, addition of similar or higher concentrations of the 

significantly smaller GNCs, having a gold core of ~2nm in diameter, yielded 

increasingly liquid-like nanocomposite hydrogels and less-stiff fibers, i.e., 

producing softening instead of reinforcement. GNCs disturbed the relatively 

stronger MC-MC interactions in the hydrogels and could not provide rigid 

entanglement points similar to the substantially larger, ~200 nm long, CNCs 

agreeing with the known literature of nanoparticle reinforced composites.225 

Thus, the very limited mechanical benefits of the GNC dopants could be 

observed only at very low concentrations (0.04% in the gel-state) and were 

mostly visible in the solid fibers, where higher density allowed sufficient contact 

with the MC matrix. Covalent linking of CNCs and GNCs into CNC-GNC was 

found to give no mechanical benefit over a non-crosslinked CNCs and GNCs.  

 

Figure 24. Nanocomposite optical fibers. a-d) Schematic drawings and TEM micrographs of the 
nanodopants used in the MC based fibers: a) CNC, b) GNC-BSA, c) GNC-GSH, and d) CNC-
GNC. Note that the GNCs in CNC-GNC hybrids are identical to GNC-GSHs. e) Photograph of a 
transparent MC 3.0 fiber laid across printed Aalto text. f-g) Photographs of nanocomposite fibers 
of various compositions under normal and UV light, respectively. Sample compositions from left 
to right are MC 2.0, MC 3.0, MC 4.0, MC/CNC 1.0/0.25, MC/CNC 2.0 /0.50, MC/CNC 3.0/0.75, 
MC/BSA 3.0/0.75, MC/GNC-BSA 3.0/075, MC/CNC-GNC 3.0/0.75, MC/GNC-GSH 3.0/0.04, 
MC/GNC-BSA 3.0/0.04, MC/CNC/GNC-BSA 3.0/0.375/0.375, and MC/CNC/GNC-BSA 
3.0/0.73/0.02. Nanocluster infused fibers show intense photoluminescence under UV light. Also, 
BSA protein containing control fiber expressed some fluorescence. Figures adapted from 
Publication IV (Submitted to Small). 
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Overall, the mechanical performance of the MC-based optical fibers can be 

considered sufficient for ex vivo applications, such as sensors and small devices, 

where the mechanical stresses are infrequent, controllable, and of low 

magnitude. Instead, for biomedical implants, wearables and other devices 

susceptible to continuous motion or abrasion, the development of fibers with 

higher yield strength and maximum stress would be desired to ensure their 

structural stability and maximal reliable lifetime. Potentially, for instance, 

stretching treatments to increase intra-fiber alignment or nanodopants with 

higher aspect ratios, such as CNFs, could be used to provide such improved 

mechanical rigidity as long as transparency can be retained. Moreover, in all 

cases the addition of a complementary cladding layer is encouraged to further 

modulate and control both the structural durability and optical performance. 

Each type of GNCs (GNC-BSA, GNC-GSH, and CNC-GNC) provided their 

respective nanocomposite gels and fibers with a strong characteristic 

photoluminescence visible both in the gel and fiber state under UV light 

(Figure 24f-g). Furthermore, MC matrix improved the photostability of the 

embedded GNCs making them more resistant to photobleaching under constant 

UV irradiation compared to analogous aqueous GNC dispersions. This 

demonstrated the feasible modifiability of the fibers and mutual benefit for the 

nanocluster functionality. 

5.3.2 Optical Fiber Performance as a Function of the Nanocomposite Fiber 
Composition 

The optical fiber potential was examined with a cutback method, where a light 

of a known intensity was guided into a fiber and the output power at the other 

end measured followed by shortening of the fiber and a repeated measurement 

cycle (Figures 17 and 25). As a result, attenuation coefficient, i.e., the power loss 

per unit length, for each fiber type was acquired to allow quantitative 

comparison. Pure MC fibers expressed the lowest signal loss with an attenuation 

coefficient of ~1.5 dB/cm, which is considered excellent for a fully biopolymer-

based optical fiber and is, for example, on par with the silk optical fibers (α = 

0.25-10.5 dB/cm).161,162,192,194–200 It is also competitive with the two other 

reported fully cellulose-derived optical fibers having the attenuation coefficients 

in the range of 1.0-5.9 dB/cm.160,163 The performance of the MC fibers could 

likely be further enhanced to some extent by adding a suitable cladding layer. 

Nonetheless, the performance remained far from the commercial silica glass 

optical fibers used for telecommunication networks (α = ~0.2 dB/km), which 

was to be expected. The vast difference in the magnitude of the attenuation 

coefficients between MC and glass (cm-1 vs. km-1) highlights the constricted 

suitability of biopolymeric optical fibers mainly for local short-range 

applications, such as biosensors and photomedicine, where light transportation 

across some tens of centimeters is sufficient. 

Addition of nanodopants logically increased the scattering and signal loss 

compared to pure MC, but in exchange provided modifiability and broadened 

application potential (Figure 25). However, not all MC-nanodopant fibers were 

suitable as optical fibers, since the fibers doped with GNC-GSH and covalent 

CNC-GNC hybrids turned out unmeasurable due to high signal absorption and 

lack of transparency. Out of the suitable nanocomposite fibers, the mechanically 

strongest MC-CNC fibers appeared the weakest in terms of optical signal 
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transmission due to increased scattering (α = 5.4 dB/cm). This is logical 

considering the relatively large size of the CNCs. However, by applying a ~10% 

post-spinning stretching to the MC-CNC fibers, α could be slightly improved to 

4.3 dB/cm. This indicated that the stretching improved fiber’s internal 

alignment and structure, which then became reflected as decreased attenuation 

coefficient. Interestingly, similar stretching-induced decrease in attenuation 

did not occur in the pure MC fibers. This was suggested to be related to the lack 

of larger orientable scattering objects, like CNCs, i.e., similar significant 

rearrangement of the major scattering structures could not be achieved by 

stretching the already rather homogeneous amorphous MC matrix. 

On the other hand, the fibers modified with the smaller GNC-BSAs, showing 

poor reinforcement capability, expressed slightly lower increase of attenuation 

(α = 4.1 dB/cm), and also enabled additional intense fluorescence and sensory 

capabilities, which were inherent to the used GNCs. Finally, a three-component 

fiber combining MC, CNCs and GNC-BSA (solid content ratio 4:0.5:0.5) allowed 

a compromise optical fiber with good mechanical properties stemming from the 

added CNCs, complementary functionalities of GNC-BSAs, and a decent light 

signal transmission (α = 3.5 dB/cm). Thus, by playing around with the 

nanodopant composition and type allowed straightforward tunability of the 

base MC optical fibers. The concept could be feasibly broadened to modify the 

MC fibers with other types of nanodopants, as well, to include specific 

functionalities, such as magnetism, photothermal heating, and catalytic activity, 

as long as homogeneous mixing with the MC and the preparation of transparent 

uniform fibers remains possible.  

5.3.3 Tunable Degradability of the Methylcellulose-Based Optical Fibers 

One significant potential benefit of biopolymeric fibers is their sustainability 

and degradability. Since the preparation of the MC-based fibers relied fully on 

non-covalent interactions, they could also be feasibly degraded if desired. The 

mechanically strongest MC-CNC were used as an example and their degradation 

at various conditions was demonstrated and found to be highly environmentally 

dependent. Firstly, the fibers were submerged in MQ H2O bath at 22°C (room 

temperature) and at 37°C (typical biological body temperature226). Second, the 

effects of fiber immersion in organic solvents including dimethyl sulfoxide 

(DMSO), dimethylformamide (DMF), toluene, and 99.7% (vol/vol) ethanol at 

 

Figure 25. Signal attenuation in the optical fibers. a) Photograph of an MC-CNC 2.0-0.5 fiber 
coupled to a light source for the cutback experiment. b) Representative attenuation coefficient 
data (output power vs. signal propagation length) for MC 3.0 fiber obtained from the cutback 
experiment. c) Attenuation coefficients of MC-based nanocomposite fibers at various 
compositions. Figures adapted from Publication IV (Submitted to Small). 
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room temperature were screened. In water at room temperature, the fibers 

hydrated and swell rapidly and fully dispersed into the surrounding liquid in 

approximately 4 hours due to no existing covalent crosslinks. At 37 °C, 

mimicking the standard physiological temperature, the fibers stabilized and 

easily kept their form throughout a 6-hour monitoring period. Afterwards the 

fibers could be picked up from the water bath in one piece with tweezers 

indicating good structural stability despite the extremely wet conditions. The 

extended fiber durability was attributed to the LCST behavior of MC and the 

related hydrophobically driven stiffening and fibrillar MC self-assembly at 

elevated temperatures.126,127 The coiled MC chains would prevent the breakage 

of the fibers regardless of the high hygroscopicity of cellulosic materials. In the 

non-aqueous solvents at room temperature, the MC-CNC fibers survived for 60 

days in DMF, toluene and ethanol without visible changes. However, in DMSO 

the fibers degraded fully within approximately one hour. Therefore, by choosing 

suitable environmental conditions, the durability and speed of the degradation 

of the MC-CNC fibers could be effectively controlled. In the future, the behavior 

could be further adjusted by adding cladding layers with complementary 

protective and hygroscopic properties. 

5.3.4 Methylcellulose-Gold Nanocluster Fiber as a Simple Heavy Metal Ion 
Detector 

The modular-like modifiability of the MC fibers was explicitly demonstrated by 

using GNC-BSA-doped fibers as simple visual Hg2+ ion sensors (Figure 26). 

GNCs are known to react with heavy metal ions, which causes quenching of the 

characteristic photoluminescence.98 Selectivity towards Hg2+ was first screened 

with aqueous GNC-BSA dispersions and then tested with MC-GNC fibers 

immersed in Hg2+ containing solutions. The MC-GNC 3.0-1.0 fibers were 

qualitatively observed to detect Hg2+ at ~10 mM concentrations after being 

immersed in the liquid for ca. 1-2 minutes. Thus, feasible detection time, limited 

by the ion diffusion through the MC matrix, was combined with simple 

qualitative signal (photoluminescence quenching under UV light). As 

mentioned above, by selecting other GNCs or nanoparticles, sensitivity towards 

other ions or molecules could be potentially obtained. Overall, the MC-based 

fibers allow multiple simultaneous features including mechanical tunability, 

 
 

Figure 26. Fibrillar mercury ion sensor. End of an MC-GNC-BSA 3.0-1.0 fiber loses its 
characteristic fluorescence under UV light after being immersed in10 mM Hg2+ ion solution. 
Identical dry fiber and a control fiber immersed in pure H2O retained intense fluorescence. 
Figure adapted from Publication IV (Submitted to Small). 
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controllable durability, optical fiber potential, and sensory capabilities that can 

be optimized according to specific needs. 
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6. Conclusions and Outlook 

This thesis summarized the evolution of modifiable cellulose-derived 

biopolymeric cladding-free optical fibers starting from the preparation and 

characterization of MC-based thermoresponsive nanocomposite hydrogels, 

followed by fiber spinning and the optimization of the fiber composition and, 

finally, successful light signal transmission, assessment of attenuation 

coefficients, and complementary functionalities. During the process, wide 

mechanical tunability and interesting temperature-dependent behavior was 

described already at the gel-state raw material, which was also later found 

significant for the durability and degradability of the wet-spun fibers. Through 

the optimization of the spinning process and fiber characterization, beautiful 

transparent and ductile fibers were achieved that allowed light propagation and 

feasible sensory and photoluminescent modifications via the addition of GNCs. 

Additionally, IPC spinning as an alternative method to wet-spinning was 

demonstrated to provide good-quality two-component and compartmentalized 

CNF-based fibers. Since IPC allowed straightforward production of coated two-

layer fibers, it is envisioned as a potential method to prepare cellulosic core-clad 

optical fibers in the future. Nonetheless, it is admitted that all the achieved 

fibers are still far from being optimal for commercial use and further work 

among the discussed topics is highly encouraged. 

Even though the use of biopolymeric optical fibers is still quite strongly limited 

by their inherently relatively high signal loss, they have the potential to enable 

feasible production of sensors, devices, and functional fibers and waveguides 

that would be challenging or even impossible to achieve with traditional glass 

optical fibers. Cellulose as a nearly unlimited, generally affordable and 

sustainable raw material would be well-suited for large scale manufacturing of 

such fibers.99 Unfortunately, only two fully cellulose-derived optical fibers had 

been previously reported, and the optimization of various (nano)cellulosic 

fibers and spinning methods typically tends to mainly focus only on mechanical 

aspects.160,163 Thus, this work presented the use of cellulose in less conventional 

contexts and, hopefully, inspires and broadens the general view of what can be 

achieved from wood and relatively simple cellulosic raw materials. 

In the future, the practical feasibility of nanocellulosic materials and 

composites are expected to significantly increase, when more feasible and cost-

effective industrial scale nanocellulose manufacturing processes become 

available, thus, promoting and complementing also the applied research. 

However, the study of already widely available and often also cheaper cellulose-

derived amorphous polymers and derivatives, such as MC, should not be 

overlooked as they can allow high quality and safe materials with unexpectedly 

useful properties through proper processing. Thus, to promote sustainable 

society hope should not be placed solely on the promise of novel superior 
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nanomaterials but on the new applications of already known simpler raw 

materials, as well.  

Encouraged by my personal experience and the findings reported in this 

thesis, I believe a lot of unexplored potential and common interests still exists 

between the (nano)cellulose spinning and optical fibers communities and is 

waiting to be discovered. The thesis also highlights the value of interdisciplinary 

cooperation and open-mindedness. As an example, I would never have come up 

with an idea to prepare the optical fibers only by myself but was lucky to be 

surrounded with people having suitable scientific backgrounds and contacts. 

Accordingly, if cellulose is to become one of the building blocks of future 

bioeconomy, as many people as possible from various fields should be aware of 

its limitations and possibilities. Hopefully, I have managed to distribute this 

knowledge besides the scientific efforts. 

Overall, the findings presented in this thesis contribute to the rapidly growing 

knowledge base of functional cellulose-based nanocomposites and spinning of 

such materials. While the performance of the current mechanically optimized 

cellulosic materials and fibers could not be challenged, interesting inverse 

thermoreversible stiffening and birefringence in the MC-CNC gels, remarkable 

fiber ductility, compartmentalization, rarely described fiber optics potential, 

and fibrillar heavy metal ion sensory behavior were achieved. The findings 

encourage further studies of cellulosic optical fibers and provide direct 

opportunities for improvement, e.g., via the development of cladding coated 

cellulosic optical fibers. The establishment of a proper cladding layer will be 

essential to further reduce the signal loss, enhance the fiber durability, and to 

stabilize and ensure the overall fiber quality and reliable performance. 

Moreover, through the selection and tuning of the fiber components and raw 

materials, such as CNCs with different aspect ratios, carefully fractionated ultra-

fine CNFs with desired surface charge, or addition of other biopolymers or 

nanodopants, bio-optical fibers with further benefits in mechanical, structural 

or functional aspects could be achieved. 
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