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Abstract

In nature, diverse materials, such as bone, wood, and mollusk shells, are constructed by the
assembly of micro- and/or nanoscopic biological building blocks into hierarchical structures.
Inspired by these designs in nature, the conversion of bio-based colloidal nanoparticles into
nanocomposites with pre-designed structure is attracting more and more attention. Of particular
recent interest are continuous natural fibers and filaments, such as spider silk and the microfibrils
in plant cells. Nanocellulose (NC), as one of the most promising biosourced nanomaterials, has
become an appealing building block for the fabrication of green materials due to its abundance,
biocompatibility, and tailorable surface chemistry and morphology.

In the current thesis, the fabrication of NC-based nano-structured filaments via a simple and
green interfacial nanoparticle complexation (INC) method was introduced. Moreover, the
feasibility of filament formation via the INC method using different oppositely charged
nanoparticle pairs was demonstrated, including oppositely charged NCs (Papers Ⅰ and Ⅱ), cationic
chitin nanocrystals with anionic NC (Paper Ⅲ), and cationic NC combined with graphene oxide
(Paper Ⅳ). Furthermore, different functional NC-based filaments were synthesized by
incorporating different additives, including an antitumor drug (doxorubicin hydrochloride, DOX),
silver nanoparticles (Ag NPs), and carbon nanotubes (CNTs) into NC-based filaments during the
INC process. The filaments demonstrated potential applications in drug delivery, antimicrobial
materials, and electronics. The developed INC method may not only provide new pathways for
engineering continuous filaments from other oppositely charged nanoparticle pairs (such as DNA
and protein nanofibrils) but pave the way towards a completely new class of green materials
(fibers, capsules, and membranes) based on oppositely charged colloidal nanoparticles.

Keywords: biomedical, carbon nanotube, complexation, electronic, filament, graphene
oxide, nanocellulose, nanochitin





Zhang, Kaitao, Nanoselluloosan kompleksointi funktionaalisiksi filamenteiksi ja
niiden mahdolliset sovellukset . 
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Tiivistelmä

Luonnossa useat materiaalit, kuten luu, puu ja hyönteisten kuori, rakentuvat mikro- ja / tai nano-
kokoisten biologisten rakennuspalikoiden järjestäytyessä hierarkkisiksi rakenteiksi. Nämä mate-
riaalit ovat innoittaneet kehittämään nanokomposiitteja, jotka perustuvat biopohjaisiin kolloidi-
siin nanopartikkeleihin. Viime aikoina erityisen mielenkiinnon kohteena ovat olleet luonnon-
kuidut ja jatkuvarakenteiset filamentit, kuten hämähäkin silkki ja kasvisolujen mikrofibrillit.
Nanoselluloosasta, joka on yksi lupaavimmista biopohjaisista nanomateriaaleista, on tullut eräs
tärkeimmistä raaka-aineista uusien vihreiden materiaalien valmistukseen sen runsauden, biologi-
sen yhteensopivuuden ja muokattavan pinta-kemian ja morfologian vuoksi.

Tässä väitöstyössä on tutkittu nanoselluloosapohjaisten filamenttien valmistusta yksinkertai-
sella ja vihreällä ”interfacial nanoparticle complexation”-menetelmällä (INC). Työssä on erityi-
sesti selvitetty filamenttien muodostumista INC-menetelmällä käyttämällä erilaisia vastakkaises-
ti varautuneita nanohiukkaspareja, kuten vastakkaismerkkisiä nanoselluloosapartikkeleita NC
(Paperi Ⅰ ja Ⅱ), kationisia kitiininanokiteitä yhdessä anionisen (Paperi Ⅲ), ja kationinen nanosel-
luloosan ja grafeenioksidin kanssa (Paperi Ⅳ). Lisäksi nanoselluloosasta valmistettujen fila-
menttien ominaisuuksia muokattiin INC-prosessin aikana erilaisilla lisäaineilla kuten lääkeai-
neella (doksorubisiinihydrokloridi, DOX), hopeananohiukkasilla (Ag NPs) ja hiilinanoputkilla
(CNT). Näitä funktionaalisia filamentteja voidaan hyödyntää mahdollisesti lääkkeiden annoste-
lussa, antimikrobisissa materiaaleissa ja elektroniikassa. Kehitetty INC-menetelmä tarjoaa uusia
reittejä filamenttien valmistukselle myös muista vastakkaisesti varautuneista nanopartikkeleista
kuten DNA:sta ja proteiineista ja mahdollistaa täysin uusien vihreiden materiaalien (mm. kui-
dut, kapselit ja membraanit) kehityksen vastakkaisesti varautuneisiin kolloidiset nanopartikkelei-
hin perustuen.

Asiasanat: biolääketiede, elektroniikka, filamentti, grafeenioksidi, hiilinanoputket,
kompleksointi, nanokitiini, nanoselluloosa
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Abbreviations and symbols 

ABS acetate buffer saline 

AFM atomic force microscope 

AH aminoguanidine hydrochloride 

Ag NP silver nanoparticle 

AgNW silver nanowire 

BNC bacterial nanocellulose 

ChNC chitin nanocrystal 

CMWCNT carboxylated multiwalled carbon nanotube 

CNC cellulose nanocrystal  

CNF cellulose nanofiber 

DAC 2,3-dialdehyde cellulose 

DCC 2,3-dicarboxylate cellulose  

DES deep eutectic solvent 

DOX doxorubicin hydrochloride 

DPBS Dulbecco’s phosphate buffered saline 

EDS energy dispersive spectroscopy 

FESEM field emission scanning electron microscope 

GO graphene oxide 

GT Girard's reagent T (2-hydrazinyl-2-oxoethyl)-trimethylazanium 

chloride 

IC interfacial complexation 

INC interfacial nanoparticle complexation 

IPC interfacial polyelectrolyte complexation 

MC methyl cellulose 

NC nanocellulose 

PBS phosphate buffered saline 

PEC polyelectrolyte complex 

rGO reduced graphene oxide 

SWCNT single-walled carbon nanotube 

TEM transmission electron microscopy 

TEMPO 2,2,6,6-tetramethylpiperidinyl-1-oxy radical 

TO-CNF TEMPO-oxidized cellulose nanofiber 

α dimensionality of the percolation 

σ electrical conductivity 
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1 Introduction 

1.1 Background 

With a land cover area over 30% on the earth, forests are one of the most gorgeous 

presents that nature has given to human beings, which provide the air we breathe 

and the wood we use, prevent soil erosion, and mitigate climate change. More 

specifically, Finland is Europe’s most forested nation, as about 75% of Finland's 

total land area is covered by forests consisting mainly of pine, spruce, and birch 

wood (Lemonick, 2018). Thus, forests have a key role in developing sustainable 

materials both globally and locally. Wood-based sustainable materials possess 

numerous advantages and unique properties such as outstanding mechanical 

performance, easy availability, and hierarchical structure (Berglund & Burgert, 

2018). Consequently, these sustainable and biodegradable natural materials serve 

as future green alternatives for non-renewable, petroleum-based materials to 

support emerging sustainable growth. Moreover, they enable a reduction in global 

dependence on fossil resources.  

The main component of wood, cellulose, is the most abundant polysaccharides 

on earth. For millennia, cellulose has been utilized by human beings in the form of 

wood and plant fibers as building materials, paper, energy source, and clothing. 

Since the discovery of the first cellulose derivative in 1845, i.e., cellulose nitrate, 

various types of cellulose products and derivatives have been prepared and used in 

a wide range of applications. For example, regenerated cellulose fibers (such as 

viscose and Lyocell fibers) can be spun from dissolved cellulose solutions. On the 

other hand, various commercial cellulose derivatives including cellulose acetate 

and cellulose ethers, such as carboxymethyl cellulose, methyl cellulose, and 

hydroxyethyl cellulose, are fabricated and applied in many industrial fields 

including food, cosmetics, pharmaceuticals, etc. Various other potential end-uses 

can be found when cellulose nanomaterials with a diameter in the nanometer range 

are extracted from wood, plants, or other cellulosic raw materials. These 

nanomaterials, generically called nanocelluloses (NC), exhibit many attractive and 

unique characteristics: superior mechanical strength and modulus, large surface 

area, and tunable surface chemistries (Chen, Yu, Li, Liu, & Li, 2011). For example, 

the high surface area-to-volume ratio of NC promotes its interactions with 

polymers, other nanoparticles, and small molecules, and can be used to synthesize 

novel composite materials. The attractive physical and chemical properties of NC 
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have enabled their use in a wide variety of applications such as water treatment, 

catalysis, and composite reinforcement (De France, Hoare, & Cranston, 2017).  

After billions of years of evolution, diverse biological materials with excellent 

properties have developed in nature, for example, bone, tooth, wood, feathers, and 

mollusk shells. These biomaterials are usually hierarchically assembled by 

nanostructured building blocks via environmentally friendly synthesis routes and 

conditions (e.g., under aqueous and at room conditions). Many of these assemblies 

exhibit an intricate and ingenious hierarchical structure with exceptional 

performance and multifunctional properties (e.g., optical, mechanical, and 

electrical properties). These natural materials have also inspired scientists to design 

new man-made materials from renewable building blocks in environmentally 

friendly and simple conditions. Of particular recent interest are continuous natural 

fibers or filaments, such as spider silk and microfibrils in plant cells. To date, man-

made fibers have been prepared widely for applications in filters, textiles, and 

composites. 

Nanomaterials derived from renewable lignocellulose resources are also 

attracting growing attention in the design of novel structural and functional 

macroscopic materials. Various types of hierarchical and advanced materials (e.g., 

membranes, hydrogels, and aerogels) have been manufactured through the 

assembly of NC, resulting in unique mechanical performance and a variety of other 

desirable properties (Kontturi et al., 2018). The applications of these materials 

fabricated from NC have been widely investigated e.g., in the biomedical field, 

energy storage, and food packaging (Clemons, 2016; De France et al., 2017). 

Especially, interest in filaments or fibers has been highlighted in recent years 

(Iwamoto, Isogai, & Iwata, 2011). The filaments fabricated from NC have shown 

comparable or even better mechanical properties than traditional regenerated 

cellulosic filaments. Moreover, the preparation of NC-based continuous fibers 

usually requires less chemicals (e.g., no dissolving solvent), making them more 

environmentally friendly. 

In the current thesis, a new method known as interfacial nanoparticle 

complexation (INC) is introduced for the fabrication of NC-based filaments. 

Different charged NCs and other nanomaterials including chitin nanocrystals 

(ChNCs) and graphene oxide (GO) were also tested for drawing NC-based INC 

filaments. Furthermore, functional filaments were synthesized by incorporating 

different additives into NC-based filaments during the INC process. The potential 

applications of filaments in drug delivery, antimicrobial materials, and electronics 

are also addressed.  
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1.1.1 Nanocellulose  

Nanocellulose (NC) covers typically three different nano-scale entities, i.e., 

cellulose nanocrystals (CNCs), cellulose nanofibers (CNFs), and bacterial 

nanocellulose (BNC). Both CNC and CNF can be prepared from different 

cellulosic sources, such as wood, cotton,  algae, and tunicates  (Mahfoudhi & Boufi, 

2017). Here, the focus is mainly on CNCs and CNFs and the characteristic data and 

definitions of the CNCs and CNFs are obtained based on international organization 

for standardization (ISO, 2017). CNCs derived from plant sources, which are also 

referred to as cellulose nanowhiskers and nanocrystalline cellulose, are spindle-like 

crystalline particles typically 100–300 nm in length, 5–60 nm in diameter, and with 

aspect ratio of usually less than 50 but usually greater than 5 (Trache, Hussin, 

Haafiz, & Thakur, 2017; Foster et al., 2018). They are generally extracted from 

bleached cellulose sources such as wood pulp or cotton through controlled acid 

(typically sulfuric, hydrochloric, or phosphoric acid) hydrolysis via dissolving the 

disordered region and releasing the crystalline domain (Tingaut, Zimmermann, & 

Sebe, 2012). CNFs, which are also termed nanofibrillated cellulose and cellulose 

nanofibrils, are elongated and flexible particles with both disordered and crystalline 

areas, having a length in the micrometer scale, a width of 5–60 nm, and aspect 

ratios of 10–100 (Foster et al., 2018; Klemm et al., 2018). The disordered regions 

between the crystalline parts in the CNFs make the nanofibrils more flexible than 

CNCs, and promote networking of CNFs. CNFs are usually produced from plant-

based cellulose by intensive mechanical disintegration such as high pressure 

homogenization, ultrasonications, and grinding (Abdul Khalil et al., 2014). The 

defibrillation process is often combined with enzymatic treatments (Pääkkö et al., 

2007), 2,2,6,6-tetramethylpiperidinyl-1-oxy radical (TEMPO) oxidation (Isogai, 

Saito, & Fukuzumi, 2011), or other chemical modifications (such as 

carboxymethylation, periodate-chlorite oxidation, sulfonation, phosphorylation 

and quaternization) (Liimatainen, Visanko, Sirviö, Hormi, & Niinimäki, 2012; 

Liimatainen, Suopajärvi, Sirvio, Hormi, & Niinimäki, 2014; Pan & Ragauskas, 

2014; Naderi & Lindström, 2014; Noguchi, Homma, & Matsubara, 2017), which 

can reduce the energy consumption for nanofibrillation and enhance the colloidal 

stability of the obtained CNF (Abdul Khalil et al., 2014). Recently, green solvents, 

termed deep eutectic solvents (DES), have also been applied to produce CNFs 

without the use of any toxic chemicals such as oxidation agents. The DES system 

enhances the swelling of cellulose and facilitates the individualization of CNFs 

(Sirviö, Visanko, & Liimatainen, 2015).  
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1.2 Spinning methods for nanocellulose-based filament 

Aqueous NC suspension is a colloidal nanoparticle dispersion with a viscosity 

similar to dissolved cellulose solutions and non-flocculated uniformity, which 

makes it suitable for fiber spinning (Iwamoto et al., 2011; Navard, Wendler, Meister, 

Bercea, & Budtova, 2012). Thus, the spinning of nanocellulose into continuous 

cellulosic filaments has obtained considerable attentions in recent years. This 

approach offers an energy efficient and environmentally friendly pathway to 

produce renewable filaments without the need for cellulose dissolution and 

regeneration (Lundahl, Klar, Wang, Ago, & Rojas, 2017). Several spinning 

methods, such as wet or dry spinning, flow focusing, and interfacial complexation 

drawing, have been reported to preserve the inherent and excellent mechanical 

properties of NC. Below, a summary of spinning methods for NC filament 

fabrication is presented. 

1.2.1 Traditional wet spinning 

The wet spinning process is an effective and low-cost method, in which a polymer 

is first dissolved in solvent and then extruded into a non-solvent liquid (coagulation 

bath) (Clemons, 2016). After the remove of polymer solvent through diffusion 

between solvent and non-solvent, phase separation occurs and the polymer filament 

is generated (Clemons, 2016). The wet spinning of aqueous NC suspensions or gels 

as raw materials to obtain NC-based filaments was first reported in 2011 (Iwamoto 

et al., 2011; Walther, Timonen, Díez, Laukkanen, & Ikkala, 2011). In the case of 

NC filament spinning, there are two types of coagulants have been reported, which 

are organic volatile solvents (such as acetone, ethanol and tetrahydrofuran) and 

aqueous inorganic salts or acidic solutions (such as CaCl2, FeCl3 and HCl) (Wang 

et al., 2019). Due to a low affinity with organic solvent, a skin is formed on the 

surface of the NC extrudate via interfiber aggregation. The densification furtherly 

proceeds inside the infant wet fiber, allowing the solidification of the filaments 

(Walther et al., 2011; Wang et al., 2019). In comparison, the gelation transition of 

NC extrudate occurs through ion exchange and complexation in aqueous salts or 

acidic solutions, leading to the formation of NC filament.  
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Fig. 1. (a) Wet spinning of CNF suspension and the SEM images of obtained NC-based 

filament (Reprinted [adapted], with permission, from Iwamoto et al., 2011 © 2011 

American Chemical Society). (b) Schematic drawing for the computer-controlled wet-

stretching device. (Reprinted [adapted], with permission, from Torres-Rendon, 

Schacher, Ifuku, & Walther, 2014 © 2014 American Chemical Society). 

Usually CNFs rather than CNCs are harnessed in the wet spinning process due to 

their higher aspect ratio. For example, TEMPO-oxidized CNF (TO-CNF) with 

negatively charged carboxylic groups has been widely used. Various factors 

influence the properties of filaments formed in the wet spinning process. These 

include the characteristics of the raw materials, dope concentration, spinning rate, 

and coagulation solvents. In addition, a stretching process followed by wet spinning 

can also affect the mechanical properties of filaments (Iwamoto et al., 2011; Torres-

Rendon et al., 2014; Kim, Kim, Lee, Zhai, & Kim, 2019). Table 1 summarizes the 

recent work related to the wet spinning of NC filaments, and presents the 

fabrication conditions and mechanical properties of NC-based filaments. 
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Table 1. Wet spinning of NC filaments under different fabrication conditions and their 

corresponding mechanical properties. 

Raw 

materials 

Spinning 

rate 

(m/min) 

Coagulant Stretching 

ratio (%) 

Orientation Tensile 

strength 

(MPa) 

Young’s 

modulus 

(GPa) 

Strain (%) Reference 

1% TO-

CNF from 

wood 

10 Acetone Weak 

tension 

0.7 332 ± 93 19.1 ± 2.6 3.1 ± 1.1 Iwamoto 

et al., 

2011 

2% TO-

CNF from 

bleached 

birch 

7.5 Acetone No 0.83 297 ± 4 21.3 ± 5.5 2.8 ± 0.5 Lundahl et 

al., 2016 

2% TO-

CNF from 

hardwood 

39.2 5wt% 

CaCl2 

solution 

10% 0.72 383 ± 19.3 21.1 ± 0.7 6.6 ± 0.4 Kafy et al., 

2017 

5.4% 

TEMPO-

oxidized 

BNC 

18.9  20% 0.72 249 ± 49.4 16.4 ± 2.7 3.8 ± 1.5 Yao et al., 

2017 

2% 

TOCNF 

from 

hardwood 

17 5wt% 

CaCl2 

solution 

20% 0.86 543.1 ± 7.

1 

37.5 ± 1.6 3.7 ± 0.7 Kim et al., 

2019 

In addition to CNFs, CNCs have also been utilized in the wet spinning process. 

However, the formed filaments have shown relatively poor mechanical properties 

(maximum tensile strength of 141 ± 19.5 MPa for tunicin CNCs) compared to 

previously reported CNF-based filaments (Table 1) (Araki & Miyayama, 2020). 

This is probably because stiff and relatively short CNCs cannot form strong 

entangled networks, or due to weak interparticle interactions.  

The orientation of NC in the filament is a key factor affecting the mechanical 

properties of the formed filaments. An increase in the extrusion capillary length and 

spinning rate and a decrease in the inner diameter of the extrusion capillary can 

enhance the orientation of NC (Mohammadi, Toivonen, Ikkala, Wagermaier, & 

Linder, 2017). The orientation is also favored by a low NC viscosity and high 

osmotic pressure towards the coagulant. The coagulant solutions serve as an 

exchange solvent for the dehydration of infant wet fiber due to the lower nano-

dispersibility or affinity of NC in organic solvent, and induce skin formation on the 

surface of the filament via interfiber aggregation (Lundahl et al., 2016). Organic 
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non-solvents (e.g., acetone and ethanol) and aqueous electrolyte solutions (such as 

CaCl2 or HCl) have been used as coagulants and systematically compared for the 

coagulation of TEMPO-oxidized CNF (TO-CNF) suspensions during the wet 

spinning process. The filaments coagulated in ethanol or acetone exhibited a lower 

tensile strength (poorer fibril orientation), thermal stability, and water résistance 

property compared to filaments produced in HCl or CaCl2 solution (Wang et al., 

2019).  

The mechanical properties of NC-based filament can also be improved by 

stretching treatment. For instance, macroscale CNF based filament with high 

orientation was developed by a controlled wet-stretching procedure. The resulted 

stretched CNF filaments displayed almost two times higher tensile strength and 

four times higher Young’s modulus than those of non-stretched CNF filaments (Fig. 

1b).  

It is notable that the NC-based filaments always show weak mechanical 

properties in the wet hydrated state owning to the intrinsic hydrophilic features of 

cellulose, which makes physical or chemical cross-linking necessary. For NC with 

carboxylated groups, metal ions have been used for the ionic cross-linking of NC-

based filaments. For example, Fe3+ ion has been reported as a multivalent ion cross-

linker to improve the wet strength of NC-based filament. The wet filament 

possessed a tensile strength of 262.2 MPa and Young’s modulus of 15.9 GPa after 

5 min immersion in water (Yao et al., 2017). Some chemical cross-linkers, such as 

glutaraldehyde and polyamide-epichlorohydrin, have also been applied to enhance 

the mechanical properties of wet NC filaments (Mertaniemi et al., 2016; Geng, 

Chen, Peng, & Kuang, 2017). The covalently cross-linked CNF filaments were able 

to retain up to 40% of the dry-state tensile strength of CNF filament after cross-

linking with glutaraldehyde followed by soaking in water for 24 h (Mertaniemi et 

al., 2016).  

1.2.2 Dry spinning 

Dry spinning is a solution spinning method without the use of any coagulation 

solvent. The spinning dope is injected through a spinneret followed by solvent 

evaporation (usually in hot temperature condition). By dry spinning of a 

concentrated aqueous suspension of CNF (5 to 12 wt%) into air, neat NC-based 

filament with maximum tensile strength of 222 ± 16 MPa and Young’s modulus of 

12.6 ± 1.5 GPa was successfully obtained (Fig. 2) (Hooshmand, Aitomäki, Norberg, 

Mathew, & Oksman, 2015). In addition, by extruding CNF dope through a fine 
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nozzle onto a moving low friction drum surface, ribbon-like nanofiber yarns with 

a better CNF orientation and a tensile strength up to 220 MPa were fabricated (Shen 

et al., 2016; Ghasemi, Tajvidi, Bousfield, Gardner, & Gramlich, 2017). 

 

Fig. 2. (a) Schematic illustration of the dry spinning apparatus and (b) continuous dry 

spinning of CNF using a capillary rheometer (Reprinted, with permission, from 

Hooshmand et al., 2015 © 2015 American Chemical Society). 

1.2.3 Microfluidic spinning 

Previous research has indicated that the alignment of NC in the filament is a key 

factor in improving the mechanical properties of NC-based filaments. Accordingly, 

a novel technology, known as flow focusing or microfluidic spinning, was applied 

for filament wet spinning to control the assembly of CNFs better, and obtain 

improved mechanical performance of NC filaments. In this approach, a flow-

focusing channel system was designed to induce nanofiber (TO-CNF) alignment 

during fiber spinning, followed by a surface-charge-controlled gel transition (Fig. 

3) (Håkansson et al., 2014). Electrolytes or an acid fed by an outer stream promoted 

the gel transition of NC as the ionic cross-linking between the nanofibers occurred 

due to ion diffusion. The alignment of NC could be adjusted by controlling the flow 

rates and number of channels. Based on this process, a tough and strong CNF 

filament with much better mechanical properties (tensile strength: 1.57 GPa and 

Young’s modulus: 86 GPa) compared to traditional wet-spun NC filaments, was 

successfully fabricated (Mittal et al., 2018). Further, investigations were also 

performed into the role of ion (such as Cl−, Br−, ClO4
−, HSO4

−, H2PO4
−) bonding 

and pH on the mechanical properties of the NC filaments using microfluidic 

spinning. It showed that CNF-based filaments prepared using HCl resulted in stiffer 
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fibers (tensile strength of 1010 MPa and Young’s modulus of 57 GPa) compared to 

those prepared using H2SO4 or H3PO4 (Mittal et al., 2019). More recently, 

combined with an electrical field, continuous CNF microfiber with enhanced 

orientation of CNF in the bulk was produced using a flow focusing method. 

Compared to the filaments fabricated without using an electric field, the tensile 

strength and strain were improved by more than 63% (up to 260 MPa), and 46% 

(up to 2.8%), respectively (Wise, Takana, Ohuchi, & Dichiara, 2020). 

 

Fig. 3. (a) Microfluidic spinning of CNF filaments. The incoming coagulant solution (Q2) 

is divided and opposed perpendicular to the incoming CNF dispersion (Q1). The 

electrolyte stream cancels the electrostatic repulsion of the CNFs, and transports the 

CNFs in a core stream out of the flow focusing cell (Reprinted under CC BY 3.0 license1 

from Håkansson et al., 2014 © 2014 Macmillan Publishers Limited). (b) Microfluidic 

spinning with a double channel (Redrawn from Mittal et al., 2017). 

1.2.4 Interfacial complexation (IC) drawing 

Continuous filaments have been created earlier by the complexation of two 

oppositely charged, soluble polyelectrolytes (Wan et al., 2016). A polyelectrolyte 

is a type of macromolecular polymer that has multiple ionizable, and functional 

groups on its backbone, which can have either a positive or negative charge when 

dissociating into any ionizing solvent (e.g., H2O) (Meka et al., 2017). In the 

phenomenon of interfacial polyelectrolyte complexation (IPC), a filament can be 

drawn from the polyelectrolyte complex (PECs) film formed at the interface of 

oppositely charged polyelectrolyte droplets. The viscous PECs film acts as a barrier 

that hinders the further blending of the two polyelectrolytes. By using a pair of 

 
1 https://creativecommons.org/licenses/by/3.0/ 
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tweezers or pipette tips to pick up the interface film, this action will break the 

balance at the interface, forming more scattered domains for complexation. By 

continuing to draw vertically, nuclear fibers will form scattered domains and 

assemble into a continuous macroscale filament, which is termed an IPC filament 

(Wan, Liao, Yim, & Leong, 2004). Given the fact that the IPC filament is formed 

at ambient temperature in a neutral aqueous environment, this self-assembling 

material is a desirable candidate for biomedical applications such as drug release 

and cell culture. A variety of soluble PE pairs have been reported for IPC filament 

fabrication, e.g., chitosan with alginate and cationic peptide with DNA (Wan et al., 

2016). 

Recently, it has been demonstrated that by utilizing the electrostatic 

interactions between anionic TO-CNFs and cationic chitosan, CNF filaments can 

be mechanically produced from the interface of oppositely charged NC and 

biopolymer (Fig. 4), exhibiting an ultimate tensile strength near 200 MPa (Grande, 

Trovatti, Carvalho, & Gandini, 2017; Toivonen et al., 2017). Using a combined 

technique (microfluidic spinning followed by interfacial complexation), CNF and 

chitosan composite filaments were obtained with enhancement in both tensile 

strength and toughness. The highest tensile strength of 1.6 GPa could be reached 

after further cross-linking with Ca2+ (Cai et al., 2020). Most of the previous work 

employed soluble polyelectrolytes, and to the best of our knowledge, no attempt to 

fabricate filament using oppositely charged nanomaterials has been reported earlier. 

This novel approach, termed interfacial nanoparticle complexation, is the technique 

used in the work of the present thesis to fabricate nanocellulose-based filaments. 

 

Fig. 4. Schematic representation of a process of interfacial complexation of TO-

CNF/chitosan (Reprinted [adapted], with permission, from Toivonen et al., 2017 © 2017 

American Chemical Society). 
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1.2.5 Other potential methods 

Some other approaches have also been reported for the formation of NC filament. 

For instance, a “wet-stretching and wet-twisting” process has been designed for the 

fabrication of filaments from BNC (Fig. 5a). The macrofibers were formed first by 

the wet stretching of a BNC pellicle followed by twisting. Wet-stretching results in 

hierarchical alignment and wet-twisting enhances interfilament hydrogen bonding. 

The BNC filaments showed a lower tensile strength (115 MPa) without wet 

drawing, but a tensile strength of 826 MPa and Young's modulus of 65.7 GPa were 

achieved with wet drawing. Moreover, the strain increased from 0% to 30% with 

wet drawing (Wang et al., 2017). Based on the similar strategy, BNC fibers were 

obtained by twisting ultrathin BNC films. A strong and tough fiber with a tensile 

strength of 954.2 MPa was obtained (Wu et al., 2019).  

A 3D (three-dimensional) printing method has also been reported for the 

preparation of NC-based filament, in which a CNF aqueous suspension with a 

relatively high viscosity was applied as an ink and extruded into a coagulant bath. 

In addition, NC suspensions with carbon nanotube (CNT) or Ti3C2 nanosheets were 

also used as gel ink for the fabrication of conductive fibers (Fig. 5b) (Li et al., 2017; 

Cao et al., 2019). 

 

Fig. 5. (a) Schematic illustration of bacterial NC-based filament fabrication process 

using wet stretching followed by wet twisting (Reprinted, with permission, from Wang 

et al., 2017 © 2017 Wiley-VCH). (b) Schema of the CNT and CNF hybrid filament using 

3D printing (Reprinted [adapted], with permission, from Li et al., 2017 © 2017 Wiley-VCH). 
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1.3 Applications of nanocellulose-based filament 

All filament fabrication methods discussed above allow the entrapment of various 

functional molecules, polymers (either hydrophobic or hydrophilic), or even 

inorganic nanoparticles into the filaments. These functional materials can be used 

in various applications (e.g., composite, biomedical, supercapacitors, sensors, etc). 

In this section, the reported potential applications of NC-based filaments are 

summarized. 

1.3.1 Electronic applications 

NC can be utilized as a good surfactant to disperse carbon materials, such as carbon 

nanotubes (CNTs) and graphene, into water (Malho, Laaksonen, Walther, Ikkala, 

& Linder, 2012; Hajian, Lindström, Pettersson, Hamedi, & Wågberg, 2017). 

Consequently, various types of conductive NC composite materials such as films, 

aerogels, and filaments have been prepared by incorporating carbon materials into 

an NC-based matrix and demonstrated as promising starting materials for electrical 

devices such as sensors and supercapacitors (Hamedi et al., 2014; Yao, Yu, Xu, 

Chen, & Fu, 2015). NC and CNT composite filament was first prepared by the wet 

spinning of single-walled CNT (SWCNT) suspensions dispersed by CNFs (Hamedi 

et al., 2014). Filament was obtained with an electrical conductivity of 207 S/cm, 

tensile strength of 220 MPa and Young’s modulus of 14 GPa (SWCNT content of 

43%). Similarly, by using a wet spinning procedure, CNF and CNT filaments were 

prepared and applied as a superior gas (NO2) sensor (Cho et al., 2019). A strain 

sensor was also manufactured based on CNF and CNT filaments for measuring 

mass variation and muscular movements (Wan et al., 2019). 

Polypyrrole@BNC/reduced graphene oxide (rGO) composite fiber was fabricated 

by wet spinning a mixture of graphene oxide and BNC followed by pyrrole 

polymerization. After chemical reduction, a conductive filament with an electrical 

conductivity of up to 100  S/cm was obtained and then assembled for 

supercapacitor application (Sheng et al., 2019). By wet spinning silver nanowires 

(AgNWs) and an NC mixture, conductive NC and AgNWs hybrid filament was 

also produced (J. Wang et al., 2017). The filament obtained, containing 40 wt% 

AgNWs, had a conductivity of 6.8 × 103 S/cm but displayed a relatively low tensile 

strength (125 Mpa) compared to that of filament without AgNWs (260 Mpa). The 

hybrid filament obtained was applied as flexible conductors in soft circuits, 

showing a stable electrical conductivity and mechanical elasticity even after 50 
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cycles of stretching and relaxation. Conductive NC-based fibres containing CNTs 

or Ti3C2 nanosheets (MXenes) were also prepared using 3D printing. TO-

CNF/CNTs hybrid filament with an electrical conductivity of 216.7 ± 10 S/cm was 

obtained (Li et al., 2017). On the other hand, by mixing MXenes and TO-CNF 

suspensions together, printable TO-CNF/MXenes ink was also obtained, and TO-

CNF/MXenes composite filaments were further prepared via 3D-printing (Cao et 

al., 2019). A maximum electrical conductivity of 211 S/m was achieved with an 

initial MXenes of 50 wt%. The TO-CNFs/MXenes textiles formed with 

electromechanical performance were processed into sensitive strain sensors, which 

can be used for the real-time tracking of physiological signals and body movements. 

1.3.2 Biomedical applications 

With the advantages of biodegradability and, in particular, biocompatibility, NC 

has been proposed as a promising material in biomedical applications such as 

wound dressing, cell culture, and drug delivery (Xue, Mou, & Xiao, 2017). Cross-

linked NC-based filaments with good wet mechanical properties were prepared by 

chemical cross-linking with glutaraldehyde (Mertaniemi et al., 2016). The cross-

linked NC filament could support growth of human stem cells without altering their 

characteristics or inducing toxicity, which exhibited an excellent potential in the 

treatment of chronic wounds. NC and silk composite filament was also fabricated 

via microfluidic spinning and used for cell adhesion (Mittal et al., 2017). Owing to 

the presence of the cell-binding motif linked to the silk, NC and silk hybrid filament 

showed favorable cell adhesion properties. In addition, wet-spun NC-based 

filament modified with an antihuman hemoglobin (anti-Hb) was prepared. The 

developed filaments showed excellent sensitivity towards hemoglobin from 

aqueous matrices (Vuoriluoto, Orelma, Lundahl, Borghei, & Rojas, 2017). 

1.3.3 Other potential applications 

In addition to applications in electronics and biomedical fields, some other potential 

applications of NC-based filaments have also been demonstrated. For example, by 

extruding an anionic CNF suspension into a coagulation bath containing cationic 

silica nanoparticles, CNF and silica hybrid filament with flame-retardant properties 

was prepared (Nechyporchuk, Bordes, & Köhnke, 2017). Moreover, by using a 

continuous coaxial wet spinning method, absorbent core/shell CNF filaments with 

guar gum or cellulose acetate as a shell were formed. The filaments exhibited a 
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high absorption capacity towards water (Lundahl et al., 2018). In order to improve 

the water repellence of NC-based filament for textile applications, hydrophobic 

NC-based filament was also fabricated by using chemical vapor deposition of 

organosilane. This filament exhibited increased water stability while maintaining a 

similar moisture sorption capacity compared to the filament without modification, 

showing potential applications in areas requiring water resistance and breathability, 

such as wearable outdoor clothing (Cunha et al., 2018).  

1.4 Objectives and research questions of the work 

In the work of the current thesis, filament fabrication using oppositely charged 

nanoparticles was investigated. This broadens the scope of the IPC filament 

fabrication method to insoluble oppositely charged nanoparticles and might provide 

new routes for fabricating continuous fibers from various other oppositely charged 

nanoparticle pairs. 

The current thesis has two main targets:  

a) To investigate filament fabrication using oppositely charged NC and other 

nanomaterials including graphene oxide (GO) and chitin nanocrystals (ChNCs) 

based on INC. 

b) To investigate the potential applications of NC-based filaments formed by the 

IC and INC methods. This straightforward filament fabrication approach based on 

the interfacial complexation (IC) phenomenon offers unlimited freedom to 

incorporate various additives into the NC-based filament, which could endow the 

filaments with different functionalities. For example, NC-based filaments show 

potential applications in the biomedical area due to the mild and green fabrication 

conditions of the filament fabrication process.  

The thesis consists of Papers I–IV, which addressed the following research 

questions: 

– Paper I: Can filaments be generated using oppositely charged nanocelluloses 

based on the interfacial complexation method? 

– Paper II: What are the potential applications of NC-based filaments fabricated 

based on the IC method? 

– Paper III: Can filaments be formed based on other charged 1D nanomaterials, 

for example nanochitin? 

– Paper IV: Can filaments be fabricated using charged 2D materials, for example 

graphene oxide? 
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2 Materials and methods 

2.1 Materials 

Bleached birch (Betula pendula) chemical wood pulp was used as raw material for 

the nanocellulose extractions (Papers Ⅰ–Ⅳ). The chemical composition of the birch 

pulp was as follows: cellulose 74.8%, xylan 23.6%, glucomannan 1.1%, lignin 

0.4%, and extractives 0.08% (Liimatainen, Sirviö, Haapala, Hormi, & Niinimäki, 

2011). Chitin powder from crab shells (Sigma-Aldrich, Finland) was used as raw 

material for the preparation of nanochitin in Paper Ⅲ. All chemicals and solvents 

unless otherwise stated were obtained from Sigma-Aldrich, VWR, or Tokyo 

Chemicals Industry (TCI Chemicals, Japan). 2,2,6,6-tetramethylpiperidinyl-1-oxy 

radical (TEMPO, Tokyo Chemicals Industry), sodium bromide (NaBr, Sigma-

Aldrich), lithium chloride (LiCl, Sigma-Aldrich), and sodium hypochlorite solution 

(NaClO, 15%, TCI) were used for the preparation of TEMPO-oxidized cellulose 

nanofibers (TO-CNF, Papers Ⅰ–Ⅲ). Sodium periodate (NaIO4, Sigma-Aldrich) was 

used for the oxidation of cellulose to obtain dialdehyde cellulose (DAC, Papers Ⅰ–

Ⅳ). Sodium chlorite (NaClO2, VWR) and hydrogen peroxide (H2O2, TCI) were 

applied for the further oxidation of DAC to dicarboxylated cellulose (DCC, Paper 

Ⅰ). Girard's reagent T ((2-hydrazinyl-2-oxoethyl)-trimethylazanium chloride, GT) 

and aminoguanidine hydrochloride (>98%, AH) obtained from TCI were used for 

the cationization of DAC into cationic cellulose in Papers Ⅰ, Ⅱ and Ⅳ. Hydroiodic 

acid (HI) supplied from TCI was used for the reduction of graphene oxide. An 

aqueous solution of 1 wt% sodium carboxymethyl cellulose (CMC, MW=25,000, 

degree of substitution, DS=1.2) purchased from Sigma-Aldrich was obtained by 

dissolving 1 g CMC into 100 g deionized water and stirring up to complete 

dissolution (pH 7.1) in Paper Ⅰ. Doxorubicin hydrochloride and a silver dispersion 

(0.02 mg/mL in aqueous citrate buffer and average particle size of about 10 nm) 

bought from Sigma-Aldrich and carboxylated multi-walled carbon nanotube 

powder (CMWCNTs) purchased from TimeNano (Chengdu, China) were used as 

additives in Paper Ⅱ. Single-walled carbon nanotubes (SWCNTs) obtained from 

TimeNano (Chengdu, China) were used as an additive in Paper Ⅲ. Dulbecco’s 

Modified Eagle Medium (DMEM) and NIH3T3 Cell were purchased from Sigma-

Aldrich. PBS (phosphate buffered saline, pH 7.4) and DPBS (Dulbecco’s phosphate 

buffered saline) buffer were prepared by dissolving NaCl, KCl, KH2PO4·H2O, and 

Na2HPO4·2H2O in deionized water (Paper Ⅱ). Acetate buffer saline (ABS, pH 4) 
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was obtained by mixing 0.1 M acetic acid (glacial) and 0.1 M sodium acetate in the 

appropriate amounts in deionized water (Paper Ⅱ). The pH of the buffers was 

further adjusted to its accurate value using HCl or NaOH. Graphene oxide (GO, 

Paper Ⅳ) was obtained from NewMater Nanotech (Sichuang, China) with a 

concentration of 10 mg/ml in water and used without further purification. 

Deionized water was used in all experiments. 

2.2 Preparation of charged nanocelluloses 

2.2.1 Preparation of TEMPO-oxidized cellulose nanofibers  

TEMPO-oxidized cellulose nanofibers (TO-CNFs) were prepared from bleached 

birch pulp using the TEMPO/NaBr/NaClO system at pH 10 according to a 

procedure described in the literature (Saito, Nishiyama, Putaux, Vignon, & Isogai, 

2006). In brief, 10 g of bleached birch pulp was dispersed in 1000 mL water 

solution containing 0.16 g of TEMPO and 1 g of sodium bromide. A predetermined 

amount of 15% NaClO solution (7.0 mmol/g in Paper Ⅰ and 10 mmol/g for Papers 

Ⅱ and Ⅲ) was added slowly to the cellulose suspension. The mixture was stirred at 

room temperature and the pH was kept at pH 10 for 5 h by adding diluted NaOH 

solution. The oxidation was quenched by adding ethanol (10 mL). The suspension 

of oxidized cellulose pulp was washed completely until the conductivity of the 

filtrate was below 20 µS/cm. 200 mL of oxidized cellulose pulp with a solid content 

of 0.6 wt% was sonicated for 1 h using an ultrasonic homogenizer (Heilscher UP 

400s, power discharge 0.5 seconds and pause 0.5 seconds, 60 % amplitude and 22 

mm probe tip diameter) to obtain TO-CNFs. The carboxyl content of the TO-CNFs 

oxidized by 7.0 (Paper Ⅰ) and 10 (Papers Ⅱ and Ⅲ) mmol NaClO was 1.0 and 1.6 

mmol/g, respectively. 

2.2.2 Preparation of charged cellulose nanocrystals based on 

periodate oxidation 

Three types of charged CNCs were fabricated by a two-step chemical modification 

based on periodate oxidation. After periodate oxidation, the formed 2,3-dialdehyde 

cellulose (DAC) was further modified by sodium chlorite oxidation or amination 

to obtain charged cellulose pulp with carboxylated groups or quaternary 

ammonium groups (Fig. 6).  
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Fig. 6. Synthesis of (a) anionic dicarboxylated cellulose (DCC) and cationic celluloses 

using (b) Girard’s reagent T and (c) aminoguanidine hydrochloride (Modified from Sirviö 

et al., 2014). 

Preparation of 2,3-dialdehyde cellulose (DAC)  

15.0 g of bleached birch pulp was first dispersed in deionized water using an Ultra-

Turrax mixer (IKA T25, Staufen, Germany) at a speed of 10,000 rpm for 1 min to 

obtain a consistency of 1 wt%. Then, 12.3 g of NaIO4 and 27 g of LiCl were 

dissolved into the suspension. The reaction mixture was carefully covered with 

aluminum foil to avoid light exposure and stirred at 65 °C in a water bath for 3 h. 

Upon completion of the reaction, the modified pulp was thoroughly washed by 

deionized water filtration and stored in a non-dried state at 4 ℃ for further use. The 

aldehyde content of DAC was determined to be 3.86 mmol/g based on an oxime 

reaction between the aldehyde group and hydroxylamine hydrochloride (Sirvio, 

Hyvakko, Liimatainen, Niinimaki, & Hormi, 2011). 
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Preparation of anionic 2,3-dicarboxylated cellulose (DCC) 

2,3-dicarboxylated cellulose was obtained by further chlorite oxidation of DAC 

(Fig. 6a). In brief, 6.0 g of DAC prepared as prepared above was dispersed in 133.2 

ml of deionized water by mixing with an Ultra-Turrax mixer (Germany) at 11,000 

rpm for 1 min. An aqueous solution of acetic acid (12 wt%) with 5.24 g of sodium 

chlorite was mixed with the dispersed DAC suspension. Meanwhile, 6.12 g of 

hydrogen peroxide (30 wt%) was also added slowly into this oxidation system. The 

reaction mixture was stirred at room temperature and reacted for 48 h. Subsequently, 

the final product was washed by filtration with deionized water until the 

conductivity of the filtrate was below 20 μS/cm. 

Cationization of DAC using Girard’s reagent T (GT) 

DAC was cationized using Girard’s reagent T (GT) in an aqueous solution (Paper 

Ⅱ). 6.0 g of DAC was dispersed into 600 ml aqueous solution containing 24.32 g 

of GT with a pH of 4.5. The mixture was stirred and allowed to react at room 

temperature for 72 h. After that, the cationized product was thoroughly washed with 

water by filtration. 

Cationization of DAC with aminoguanidine hydrochloride (AH) in a deep 

eutectic solvent (DES) system 

Cationization of DAC using aminoguanidine hydrochloride (AH) was carried out 

in a deep eutectic solvent (DES) system (Papers Ⅱ and Ⅳ). The DES system was 

formed by mixing aminoguanidine hydrochloride (75 g) with glycerol (125 g) and 

preheating to 90 ℃. After the mixture became transparent, the system was cooled 

down to 80 ℃. Then, 10 g non-dried DAC was dispersed into the DES solvent. The 

mixture was stirred continuously with a magnetic bar and reacted for 10 min. Next, 

250 ml of ethanol was added to stop the reaction. The final suspension was filtrated 

and washed twice with 500 ml of water and ethanol, respectively. 

Nanofibrillation of charged cellulose pulp  

All the charged cellulose pulps obtained from the modification of DAC were 

diluted to 1 wt% in deionized water and nanofibrillated through a double-chamber 

system (400 and 200 μm chambers) at 1000 bar pressure using a microfluidizer 
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(Microfluidics M-110EH-30, USA) two times; the CNCs obtained after chlorite 

oxidation were denoted DC-CNCs (Paper Ⅰ), and the CNCs prepared from DAC 

after reacting with GT and AH were coded GT-CNC and AH-CNC, respectively 

(Papers Ⅰ, Ⅱ, and Ⅳ). 

2.2.3 Preparation of cationic chitin nanocrystals from partially 

deacetylated chitin  

Chitin nanocrystals (ChNCs) were extracted based on the partial deacetylation of 

chitin reported previously (Fan, Saito, & Isogai, 2010) (Paper Ⅲ). In brief, chitin 

powder was dispersed in 20 wt% NaOH aqueous solution and refluxed for 6 h. The 

deacetylated chitin product was collected by filtration, and washed with distilled 

water to neutrality by centrifugation. The wet chitin precipitate was dispersed in 

water with a consistency of 1 wt%, and the pH of the dispersion was adjusted to 4 

using acetic acid. The dispersion was disintegrated by passing once through a 

microfluidizer (Microfluidics M-110EH-30, USA) with a pair of chambers (400 

and 200 μm). Further, the obtained gel-like slurry was diluted to 0.6 wt% and 

treated with an ultrasonicator for 1 h (Heilscher UP 400s, power discharge 0.5 

seconds and pause 0.5 seconds, 60% amplitude and 22 mm probe tip diameter) to 

obtain cationic ChNCs. 

2.3 Fabrication of nanocellulose-based filaments 

2.3.1 Fabrication of bicomponent NC-based filaments 

NC-based filaments were fabricated based on interfacial complexation. Different 

oppositely charged colloidal material combinations were investigated (Fig. 7), 

including GT-CNC with CMC, TO-CNF, or DC-CNC (Paper Ⅰ), AH-CNC with TO-

CNF (Paper Ⅱ), ChNC with TO-CNF (Paper Ⅲ), and GT-CNC or AH-CNC with 

GO (Paper Ⅳ). The filament fabrication process is illustrated in Fig. 8. One droplet 

of cationic nanoparticle suspension (GT-CNC, AH-CNC or ChNC) was pipetted 

onto a Petri dish adjacent to another droplet containing an anionic constituent 

(CMC, DC-CNC, TO-CNF, or GO). A pair of tweezers was plunged into the two 

droplets to bring the two droplets into contact with each other, resulting in the 

immediate formation of an interface film. A wet filament could be successfully 

drawn by pulling the interface film upwards using the tweezers. The vertical 
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movement of the tweezer was controlled by hand or using a universal testing 

machine (Zwick D0724587, Switzerland) at a certain rate. Finally, the wet NC-

based filaments were attached onto a glass rod and air-dried at room temperature. 

All the filaments fabricated by oppositely charged colloidal nanoparticles were 

termed interfacial nanoparticle complexation (INC) filaments. In Paper Ⅳ, the 

formed CNC and GO hybrid filaments were further reduced by HI solution (57 

wt%) at 80 °C for 6 h. The reduced filaments were cleaned with water and ethanol 

alternately and finally dried at 80°C under vacuum for 12 h. 

 

Fig. 7. Summary of prepared nanomaterials and fabricated filaments.  

 

Fig. 8. Drawing process of NC-based filaments by interfacial complexation (IC) method 

(Reprinted [adapted], with permission, from Paper I © 2018 Wiley-VCH). 
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2.3.2 Incorporation of additives into NC-based filaments 

To introduce new functionalities into NC-based INC filaments, different additives, 

including carboxylated multi-walled carbon nanotubes (CMWCNTs), single-

walled carbon nanotubes (SWCNTs), doxorubicin hydrochloride (DOX), or silver 

nanoparticles (Ag NPs) were used. These additives were first mixed with charged 

NC, and then the mixture dispersion was used as one of the charged constituents to 

draw the INC filaments. Here, CMWCNTs, SMWCNTs, or Ag NPs were mixed 

with anionic TO-CNF in Papers Ⅱ and Ⅲ, while the cationic DOX was mixed with 

cationic AH-CNC (Paper Ⅱ). For CMWCNTs and SMWCNTs, a TO-CNF aqueous 

suspension was used as a surfactant to disperse the CNTs with an ultrasonicator 

(Heilscher UP 400s, power discharge 0.5 seconds and pause 0.5 seconds, 60% 

amplitude and 7 mm probe tip diameter) for 20 min, then the obtained suspensions 

were directly used as a negatively charged component to draw the filaments with a 

cationic component. The NC-based INC filament incorporated with CMWCNTs, 

DOX, or Ag NPs was coded as CNTs/NC-based INC filament, DOX/NC-based 

INC filament, and Ag NPs/NC-based INC filament, respectively. 

2.4 Characterization of charged nanomaterials 

2.4.1 Morphology 

Transmission electron microscopy (TEM) 

A transmission electron microscope (TEM, JEOL JEM-2200FS, Japan) operating 

at a potential of 200 kV was used to characterize the morphological features and 

the dimensions of colloidal nanoparticles (NC, ChNC, or GO). A small droplet of 

aqueous charged colloidal nanoparticle suspension with a concentration of 0.003 to 

0.005 wt% was dropped onto the top of a carbon-coated copper grid. After one 

minute, the excessive water was absorbed by a small piece of filter paper and the 

sample left on the grid was negatively stained with uranyl acetate (2% w/v) for 1 

min. The staining agent was then removed again by filter paper. All the samples 

were air-dried at room temperature for 24 h. The dimensions of the samples were 

measured (>100 individual particles) using ImageJ analysis software.  
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Atomic force microscopy (AFM) 

The topographical characteristics of GO were investigated using an atomic force 

microscope (AFM, MultiMode8, Bruker, Germany) with ScanAsystTM in air. The 

measurement was conducted with triangular Si probes (a typical tip radius of 2 nm 

and a nominal spring constant of 0.4 N/m) under tapping mode. The GO suspension 

was diluted to 0.001% w/w and sonicated for 1 min; the suspension was then 

injected onto a freshly cleaved mica substrate and dried in air before measurement. 

The image was processed with NanoScope Analysis (Bruker) software. 

2.4.2 Charged group content 

Conductimetry 

The carboxyl contents of the DC-CNC, TO-CNF, and CMC samples were 

determined by conductometric titration (Rattaz, Mishra, Chabot, & Daneault, 2011). 

In brief, about 100 mg of freeze-dried samples was sufficiently dispersed in 70 mL 

HCl (0.01 M) through high-energy ultrasonication. The suspension was then 

titrated with NaOH (0.05 M) using a Mettler Toledo M437 titrator (USA). 

Elemental analysis 

The nitrogen content of GT-CNC and AH-CNC was determined using a 

PerkinElmer CHNS/O 2400 Series II elemental analyzer (USA), and was used to 

calculate the cationic charge content of the samples.  

Polyelectrolyte titration 

The charge density of GO was determined with a particle charge detector (Mütek 

PCD 03, USA). Poly-diallyl-dimethylammonium-chloride (polyDADMAC 

1 meq/l) was applied as titration agent. The charge density was calculated based on 

the consumption of polyDADMAC. 
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2.5 Characterization of NC-based INC filaments 

2.5.1 Field emission scanning electron microscopy 

The surface and cross-sectional structure of the filaments were observed using a 

field emission scanning electron microscope (FESEM, Zeiss Sigma HD VP, 

Oberkochen, Germany) at an acceleration voltage of 0.5 kV. Before observation, 

the filaments were sputtered with platinum. The elemental mapping was performed 

using an Energy Dispersive Spectroscope (EDS) manufactured by Bruker. The 

samples were coated with carbon before the analysis. 

2.5.2 Elemental analysis 

Elemental analysis (carbon, hydrogen, nitrogen) of the filaments and starting 

materials (GT-CNC, AH-CNC, and ChNC) was conducted using a PerkinElmer 

CHNS/O 2400 Series II elemental analyzer (USA). The content of cationic starting 

materials (GT-CNC, AH-CNC, and ChNC) in the formed filaments was calculated 

by dividing the nitrogen content of the filament by the nitrogen content in the 

cationic CNC or ChNC. 

2.5.3 Thermogravimetric analysis 

A Netzsch STA 449 F3 thermal analyzer (Germany) was used for the 

thermogravimetric analysis (TGA) of filaments to determine the CNT content. A 

temperature range of 30–700 ℃ with a constant rate of 60 mL min−1 in nitrogen 

atmosphere was used. 

2.5.4 Mechanical tests 

The mechanical tests of the filaments were performed on a universal testing 

machine (Zwick/Roell 724587, Germany) equipped with a 200 N load cell. The 

filaments were preconditioned under a relatively humidity of 50% at room 

temperature (23 ℃) for at least 24 h prior to the testing. The diameters of the 

filaments were measured using an optical microscope (Leica MZ6 equipped with a 

Leica DFC420 camera, Germany), and the cross-section was regarded as a perfect 

round shape. The filaments were glued on paper frames before testing to prevent 

filament slippage. The whole assembly was clamped between the grips of a tensile 
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test instrument. The paper was then cut without breaking the filament. All the 

specimens were measured at a strain rate of 5 mm/min at room temperature and a 

sufficient gage length of 20 mm was used with a pre-force of 0.01 N. The tensile 

strength and strain were obtained directly from the tests and the Young’s modulus 

was obtained by determining the slope of the stress-strain curves. For each sample, 

five or six measurements were conducted and the average values were presented. 

2.5.5 Electrical conductivity measurement 

A two-point probe setup (Keithley 2636A sourcemeter, USA) was used to measure 

the electrical conductivities of the INC filaments incorporating CNT or reduced 

GO (rGO). The ends of the conductive filaments were glued on a copper sheet using 

silver paste as a contact point. The electrical conductivity was calculated from the 

recorded current–voltage (I–V) curves. The length and diameter of the filaments 

were obtained using an optical microscope (Leica MZ6 equipped with a Leica 

DFC420 camera, Germany) and the cross-section area of the filament was 

considered to be circular. Each sample was measured at least six times, and the 

average values were reported. 

2.5.6 In-vitro drug release studies  

The release profiles of DOX-loaded filaments were investigated in either PBS (pH 

7.4) or ABS buffer (pH 4). Five 70 cm DOX-loaded filaments were immersed into 

2 mL of release medium and incubated at 37 ℃. At desired time points, 1 mL of 

medium from each vial was taken out and replaced with 1 mL of fresh medium. 

The concentration of DOX in the collected solution was determined 

spectrophotometrically by measuring absorbance at 480 nm using a UV 

spectrophotometer (UV-1800, Shimadzu, Japan). Each release experiment was 

conducted in triplicate. The average data with standard deviations was reported. 

2.5.7 In-vitro cell biocompatibility and efficacy studies 

NIH3T3 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

containing 4.5 g/L glucose and Gibco GlutaMAX supplemented with 1% (v/v) Pen-

Strep (Sigma-Aldrich) and 10% (v/v) fetal bovine serum (Gibco). Then, the cells 

were incubated at 37 °C in a humidified 5% CO2-containing atmosphere incubator, 

trypsinized at about 90% confluency, and split in a 1:4 or 1:5 ratio. Using a hydro-



41 

entanglement process (Fig. 9), six 70 cm filaments with or without DOX were 

compressed together, forming a non-woven fibrous and porous fabric scaffolds for 

seeding cells. Then, sterilization of the obtained hydroentangled NC-based INC 

filament (HNF) scaffolds was carried out in 70% ethanol for 30 min. The HNF 

scaffolds were further washed twice using DPBS and then preconditioned with 

complete DMEM. NIH3T3 cell suspensions containing 105 cells were seeded on 

top of each conditioned scaffold and maintained at 37 °C and 5% CO2 for 2 h. 

Afterwards, each scaffold was topped up with additional fresh complete medium. 

Cells seeded on tissue culture-treated polystyrene (TCPS) with approximately the 

same surface area under the same culture conditions were used as positive controls. 

Cell-containing scaffolds were maintained in the incubator for a total of four days. 

On the second day (day 2) of culture, 10X AlamarBlue (Invitrogen) at 10% v/v was 

added to each scaffold and further incubated for 6 h to investigate the metabolic 

activity at different time points. An aliquot of conditioned AlamarBlue-containing 

medium was collected and measured every two days during the four-day culture. A 

Victor3 plate reader (PerkinElmer) was used to determine the fluorescence 

absorbance of resorufin (i.e., metabolically-reduced resazurin). All fluorescence 

absorbance intensities were corrected by subtracting the average intensity of each 

respective no-cell control well. All the cell experiments were performed in triplicate. 

 

Fig. 9. Schematic of the hydroentanglement process (Reprinted [adapted], with 

permission, from Paper II © 2019 American Chemical Society). 



42 

2.5.8 Fluorescence imaging of live cells  

Cell-seeded scaffolds were washed with DPBS two times, followed by staining 

with Hoechst 33342 (Invitrogen) for live cells and with propidium iodide (PI, 

Invitrogen) for dead cells at room temperature for 10 min and then washing twice 

again with DPBS. Scaffolds without DOX were stained with the mixture of Hoechst 

and PI, and scaffolds with DOX were only stained with Hoechst owing to the 

overlapping emission and excitation absorbance of DOX and PI. Fluorescence 

images were visualized with an Axio Scope.A1 (Zeiss, Germany) upright 

fluorescence microscope equipped with a water immersion objective at 40X 

magnification (Olympus, Japan).  

2.5.9 Statistical analysis  

All data in this thesis (such as the mechanical results) is shown as means ± standard 

deviation. Statistical significance analysis between any two sets of data was 

evaluated based on the two-tailed, paired or unpaired Student t-test, and differences 

were considered significant when p values were less than 0.05.  

2.5.10 Antimicrobial testing 

Staphylococcus aureus (S.aureas, Gram positive) and Escherichia coli (E.coli, 

Gram negative) were used to test the antibacterial activity of the fabricated 

filaments with Ag NPs. Mueller-Hinton agar was prepared by mixing nutrient broth 

(11 g) and agar (7 g) in 500 ml distilled water and sterilized by autoclaving for 15 

min under 120 ℃. After autoclaving, the mixture was cooled down to 46 ℃, and 

0.2 mL of inoculum containing approximately 105 to 106 CFU/mL of E. coli and 

S.aureas, respectively, was seeded into the nutrient agar and mixed. Subsequently, 

the nutrient agar containing bacteria was transferred into sterilized Petri dishes in a 

laminar air flow for solidification. Five 70 cm INC filaments with or without Ag 

NPs were condensed together into disks using the same hydro-entanglement 

process mentioned previously. The formed disks were put on the surface of 

prepared Mueller Hinton broth agar plates. All the plates were then incubated at 

37 °C for 24 h.  
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3 Results and discussion 

3.1 Properties of charged starting nanomaterials 

Two types of anionic (DC-CNC and TO-CNF) and cationic (GT-CNC and AH-

CNC) NCs were prepared. Commercial GO was synthesized via the traditional 

Hummer's method. The morphologies of the obtained charged anionic and cationic 

nanomaterials are shown in Fig. 10 and Fig. 11, respectively. 

3.1.1 Anionic nanomaterials 

As shown in Fig. 10a, the DC-CNCs were rod-like nanocrystals, having an average 

length of 133 ± 65 nm and an average width of 8 ± 2 nm. In comparison, the TO-

CNFs possessed a flexible elongated nanofibrillar morphology with an average 

width of 5 ± 2 nm (Fig. 10d–f). The carboxylic group content of anionic NCs was 

1.8 mmol/g for DC-CNCs, and 1.0 mmol/g and 1.57 mmol/g for TO-CNF in Paper 

I, and Papers Ⅱ and Ⅲ, respectively, as determined by the conductometric titration 

method. GO existed as nanoflakes with a thickness of about 1 nm and a diameter 

varying from hundreds of nanometers to around 8 μm (Fig. 10g–i). The charge 

density of GO was 0.39 mmol/g as measured using the polyelectrolyte titration 

method. 
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Fig. 10. TEM images and their corresponding dimension distribution graphs of (a–c) 

DC-CNC and (d–f) TO-CNF (Figure 10d and e reprinted [adapted], with permission, from 

Paper III © 2020 Authors). (g–i) AFM image of GO with a height profile and its distribution 

(Reprinted [adapted] under CC BY 4.0 license from Paper IV © 2020 Authors). 

3.1.2 Cationic nanomaterials 

Fig. 11 presents the cationic cellulose and chitin nanoparticles, i.e., CNCs (GT-

CNCs and AH-CNC) and ChNCs used for filament fabrication. The GT-CNCs and 

AH-CNCs were prepared via a two-step route based on periodate oxidation 

followed by amination using two different quaternary ammonium reagents. The 

amination reactions were conducted in aqueous conditions for the GT-CNCs and in 

the DES system for the AH-CNCs. All the CNCs showed a typical spindle-like 
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crystalline structure. The GT-CNCs had an average length of 92 ± 28 nm and an 

average width of 6 ± 1.5 nm. The AH-CNCs prepared in the DES system displayed 

similar dimensions, being 92 ± 31 nm in length and having a diameter of 6.6 ± 1.4 

nm. Positively charged ChNCs were prepared by microfluidic and ultrasonic 

treatment after partial deacetylation of chitin. The rod-like ChNCs showed a similar 

size to the CNCs, having an average length of 122 ± 44 nm and a diameter of 6.1 ± 

2.5 nm. Elemental analysis was used to determine the cationic charge density of the 

GT-CNCs and AH-CNCs, which was 1.1 and 2.3 mmol/g, respectively. The 

cationic charge density of ChNCs was measured to be 1.7 mmol/g by 

polyelectrolyte titration. 

 

Fig. 11. TEM images (a–c) of cationic GT-CNC, AH-CNC, and ChNC and their 

corresponding length (d–f) and width (g–i) distribution graphs (Figure 11 d–i reprinted 

[adapted], with permission, from Paper III and Paper IV © 2020 Authors).  
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Table 2. Characteristics of different charged nanomaterials. 

Sample name Charge Dimensions (Length × width) Charge density 

(mmol/g) 

CMC (Paper I) Negative - 3.9 

TO-CNF (Paper I, II and III) Negative 172~958 nm × 5 ± 2 nm 1~1.6 

DC-CNC (Paper I) Negative 133 ± 65 nm × 8 ± 2 nm 1.8 

GT-CNC (Paper I) Positive 92 ± 28 nm × 6 ± 1.5 nm 1.1 

AH-CNC (Paper II and IV) Positive 92 ± 31 nm × 6.6 ± 1.4 nm 2.3 

ChNC (Paper III) Positive 122 ± 44 nm × 6.1 ± 2.5 nm 1.7 

3.2 Pure cellulosic NC-based filaments fabricated via interfacial 

complexation (IC) method (Paper I) 

Three different types of negatively charged cellulosic materials including DC-

CNCs, TO-CNFs, and soluble CMC were used to fabricate continuous filaments 

with positively charged GT-CNCs based on interfacial complexation. The 

corresponding filaments are referred to as GT-CNC/CMC, GT-CNC/DC-CNC, and 

GT-CNC/ TO-CNF filaments, respectively. The fabrication process is described in 

more detail in section 2.3.1. In brief, two droplets of oppositely charged cellulosic 

dispersions were pipetted adjacent to each other on a plastic Petri dish. 

Subsequently, the droplets were bought into contact using a pair of tweezers and a 

complex film formed immediately at the interface of the two droplets. By picking 

the film up and drawing it upwards, a continuous, wet NC-based filament could be 

prepared. If the filament was drawn upwards at too high a speed (e.g., 200 mm/min 

without breaking the formed wet fiber), small water beads appeared along the axis 

of the formed filaments. These small beads were formed by the solution release of 

salt counter-ions and water because of the complexation of the two oppositely 

charged droplets. Due to the high drawing speed, the release occurred along the 

drawn wet filaments rather than in the droplet (Wan et al., 2016). After the beaded 

filament had dried, a thick and inhomogeneous area would form along the fiber 

axis (Fig. 12), which is probably detrimental to the mechanical properties of the 

filament.  

When the drawing speed was slow enough (e.g., lower than 40 mm/min), the 

release of counter-ions and water occurred already at the droplet-air interface 

before they left the droplets, resulting in the formation of a homogenous wet 

filament. Therefore, in the current thesis, in order to obtain a uniform filament 

without beads, a tensile testing machine was utilized to control the drawing speed. 
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Unless otherwise specified, all the cellulosic filaments prepared were fabricated 

mechanically. The feasibility of filament formation was investigated using a variety 

of concentrations of starting materials (GT-CNC and other anionic counterparts 

including CMC, DC-CNC, and TO-CNF). It was proved that all combinations of 

100 µL of 0.6 to 0.8 wt% GT-CNC with 100 µL of 0.3 to 0.6 wt% anionic celluloses 

solutions could easily be drawn to produce filaments up to a length of 70 cm.  

 

Fig. 12. Optical images of inhomogeneous areas formed along the filament axis 

(Reprinted, with permission, from Paper I © 2018 Wiley-VCH). 

Typical SEM images of dried NC-based filaments are displayed in Fig. 13. GT-

CNC/CMC filament was prepared via soluble CMC with insoluble cationic GT-

CNC, whereas GT-CNC/TO-CNF and GT-CNC/DC-CNC filaments were obtained 

by two insoluble oppositely charged NC suspensions. These filaments formed using 

colloidal particles only (instead of any soluble components) were formed using a 

phenomenon known as interfacial nanoparticle complexion (INC). All the 

fabricated filaments exhibited dense structures without interspaces in both the 

longitudinal and transverse direction. All the filaments were flexible enough to 

form a knot (Fig. 13b). In addition, aggregated and parallel sub-micron fibers (S-

MFs) were observed aligned along the fiber axis, showing a nervation/veining 

pattern similar to reported IPC filaments (Wan et al., 2016). In order to observe 

these S-MFs more clearly, nascent beaded filaments were placed on a glass slide 

before drying, forming loose regions with separated S-MFs (Fig. 14a). A region of 

“fanning out” fibers after drying was also observed from the SEM image (Fig. 14c). 

It can be seen that all the primary NC-based filaments were composed of multiple 

thinner fibers with a diameter less than 1 µm. The typical diameter of the aligned 

S-MFs was measured and is summarized in Table 3. 
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Fig. 13. Optical microscopy (a) and SEM images (b-d) of different dried pure cellulosic 

NC-based filament fabricated with a concentration of 0.6 wt% for each constituent 

suspension (Reprinted, with permission, from Paper I © 2018 Wiley-VCH). 
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Fig. 14. Optical microscopy (a) images of the different nascent wet beaded filaments 

after placing on a slide and their corresponding SEM images (b, c) after drying 

(Reprinted, with permission, from Paper I © 2018 Wiley-VCH). 

The cross-sections of different NC-based filaments are displayed in Fig. 15. An 

almost circular round shape was observed for all filaments. It should be noted that 

some outlines of S-MFs could still be found in the fringes of the fractured filaments 

(Fig. 15b). With higher magnification (Fig. 15c), much smaller aligned nanofibers 

were observed inside. The average diameter of these aligned nanofibers in GT-

CNC/CMC, GT-CNC/TO-CNF, and GT-CNC/DC-CNC filaments was measured to 

be 94 ± 24, 14 ± 5, and 20 ± 8 nm, respectively, exhibiting larger diameters than 

that of each constituent NC (Table 3). It is inferred that these sub-unit nanofibers 

(S-NFs) were generated by the combination of two oppositely charged celluloses 

via electrostatic interaction. Notably, the diameter of S-NFs in GT-CNC/CMC 

filament was larger than that of the S-NFs in GT-CNC/TO-CNF and GT-CNC/DC-

CNC filaments. This can probably be ascribed to the different combination 

mechanism of the two oppositely charged cellulosic materials. S-NFs in GT-

CNC/CMC filament were formed by a combination of CMC and GT-CNC, in 

which cationic GT-CNCs were covered by a sleeve of soluble anionic CMC 

(Toivonen et al., 2017). The coating of CMC on the surface of GT-CNC resulted in 

thicker S-NFs. In contrast, the S-NFs in GT-CNC/TO-CNF and GT-CNC/DC-CNC 
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filaments were obtained by the bonding of two oppositely charged NCs via 

electrostatic interaction. This hypothesis was further supported by the smaller 

diameter of the S-NFs (14 ± 5 nm) in the GT-CNC/TO-CNF filament compared to 

the S-NFs (20 ± 8 nm) in the GT-CNC/DC-CNC filament. The difference is 

probably due to the smaller width of the original TO-CNF (5 ± 2 nm) than that of 

the DC-CNC (8 ± 2 nm). To conclude, the potential process of NC-based filament 

formation is described as follows: cationic GT-CNC first assembled with an anionic 

cellulosic component and formed nano-sized S-NF. Second, S-NFs aggregated 

together generating micro-sized S-MFs. Finally, S-MFs bonded together and 

formed macroscale cellulosic filaments after drying (Fig. 15e).  

 

Fig. 15. SEM images (a-d) of cross-sectional areas of pure cellulosic NC-based filament 

at different magnifications and (e) schematic illustration of potential hierarchical 

structure of NC-based filaments formed by the IC method (Reprinted, with permission, 

from Paper I © 2018 Wiley-VCH). 
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Table 3. Average diameters of individual sub-micron fibers and their sub-unit 

nanofibers, and GT-CNC content in each drawn nanocellulose-based filament 

(Reprinted [adapted], with permission, from Paper I © 2018 Wiley-VCH). 

Sample name Average diameter of 

individual S-MFs (nm) 

Average diameter 

of the S-NFs (nm) 

Nitrogen 

(N) content 

(wt%) 

GT-CNC 

content 

(wt%) 

GT-CNC 

content in 

theory (wt%) 

GT-CNC/CMC 360–1000 94 ± 24 3.2 66.7 78.0 

GT-CNC/TO-CNF 120–700 14 ± 5 2.5 52.1 47.6 

GT-CNC/DC-CNC 150–450 20 ± 8 3.0 62.5 62.1 

The elemental analysis of NC-based filaments was performed and the nitrogen (N) 

content of each sample is shown in Table 3. All the charged NCs were regarded as 

fully charged in their corresponding pH conditions (see pH conditions in the 

experimental section) (Suopajärvi, Liimatainen, Hormi, & Niinimäki, 2013; 

Suopajärvi, Sirviö, & Liimatainen, 2017; Chi & Catchmark, 2018). Nitrogen was 

detected in all fabricated filaments, suggesting the successful incorporation of GT-

CNC into the fabricated filament. By dividing the N content in the cellulosic 

filament by the N content in GT-CNC (4.8 wt%), the GT-CNC content in GT-

CNC/CMC, GT-CNC/TO-CNF, and GT-CNC/DC-CNC filaments was calculated 

to be 66.7, 52.1, and 62.5 wt%, respectively. The theoretical value of the GT-CNC 

content in each filament was also calculated by dividing the theoretical absorbed 

GT-CNC weight by the theoretical weight of the formed NC-based filament in total. 

For example, 1.1 g of 1.8 mmol/g DC-CNC could assemble with 1.8 g of 1.1 

mmol/g GT-CNC. Notably, the theoretical values of GT-CNC in the GT-CNC/TO-

CNF and GT-CNC/DC-CNC filaments were quite close to the values obtained by 

elemental analysis. This result might suggest that the charge groups on the surface 

of each NC were almost fully compensated during the filament formation process. 

Nevertheless, a lesser amount of GT-CNC was incorporated into the GT-

CNC/CMC filament compared to the calculated theoretical value. On the one hand, 

this might be ascribed to the different filament formation mechanism of GT-

CNC/soluble CMC compared to the interfacial nanoparticle complexation of two 

oppositely charged nanocelluloses. On the other hand, it is probably related to the 

fact that the CMC was not completely charged under neutral pH conditions.  

The mechanical properties of fabricated NC-based filaments formed by using 

0.8 wt% GT-CNC with a 0.3 wt% anionic cellulosic component were characterized 

and compared (Table 4). The GT-CNC/CMC filament showed a relatively low 

tensile strength and Young’s modulus but much higher elongation compared to GT-
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CNC/TO-CNF and GT-CNC/DC-CNC filaments, which was probably caused by 

the lack of crystallinity of CMC and its flexible molecular chain. In addition, it can 

be noted that the tensile strength of GT-CNC/CMC filament showed quite a close 

value (115 ± 13 MPa) compared to that of GT-CNC/DC-CNC filaments (121 ± 7 

MPa), which was ascribed to the higher anionic charge group content of CMC. In 

contrast, owing to the higher aspect ratio of TO-CNF, GT-CNC/TO-CNF filaments 

exhibited the highest values in both tensile strength (153 ± 11 MPa) and Young’s 

modulus (8.4 ± 1.5 GPa), even though the synthesized TO-CNF had the lowest 

charge density. To conclude, not only the charge density but also the morphology 

of NC affected the mechanical performance of the fabricated NC-based filaments. 

On the other hand, the NC-based filament obtained using the IC method showed a 

lower tensile strength compared to the filament formed via wet spinning or 

microfluidic spinning (Table 1). Post treatments (e.g., cross-linking or stretching) 

and the optimization of filament fabrication conditions (drawing ratio or pH) are 

still needed during the IC process in order to improve the mechanical performance 

of NC-based filaments. 

Table 4. Mechanical properties of the fabricated nanocellulose-based filaments 

(Reprinted, with permission, from Paper I © 2018 Wiley-VCH). 

Sample Diameter (µm) Ultimate tensile 

strength (MPa) 

Strain at 

break (%) 

Young’s 

modulus (GPa) 

GT-CNC/CMC 37 ± 8 115 ± 13 8.9 ± 1.8 5.3 ± 1.3 

GT-CNC/TO-CNF 25 ± 5 153 ± 11 4.9 ± 1.4 8.4 ± 2.0 

GT-CNC/DC-CNC  29 ± 6 121 ± 7 2.6 ± 0.5 7.5 ± 0.6 

3.3 NC-based nanocomposite filaments fabricated via interfacial 

nanoparticle complexation (INC) method 

This section describes the investigation of the feasibility of INC filament drawing 

for the fabrication of composite filaments containing NC and non-cellulosic 

nanoadditives including cationic chitin nanocrystals (ChNCs) (with anionic TO-

CNF, Paper Ⅲ) and anionic graphene oxide (GO with cationic CNC, Paper Ⅳ), 

respectively. 
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3.3.1 Nanocellulose and nanochitin nanocomposite filaments (Paper 

III)  

Chitin is the second most abundant polysaccharide after cellulose and is known as 

a cellulose analogue consisting of repeating N-acetylglucosamine units. By 

defibrillation or hydrolysis treatment, nanosized chitin could be extracted, termed 

nanochitin (NCh). NCh exhibits many features similar to NC, such as excellent 

mechanical properties, a high aspect ratio, low density, and biodegradability. Here, 

chitin nanocrystals (ChNCs) prepared from partially deacetylated chitin were used 

as the cationic component to complex with anionic TO-CNFs for the fabrication of 

TO-CNF and ChNC nanocomposite (TO-CNF/ChNC) filaments. All the filaments 

were obtained using 0.3 wt% TO-CNF with 0.3 wt% ChNC. The reason for 

selecting this combination was the good drawing feasibility at relatively high 

concentration and low viscosity for both TO-CNF and ChNC. 

The effect of the drawing rate on the mechanical properties of the formed TO-

CNF/ChNC filaments was investigated and various TO-CNF/ChNC filaments were 

drawn at different drawing rates (40, 100, 150, 200, 300, 400, and 500 mm/min). 

The mechanical properties of the formed filaments are shown in Fig. 16. At a 

drawing speed of 40 mm/min, the tensile strength and Young's modulus of the 

formed TO-CNF/ChNC filaments were about 184 MPa and 8.3 GPa, respectively. 

When the speed was increased to 100 mm/min or 150 mm/min, only a slightly 

decrease was observed in both tensile strength and Young's modulus. The tensile 

strength reached a maximum value of 188 MPa at a drawing speed of 200 mm/min, 

this was probably attributed to the improved orientation of the constituent 

nanoparticles. However, with a further increase in drawing speed, the ultimate 

tensile strength reduced significantly. This might be explained by the fact that, at 

higher drawing speeds, the time for the nanoparticles to interact would be shorter, 

which might result in uncompleted complexation between these two oppositely 

charged components (Wan et al., 2016). At a drawing speed of 500 mm/min or 

higher, gel beads appeared along the filament axis due to the release of counterions 

and water, which led to an inhomogeneous filament after drying (Wan, Yim, Liao, 

Le Visage, & Leong, 2004). 
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Fig. 16. Tensile properties of the TO-CNF/ChNC filaments fabricated using different 

drawing speeds: (a) typical stress-strain curves, (b) strain at the break, (c) tensile stress, 

and (d) Young's modulus (Under CC BY-NC-ND 4.0 license from Paper III © 2020 

Authors). 

Elemental analysis was also performed on the TO-CNF/ChNC filament. The 

filament was fabricated using 0.3 wt% ChNC and 0.3 wt% TO-CNF suspensions. 

The content of ChNC in the formed filament was determined to be 47.6%, which 

was also close to the calculated theoretical value for the ChNC content (47.3%) 

(i.e., 1.7 g of 1.53 mmol/g TO-CNF could theoretically assemble with 1.57 g of 1.7 

mmol/g ChNC). This result further supported the results obtained from the NC-

based filaments discussed above and also indicated that the charges on the surface 

of ChNC and TO-CNF were almost fully compensated during the INC 

complexation. 

The SEM images of the TO-CNF/ChNC filament are shown in Fig. 17. The 

fabricated TO-CNF/ChNC filament was flexible and could be tied to form a knot. 

In the longitudinal direction, aligned microscale fibers with diameters of 1–3 µm 

were clearly observed along the formed TO-CNF/ChNC filament. Additionally, 

plenty of nano-sized fibers were found in the cross-section of the formed filament. 
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It is assumed that these nano-sized fibers were formed by the ionic combination of 

ChNCs and TO-CNF, showing an average diameter (10 ± 2 nm) larger than that of 

ChNC (6 ± 3 nm) or TO-CNF (5 ± 2 nm). 

 

Fig. 17. SEM images of the longitudinal direction (a-c) and (d-f) cross-sectional area of 

TO-CNF/ChNC filament fabricated with 0.3 wt% TO-CNF and 0.3 wt% ChNC (Under CC 

BY-NC-ND 4.0 license from Paper III © 2020 Authors). 

3.3.2 Nanocellulose and graphene oxide nanocomposite filaments 

(Paper IV) 

Graphene is a two-dimensional material, consisting of several single layers of 

carbon atoms. Graphene oxide (GO) is a negatively charged nanoflake with 

multiple oxygen-containing functional groups on its basal planes and edges, such 

as epoxy, hydroxyl, and carboxylic acid (Hu et al., 2017), which significantly 

enhance the dispensability of GO in aqueous solution (Liu & Seo, 2010). It has 

been reported that the IPC method can be used to fabricate GO and polyelectrolyte 

composite fibers (Lee, Do, Seo, & Lee, 2018; Zou & Kim, 2012). Therefore, there 

is great potential for anionic GO with negatively charged groups to assemble with 

cationic CNCs to fabricate CNC and GO (CNC/GO) hybrid filament based on the 

INC method. 

Two different types of cationic CNCs (AH-CNC or GT-CNC) were used to 

complex with GO for the fabrication of CNC/GO filament based on the INC 

method (Fig. 18). Similarly, with simple blending of the two suspensions, only 

precipitated complexes would form. In comparison, CNC/GO filament can be 

obtained using the INC process. The effects of the concentrations of the starting 
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material (AH-CNC, GT-CNC, and GO) on the formation of the composite filament 

were investigated. All the filaments were drawn using a mechanical test machine 

at a drawing speed of 30 mm/min. It was observed that the GO suspensions from 

0.15 to 0.5 wt% formed uniform filaments with 0.15 to 0.5 wt% GT-CNC or AH-

CNC suspensions. However, the filaments were too weak to be drawn when the 

concentration of GO was lower than 0.05 wt%. By using 100 µL of 0.3 wt% AH-

CNC or GT-CNC with 100 µL of 0.3 wt% GO, stable filaments with a length longer 

than 60 cm were successfully fabricated. 

 

Fig. 18. (a) Suspensions of cationic CNC and GO and the formed precipitated complex 

mixture after simple blending; (b-e) CNC/GO hybrid filament drawing process; (f) a 

single dry CNC/GO hybrid filament with a length of 53 cm; (g) a schematic of the 

CNC/GO hybrid filament drawing process (Under CC BY 4.0 license from Paper IV © 

2020 Authors). 

Fig. 19 shows SEM images of the surface and cross-section area of the obtained 

GT-CNC/GO and AH-CNC/GO filaments. For both hybrid filaments, numerous 

folds and gullies could be observed along the filament axes. Notably, with a higher 

magnification, various needle-like CNCs were observed on the GO flake surface, 

indicating the successful assembly of GO and CNCs. In addition, on the surface of 

the GT-CNC/GO filaments, more CNCs were observed compared to the CNCs 

observed on the surface of the AH-CNC/GO filament. This can be attributed to the 

lower charge density of GT-CNC compared to that of AH-CNC. With a lower 

charge density on the surface of GT-CNC, GO can complex with more GT-CNC. 
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This result was also supported by elemental analysis, in which the GT-CNC and 

AH-CNC content was determined to be 45.6 wt% and 16.0 wt%, respectively. For 

the cross-sectional area of CNC/GO filaments, a circular cross-section was 

observed for both filaments, which was probably related to the supporting effect of 

CNCs on the GO skeleton (Mo, Chen, Gao, Chen, & Li, 2018). Curly GO flakes 

were found stacked together and oriented in the filament axial direction. A possible 

structure of the formed CNC/GO hybrid filament was presented based on these 

findings (Fig. 19m). Cationic CNC first complexed with anionic GO flakes and 

then the individual complexes further packed into a macroscale layered hybrid 

filament via the upward drawing tension. 
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Fig. 19. The side view and cross-sectional SEM images of (a–f) GT-CNC/GO and (g–l) 

AH-CNC/GO filaments and (m) the schema of the potential structure of CNC/GO hybrid 

filament (Under CC BY 4.0 license from Paper IV © 2020 Authors). 

3.4 Potential applications of nanocellulose-based filament formed 

by the INC method 

Since the NC-based filaments were prepared under aqueous and neutral conditions 

without adding any other toxic chemicals, they compare favorably to other filament 

preparation methods, especially when used in biomedical areas such as tissue 
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engineering (Tai, Wan, & Ying, 2010; Cutiongco, Tan, Ng, Le Visage, & Yim, 

2014). The high surface area-to-volume and strength-to-weight ratios of the 

filaments provide a potential platform for cell growth, alignment, and migration 

(Cutiongco et al., 2014). Moreover, due to the aqueous-based, self-assembly nature 

of this INC process, it also possible to endow the INC filaments with other 

functionalities by incorporating some other chemicals and materials (such as metal 

nanoparticles and drugs) for various applications (Cutiongco et al., 2015). 

3.4.1 Potential applications in the biomedical field 

Drug release 

Owning to the biocompatibility, biodegradability, and low cytotoxicity of NC, it 

has been proved to be a promising material for biomedical applications, such as 

tissue engineering and drug delivery (Xue et al., 2017). Here, due to the green 

fabrication process of the INC method, the fabricated NC-based INC filaments 

show great potential to be used as a cost-effective advanced material for biomedical 

applications. The NC-based INC filament was applied as a scaffold for application 

in drug release. A cationic antitumor drug (DOX, doxorubicin hydrochloride) was 

used as a model drug and first mixed with a 0.5 wt% AH-CNC suspension. The 

cationic mixture obtained was used for assembly with negatively charged TO-CNF 

for the fabrication of DOX-loaded NC (DOX/NC)-based filaments. Due to the 

electrostatic interaction between anionic TO-CNF and cationic DOX, the latter 

could be encapsulated into the filament efficiently. The loading efficiency of DOX 

in the filaments formed was 83 ± 1%, which was determined by measuring the total 

amount of residual DOX left in the droplets after drawing thirty filaments. Five of 

the DOX-loaded filaments with a length of 70 cm were immersed into 2 mL of two 

types of media (PBS buffer pH 7.4 and ABS buffer pH 4.0). The cumulative release 

profiles of DOX in different pH media are shown in Fig. 20. DOX showed a faster 

release rate in the neutral PBS buffer than in the acidic ABS buffer. A rapid burst 

release was observed in the first 3 h with about 80% of DOX release after 

immersion in the PBS buffer. 100% release of DOX was achieved after 77 h. In the 

ABS solution, an initial burst release was also observed, in which about 25.3% of 

DOX was released within the first 1 h. After that, the release rate slowed down and 

remained almost constant after 10 h, exhibiting a sustained release profile. The 

different initial burst release behavior for different pH buffers was likely caused by 
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the different swelling ratio of INC filaments in these buffers, where the NC-based 

filament showed a higher swelling ratio (81.9 ± 8%) in PBS than its swelling ratio 

(20.3 ± 6%) in ABS after 10 min of soaking. The smaller swelling ratio of the INC 

filament also probably indicates that cationic CNC combined with TO-CNF more 

tightly in acidic solution. 

 

Fig. 20. In vivo release profiles of DOX-loaded NC-based INC filaments at pH 7.4 and 4.0. 

The inset shows the cumulative drug release in the first hour (Reprinted, with 

permission, from Paper II © 2019 American Chemical Society).   

The cytotoxicity of NC-based INC filaments with or without DOX was also tested. 

By using a hydro-entanglement process (Fig. 9), six NC or DOX/NC-based INC 

filaments with a length of 70 cm were bonded together, forming fibrous and porous 

scaffolds for cell culture (Fig. 21a). These hydro-entangled NC-based INC filament 

(HNF) scaffolds with or without DOX were insoluble in aqueous solutions. Their 

biocompatibilities in vivo were also investigated. Fibroblast NIH3T3 cells were 

seeded on top of the conditioned scaffolds with 105 cells for each scaffold. After 

seeding, the cell growth was evaluated based on the relative metabolic activity 

measured on the second (d2) and fourth (d4) days. It was found that the cells 

cultured on TCPS (tissue culture polystyrene) displayed significant growth from d2 

to d4 with a two-tailed paired t-test showing p < 0.01. Cell growth was also 

observed on HNF without DOX, even though the growth was not very statistically 

significant with p = 0.06. In addition, the cell growth was slightly reduced and no 

significant cytotoxicity was observed. In contrast, the cell growth (paired t-test 
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showing p = 0.89) was very low for cells cultured on HNF with DOX, indicating 

that cells were mostly no longer metabolically active after two days of culture for 

HNF with DOX. This was probably because of the toxic DOX molecules that had 

been released from the scaffolds into the cell culture medium. The color of the 

medium became redder as the culture time increased, which also suggested the 

continuous release of DOX. Fluorescence microscopic images of cells on HNF with 

and without DOX were also taken after one day of seeding (Fig. 21c). A cluster of 

live (blue/Hoechst 33342) and dead (red/PI) cells can be seen attached to the HNF 

without DOX. For HNF with a DOX scaffold, no cells were observed on its surface 

when stained by Hoechst 33342. In addition, DOX fluorescence was detected in 

both the fiber and cells, which revealed that most of the cells were already dead or 

undergoing apoptosis (Hujaya, Lorite, Vainio, & Liimatainen, 2018) and that the 

cell death was induced by the DOX that had been internalized in the cells. To 

conclude, using DOX as an example, the NC-based filaments formed by the INC 

process exhibited high encapsulation efficiency and can be applied for pH-

responsive drug release. Moreover, the good biocompatibility of NC-based 

filaments formed by the INC process make these filaments ideal materials for the 

incorporation of other biologics such as protein, peptide, and cells, which could be 

applied for cell culture and tissue engineering (Tai et al., 2010; Wan, Yim, et al., 

2004; Wang et al., 2014; Cutiongco et al., 2015; Carretero, Soares da Costa, Reis, 

& Pashkuleva, 2017). 
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Fig. 21. Photo and optical images of NC or DOX/NC-based INC filament scaffolds with 

(red, HNF w/DOX) or without DOX (HNF w/o DOX). (b) Relative metabolic activity of 

NIH3T3 cells grown on HNF without DOX, with DOX, or on regular TCPS on 2 days (d2) 

and 4 days (d4) post-seeding according to the Alamar Blue assay. (c) Fluorescence 

microscopic images of cell-laden HNF obtained on 1 day (d1) post-seeding. Cells on 

HNF w/o DOX were stained with Hoechst 33342 for live cells and with PI for dead cells, 

while cells on HNF w/DOX were stained only with Hoechst 33342 (Reprinted, with 

permission, from Paper II © 2019 American Chemical Society). 

Antimicrobial applications 

The incorporation of inorganic colloidal metal nanoparticles into an NC-based 

filament by the INC process was also investigated. Silver nanoparticles (Ag NPs) 

were used as an example and the antimicrobial property of the Ag NP-doped NC 

(Ag NPs/NC)-based filament was also investigated. By adding a sodium- citrate-

stabilized Ag NP dispersion into a TO-CNF suspension, a negatively charged 

mixture was obtained and further used to complex with cationic AH-CNC for the 
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fabrication of Ag NP-doped NC-based filament. The loading efficiency was not 

determined here but it was observed that no yellow color from the Ag NP 

suspension was left after filament drawing. It is believed that it is the citrate ions 

absorbed on the surface of Ag NPs that facilitate the incorporation of Ag NPs. 

Energy dispersive spectroscopy (EDS) analysis of the resulting INC filament was 

conducted (Fig. 22). Silver was found distributed homogenously on the surface of 

the filament, indicating the successful incorporation of Ag NPs. Additionally, both 

sodium and chloride were observed in the EDS map due to the sodium chloride 

formed via the complexation of the oppositely charged NC. The antimicrobial 

property of the Ag NPs/NC-based INC filament towards Gram-positive (S.aureus) 

and Gram-negative (E.coli) was studied. Five Ag NPs/NC-based INC filaments or 

pure NC-based filaments with a length of 70 cm were condensed together via the 

same hydro-entanglement process mentioned above. These disks were then 

incubated on broth agar plates at 37 °C for 24 h. It can be clearly seen that an 

inhibition zone appeared against both tested microbial strains for Ag NPs/NC-based 

INC filaments with a slight loss of color. In contrast, no inhibition zone was 

observed for the pure NC-based filament. It can be envisioned that more functional 

NC-based filaments can be prepared by encapsulation of other colloidal metal 

inorganic nanoparticles (such as gold NPs) for application in biomedical or other 

areas (Baranes, Shevach, Shefi, & Dvir, 2016). 
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Fig. 22. (a) View of energy dispersive spectroscopy (EDS) map of Ag NP-doped INC 

filaments; Photo of (b) disk fabric formed by five 70 cm Ag NP-doped INC filaments and 

the inhibition zone against (c) S.aureas and (d) E.coli (Reprinted, with permission, from 

Paper II © 2019 American Chemical Society). 

3.4.2 Potential applications in the electronic field 

Fabrication of NC-based filament incorporating CNTs 

It was reported earlier that NC with charged groups could be used as an efficient 

surfactant for the dispersion of CNT in aqueous solution (Hamedi et al., 2014; 

Hajian et al., 2017). CNT and TO-CNF can form associate structures after 

sonication, which are electrostatically stabilized through the charged groups on the 

surface of NC (Hajian et al., 2017). By dispersing CNT using charged NC, various 

types of NC and CNT composites including films (Olivier et al., 2012), aerogels 

(Zheng, Cai, Ma, & Gong, 2015), hydrogels (Han et al., 2019), and microfibers 

(Cho et al., 2019; Wan et al., 2019) have been manufactured and applied in 
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supercapacitors, textile sensors, etc. Particularly, conductive fiber has attracted a 

great deal of attention due to its good flexibility, knittability, and low weight, and 

has been used as an important component in electronic applications such as 

biosensors. Several methods including wet spinning and 3D-printing have been 

reported to produce NC and CNT hybrid filaments (Li et al., 2017; Yao et al., 2018).  

Here, the INC process was tested for the fabrication of NC and CNT hybrid 

filaments. Two types of CNTs including carboxylated multi-walled CNTs 

(CMWCNTs, Paper Ⅱ) and single-walled CNTs (SWCNTs, Paper Ⅲ) were 

dispersed by a TO-CNF suspension. The mixture obtained was used as the anionic 

component to form a hybrid filament. 

In Paper Ⅱ, various amounts of CMWCNTs (from 0.1 to 0.45 wt%) were 

dispersed in a 0.5 wt% TO-CNF suspension using ultrasonication. The obtained 

TO-CNF and CMWCNTs mixtures remained stable for several months and were 

used for assembly with 0.5 wt% AH-CNC for the fabrication of CMWCNT-doped 

NC (CNTs/NC)-based INC filaments. It was assumed that the electrostatic 

interaction would occur between the positively charged nanocellulose (AH-CNC) 

and the formed associated structures of anionic nanocellulose (TO-CNF) and 

CMWCNTs (Hajian et al., 2017). The SEM images of the obtained pure NC-based 

filament and CNTs/NC-based INC filaments are shown in Fig. 23. Nervation 

surface morphology was observed in both of the filaments formed. Parallel sub-

micron fibers were found aligned in the longitudinal direction of the formed 

filament. Compared with the smooth surface of pure NC-based INC filament, curly 

CMWCNTs were observed on the surface of the CNTs/NC-based INC filaments. 

Concerning the cross-sectional area, both filaments displayed a circular shape. 

Aggregated nano-sized fibers (NFs) with an average diameter of 31 ± 7 nm were 

observed in the cross-sectional area of the pure NC-based INC filament. In 

comparison, some longer individual fibers (about 20 nm in diameter) were 

observed in the CNTs/NC-based INC filaments, which were assumed to be 

CMWCNTs.  
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Fig. 23. SEM images of (a, c) side view and (b, d) cross-sectional areas of INC filaments 

without (a, b) or with (c, d) incorporating CMWCNTs pure NC and (Figure 23 b–d 

reprinted [adapted], with permission from Paper II © 2019 American Chemical Society). 

The mechanical and electrical conductivities of the formed CNTs/NC-based INC 

filaments were also investigated and the results are shown in Fig. 24 and Table 5. 

The incorporation of CMWCNTs resulted in the reduction in both tensile strengths 

and Young’s modulus of the hybrid filaments. It is assumed that the addition of 

CNTs disturbed the interactions between the oppositely charged NC, in turn leading 

to the weaker mechanical strength of the obtained filaments. In contrast, the 

maximum strain of the formed filaments was enhanced, which was probably due to 

the physical entanglement of the long CMWCNTs. The electrical conductivity of 

the CNTs/NC-based INC filaments increased with an increasing amount of 

CMWCNTs. A maximum value of 392 S/m was obtained when the concentration 

of CMWCNTs was 0.4 wt%. The electrical conductivity σ showed a typical 

concentration percolation behavior with increasing CMWCNTs concentration c, 

following the power law of percolating networks well: σ = σ0(c-c0)α, where σ0 and 

c0 are the threshold conductivity and concentration, and α is the critical exponent 

describing the dimensionality of the percolation. By fitting the data at low 
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CMWCNTs concentrations, the value of α obtained was 2.36 ± 0.11, showing quite 

a close value to the theoretical one (α=2) for 3-dimensional percolating networks. 

It can be seen that the CNTs/NC-based INC filament, which was mounted on a 

conductive substrate by silver paste and connected to a 1.5 V battery, conducted 

sufficiently high current to operate an LED.  

 

Fig. 24. Typical stress-strain curves and (d) electrical conductivity of INC filaments 

fabricated using different CMWCNT concentrations in a TO-CNF dispersion. The inset 

is a light emitting diode (LED) operated using an individual INC filament incorporating 

CMWCNTs fabricated with 0.35 wt% CMWCNTs in a TO-CNF suspension (47.3 wt% 

CMWCNTs in formed filament 45.5 μm in diameter) (Reprinted [adapted], with 

permission, from Paper II © 2019 American Chemical Society). 

Table 5. Characteristics of fabricated NC-based INC filament incorporating CMWCNTs 

(Reprinted [adapted], with permission, from Paper II © 2019 American Chemical Society).  

CCMWCNTs
a

 (wt%) Ultimate tensile 

strength (MPa) 

Strain at break 

(%) 

Young’s 

modulus (GPa) 

Electrical 

conductivity (S/m) 

 0 178 ± 18 8 ± 2 8 ± 2 ̶ 

0.1 141 ± 13 20 ± 4 5 ± 2 6 ± 3 

0.15 126 ± 7 28 ± 4 3.7 ± 1.0 23 ± 4 

0.2 104 ± 5 29 ± 6 3.6 ± 0.7 60 ± 12 

0.25 109 ± 8 25 ± 3 3.1 ± 0.9 135 ± 20 

0.3 108 ± 5 24 ± 3 4.1 ± 0.6 194 ± 30 

0.35 101 ± 5 29 ± 7 2.5 ± 0.6 354 ± 30 

0.4 103 ± 13 27 ± 4 3.0 ± 0.4 362 ± 30 

0.45 83 ± 13 13 ± 6 4.0 ± 0.5 351 ± 40 

aCCMWCNTs represents the concentration of CWCNTs in the TO-CNF dispersion. 

The incorporation of SWCNTs in the INC filament was investigated in Paper Ⅲ. 

SWCNTs were first dispersed into a 0.3 wt% TO-CNF aqueous suspension. The 

mixture obtained with a concentration of 0.05, 0.1, or 0.2 wt% SWCNTs was used 

as an anionic part to draw a TO-CNF and ChNC filament containing SWCNT 



68 

(SWCNT@TO-CNF/ChNC filaments) with a 0.3 wt% cationic ChNC aqueous 

suspension. With a higher concentration (higher than 0.2 wt%) of SWCNT in TO-

CNF, the filament could not be formed owing to the high viscosity of the mixture 

suspension. SEM images of the SWCNT@TO-CNF/ChNC filament are displayed 

in Fig. 25. A rough surface could be observed with some recognizable SWCNTs on 

the surface. Moreover, individual and long SWCNTs were clearly visible in the 

cross-sectional fracture. The content of SWCNTs in the SWCNT@TO-CNF/ChNC 

filaments fabricated from a suspension containing 0.05, 0.1, and 0.2 wt% SWCNTs 

was estimated by thermogravimetric analysis, which was 6.9, 29.3, and 38.6%, 

respectively. The SWCNTs content of the hybrid filament formed by TO-CNF with 

0.1 wt% SWCNTs was about four times higher than that of the filament fabricated 

with 0.05 wt% SWCNTs. As mentioned before, TO-CNF was used as a dispersant 

and can form an electrostatically stabilized associated structure with CNTs. It is 

assumed that more TO-CNF would associate with CNTs when the amount of CNTs 

is lower, and in turn, more ChNC would assemble with the associated structure 

resulting in a comparatively lower CNT content in the filaments.  

 

Fig. 25. SEM images of (a–c) surface and (d–f) cross-sectional area of SWCNT@TO-

CNF/ChNC filaments fabricated by 0.3 wt% ChNC and 0.3 wt% TO-CNF with 0.2 wt% 

SWCNTs.  

Fig. 26 presents the mechanical and electrical properties of the SWCNT@TO-

CNF/ChNC filaments. Similarly, the incorporation of the SWCNTs led to a 

decrease in the mechanical properties for the hybrid filament compared to those of 

the TO-CNF/ChNC filament. The strain was also reduced because of the rigidity of 

the SWCNTs (Granero, Razal, Wallace, & in het Panhuis, 2010). When the 

SWCNT concentration increased from 0.1 to 0.2 wt%, the mechanical properties 

of SWCNTs@TO-CNF/ChNC filaments did not change much. It is assumed that 
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with a higher SWCNT content embedded inside the filament, the SWCNT network 

started to have a positive effect, in which its network compensated for the loose 

structure of the filament and offered structural integrity and mechanical strength to 

the filaments (Razdan et al., 2009). Due to the excellent electrical properties of 

SWCNTs, the conductivity of the filaments was improved significantly by the 

loading of SWCNT. In addition, the filament fabricated with 0.2% SWCNTs 

showed a much higher electrical conductivity (2056 S/m) than that (60 ± 12) of the 

filament formed using CMWCNT with the same concentration.  

 

Fig. 26. Typical strain–stress curves (a) and I–V curves (e) of the SWCNT@TO-

CNF/ChNC filaments fabricated with different CNT concentrations; the inset in part (b) 

is the formed filament used as a conductive line to light an LED (Under CC BY-NC-ND 

4.0 license from Paper III © 2020 Authors). 

Reduced AH-CNC/GO (AH-CNC/rGO) filament 

In Paper Ⅳ, reduced AH-CNC/GO (AH-CNC/rGO) filament was prepared by 

further chemical reduction of the AH-CNC/GO hybrid filament synthesized using 

HI as a reductant (Section 3.3.2). SEM images of the morphologies of the AH-

CNC/rGO filament are shown in Fig. 27. The AH-CNC/rGO filament displayed a 

similar structure to that of the AH-CNC/GO filament in both the longitudinal and 

transverse direction. CNCs were still vaguely visible and distributed randomly on 

the surface of the reduced filament. The layered rGO flakes remained in its cross- 

sectional area. Compared with the compact layered GO sheets in the AH-CNC/GO 

filament (Fig. 27i), a looser structure with some voids was observed, which can 

probably be ascribed to the chemical reduction of the oxygen-containing groups on 

the GO sheet surface. The filaments were originally formed by the electrostatic 

interaction between carboxylic groups and cationic quaternary amine. After the 
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reduction of the carboxylic groups, the interactions between the oppositely charged 

groups were weakened in turn, resulting in a relatively loose structure. The tensile 

strength of the AH-CNC/rGO hybrid filament was measured to be 109.3 ± 8 MPa, 

which was about 25% higher than that of the unreduced filament (87.1 MPa). The 

improvement in tensile strength was probably related to the intrinsic higher 

mechanical strength (lower interlayer space) of reduced GO sheets compared to 

GO sheets (Lee, Wei, Kysar, & Hone, 2008; Zhang et al., 2017). Due to the high 

content of GO in the filament (84%), an electrical conductivity of 3298 ± 167 S/m 

was achieved for the reduced GO filament. 

 

Fig. 27. Surface and cross-sectional SEM images (a-f) of AH-CNC/rGO filament; (g) 

typical strain-stress curves of the single AH-CNC/GO and AH-CNC/rGO hybrid filament; 

(h) typical I-V curve of the single AH-CNC/rGO filament; (i) lighted LED lamp using the 

prepared AH-CNC/rGO filament as the leads in the electrical circuit (Under CC BY 4.0 

license from Paper IV © 2020 Authors). 

3.5 Limitations of current work and future prospects 

In this thesis, different types of nanocellulose (NC)-based filaments were fabricated 

based on interfacial complexation. Moreover, it was proved that the fabrication of 

filaments based on oppositely charged nanoparticles (without any soluble 

compound) is also feasible. This new filament fabrication phenomenon is termed 
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interfacial nanoparticle complexation (INC) here. However, there are still quite a 

number of open questions and problems that need to be further investigated and 

addressed regarding the INC process.  

First, the filament formation mechanism of the INC method is still not 

completely clear. For example, the interactions between oppositely charged 

nanoparticles during the INC process need to be further investigated. It is presumed 

that filament formation is not only facilitated by electrostatic interaction but also 

by hydrogen bonding. 

Second, several properties of the formed NC-based filament in this thesis were 

not studied, such as the orientation of NC in the formed filaments and the wet 

strength of the filament, which are also critical issues for filament characterization. 

Moreover, some spinning parameters during the INC process, such as pH, charge 

density, and viscosity, need to be studied and optimized. 

Third, the mechanical properties of the formed NC-based filament did not 

show any advantages compared with NC-based filament fabricated by other 

methods, such as microfluidic spinning. Thus, investigations are required regarding 

the improvement of the mechanical properties of the INC filament (such as cross- 

linking and stretching). In addition, a large scale, and continuous spinning of INC 

filament still needs to be designed.  

All in all, the work reported in this thesis is in a very early stage, and there are 

still vast uncharted areas that can be further exploited. 
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4 Summary and future outlook 

The results presented in this thesis demonstrate the fabrication of green NC-based 

filaments via a simple interfacial complexation method. In addition, the feasibility 

of filament formation via the INC method using different oppositely charged 

nanoparticle pairs was also proven here, including oppositely charged NC (Papers 

Ⅰ and Ⅱ), cationic chitin nanocrystals with anionic NC (Paper Ⅲ), and cationic NC 

with graphene oxide (Paper Ⅳ). 

In Paper Ⅰ, three types of NC-based filaments (GT-CNC/CMC, GT-CNC/TO-

CNF, and GT-CNC/DC-CNC filaments) were fabricated by the interfacial 

complexation spinning method using cationic CNC with anionic soluble CMC and 

colloidal TO-CNF or DC-CNC. Aligned sub-micron fibers (S-MFs) could be noted 

along the longitudinal direction of the filaments. Moreover, ionically bonded sub-

unit nano-sized fibers (S-NFs) could be observed in the cross-sectional area, 

showing a hierarchical structure similar to natural plant fibers. The successful 

interfacial complexation between oppositely charged insoluble NC opens up new 

pathways for the fabrication of continuous filaments from many types of charged 

nanoparticles (such as nanochitin and graphene oxide). 

In Paper Ⅱ, the potential applications of NC-based INC filaments were studied 

in biomedical and electronic applications. The potential applications of fabricated 

NC-based INC filaments in drug delivery, antimicrobial and electronic areas were 

demonstrated by incorporating different materials, including an antitumor drug, Ag 

NPs, and multi-walled carbon nanotubes, in the filament during the INC process. 

It is believed that this simple and green INC process could be further applied for 

the encapsulation of other chemicals and biological materials (such as cells and 

growth factors) for other diverse applications. 

In Paper Ⅲ, cationic ChNC was used to prepare a continuous filament with 

anionic TO-CNF using the INC method. The effect of drawing speed on the 

mechanical properties of the filaments was studied. It was shown that a lower speed 

is required in order to provide efficient interaction between two oppositely charged 

nanoparticles. Moreover, a conductive hybrid filament was produced by 

incorporating single-walled CNTs inside it. Filaments with higher electrical 

conductivity were obtained compared to a filament using multi-walled CNTs. 

In Paper Ⅳ, the fabrication of a filament between oppositely charged one 

dimensional (1D) CNC and two dimensional (INC) GO was proven, which further 

enlarges the scope of the INC process from 1D with 1D to 1D with 2D. By chemical 
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reduction, a conductive reduced GO and CNC filament with a tensile strength of 

109.3 ± 8 MPa and an electrical conductivity of 3298±167 S/m was prepared. 

To summarize, a new concept called INC was proposed in this thesis for the 

fabrication of sustainable filaments. The enhancement of the mechanical properties 

of the NC-based filaments formed by INC method, its formation mechanism and 

their potential applications in other areas such as cell culture or even textiles need 

further investigation. It is believed that various other chemicals or biological 

materials (e.g., cells and growth factors) could also be integrated into the filament 

to endow the filament with diverse functionalities. Furthermore, the utilization of 

interfacial complexation between NC and other charged materials (such as peptide, 

DNA, or protein nanofibrils) could also be studied, which might have potentials in 

biomedical application. Finally, the fabrication of other hierarchical and complex 

architectures (e.g., capsules and membranes) using oppositely charged NC would 

also be possible. 
  



75 

List of references 

Abdul Khalil, H. P., Davoudpour, Y., Islam, M. N., Mustapha, A., Sudesh, K., Dungani, R., 
& Jawaid, M. (2014). Production and modification of nanofibrillated cellulose using 
various mechanical processes: A review. Carbohydrate Polymers, 99, 649–665. 
doi:10.1016/j.carbpol.2013.08.069 

Araki, J., & Miyayama, M. (2020). Wet spinning of cellulose nanowhiskers; fiber yarns 
obtained only from colloidal cellulose crystals. Polymer, 188, 122116. 
doi:10.1016/j.polymer.2019.122116 

Baranes, K., Shevach, M., Shefi, O., & Dvir, T. (2016). Gold nanoparticle-decorated 
scaffolds promote neuronal differentiation and maturation. Nano Letters, 16(5), 2916–
2920. doi:10.1021/acs.nanolett.5b04033 

Berglund, L. A., & Burgert, I. (2018). Bioinspired wood nanotechnology for functional 
materials. Advanced Materials, 30(19), e1704285. doi:10.1002/adma.201704285 

Cai, Y., Geng, L., Chen, S., Shi, S., Hsiao, B. S., & Peng, X. (2020). Hierarchical assembly 
of nanocellulose into filaments by flow-assisted alignment and interfacial complexation: 
conquering the conflicts between strength and toughness. Acs Applied Materials & 
Interfaces, 12(28), 32090–32098. doi:10.1021/acsami.0c04504 

Cao, W. T., Ma, C., Mao, D. S., Zhang, J., Ma, M. G., & Chen, F. (2019). MXene-reinforced 
cellulose nanofibril inks for 3D-printed smart fibres and textiles. Advanced Functional 
Materials, 29(51), 1905898. doi:10.1002/adfm.201905898 

Carretero, A., Soares da Costa, D., Reis, R. L., & Pashkuleva, I. (2017). Extracellular matrix-
inspired assembly of glycosaminoglycan-collagen fibers. Journal of Materials 
Chemistry B, 5(17), 3103–3106. doi:10.1039/C7TB00704C 

Chen, W. S., Yu, H. P., Li, Q., Liu, Y. X., & Li, J. (2011). Ultralight and highly flexible 
aerogels with long cellulose I nanofibers. Soft Matter, 7(21), 10360–10368. doi: 
10.1039/C1sm06179h 

Chi, K., & Catchmark, J. M. (2018). Improved eco-friendly barrier materials based on 
crystalline nanocellulose/chitosan/carboxymethyl cellulose polyelectrolyte complexes. 
Food Hydrocolloids, 80, 195–205. doi:10.1016/j.foodhyd.2018.02.003 

Cho, S.-Y., Yu, H., Choi, J., Kang, H., Park, S., Jang, J.-S., . . . Jung, H.-T. (2019). 
Continuous meter-scale synthesis of weavable tunicate cellulose/carbon nanotube 
Fibers for High-Performance Wearable Sensors. Acs Nano, 13(8), 9332–9341. 
doi:10.1021/acsnano.9b03971 

Clemons, C. (2016). Nanocellulose in Spun Continuous Fibers: A review and future outlook. 
Journal of Renewable Materials, 4(5), 327–339. doi:10.7569/JRM.2016.634112 

Cunha, A. G., Lundahl, M., Ansari, M. F., Johansson, L. S., Campbell, J. M., & Rojas, O. J. 
(2018). Surface structuring and water interactions of nanocellulose filaments modified 
with organosilanes toward wearable materials. ACS Applied Nano Materials, 1(9), 
5279–5288. doi:10.1021/acsanm.8b01268 



76 

Cutiongco, M. F. A., Tan, M. H., Ng, M. Y. K., Le Visage, C., & Yim, E. K. F. (2014). 
Composite pullulan–dextran polysaccharide scaffold with interfacial polyelectrolyte 
complexation fibers: A platform with enhanced cell interaction and spatial distribution. 
Acta Biomaterialia, 10(10), 4410–4418. 
doi:https://doi.org/10.1016/j.actbio.2014.06.029 

Cutiongco, M. F. A., Choo, R. K. T., Shen, N. J. X., Chua, B. M. X., Sju, E., Choo, A. W. 
L., . . . Yim, E. K. F. (2015). Composite scaffold of poly(Vinyl Alcohol) and interfacial 
polyelectrolyte complexation fibers for controlled biomolecule delivery. Frontiers in 
Bioengineering and Biotechnology, 3, 3. doi:10.3389/fbioe.2015.00003 

De France, K. J., Hoare, T., & Cranston, E. D. (2017). Review of hydrogels and aerogels 
containing nanocellulose. Chemistry of Materials, 29(11), 4609–4631. 
doi:10.1021/acs.chemmater.7b00531 

Fan, Y., Saito, T., & Isogai, A. (2010). Individual chitin nano-whiskers prepared from 
partially deacetylated α-chitin by fibril surface cationization. Carbohydrate Polymers, 
79(4), 1046–1051. doi:10.1016/j.carbpol.2009.10.044 

Foster, E. J., Moon, R. J., Agarwal, U. P., Bortner, M. J., Bras, J., Camarero-Espinosa, S., . . . 
Youngblood, J. (2018). Current characterization methods for cellulose nanomaterials. 
Chemical Society Reviews, 47(8), 2609–2679. doi:10.1039/C6CS00895J 

Geng, L., Chen, B., Peng, X., & Kuang, T. (2017). Strength and modulus improvement of 
wet-spun cellulose I filaments by sequential physical and chemical cross-linking. 
Materials & Design, 136, 45–53. doi:10.1016/j.matdes.2017.09.054 

Ghasemi, S., Tajvidi, M., Bousfield, D. W., Gardner, D. J., & Gramlich, W. M. (2017). Dry-
spun neat cellulose nanofibril filaments: influence of drying temperature and nanofibril 
dtructure on filament properties. Polymers, 9(9), 392. doi:10.3390/polym9090392 

Grande, R., Trovatti, E., Carvalho, A. J. F., & Gandini, A. (2017). Continuous microfiber 
drawing by interfacial charge complexation between anionic cellulose nanofibers and 
cationic chitosan. Journal of Materials Chemistry A, 5(25), 13098–13103. 
doi:10.1039/C7TA02467C 

Granero, A. J., Razal, J. M., Wallace, G. G., & in het Panhuis, M. (2010). Conducting gel-
fibres based on carrageenan, chitosan and carbon nanotubes. Journal of Materials 
Chemistry, 20(37), 7953–7956. doi:10.1039/C0JM00985G 

Hajian, A., Lindström, S. B., Pettersson, T., Hamedi, M. M., & Wågberg, L. (2017). 
Understanding the dispersive action of nanocellulose for carbon nanomaterials. Nano 
Letters, 17(3), 1439–1447. doi:10.1021/acs.nanolett.6b04405 

Hamedi, M. M., Hajian, A., Fall, A. B., Håkansson, K., Salajkova, M., Lundell, F., . . . 
Berglund, L. A. (2014). Highly conducting, strong nanocomposites based on 
nanocellulose-assisted aqueous dispersions of single-wall carbon nanotubes. Acs Nano, 
8(3), 2467–2476. doi:10.1021/nn4060368 

Han, J., Wang, H., Yue, Y., Mei, C., Chen, J., Huang, C., . . . Xu, X. (2019). A self-healable 
and highly flexible supercapacitor integrated by dynamically cross-linked electro-
conductive hydrogels based on nanocellulose-templated carbon nanotubes embedded in 
a viscoelastic polymer network. Carbon, 149, 1–18. doi:10.1016/j.carbon.2019.04.029 



77 

Hooshmand, S., Aitomaki, Y., Norberg, N., Mathew, A. P., & Oksman, K. (2015). Dry-spun 
single-filament fibers comprising solely cellulose nanofibers from bioresidue. Acs 
Applied Materials & Interfaces,  7(23), 13022–13028. doi:10.1021/acsami.5b03091 

Hu, X., Xu, W., Zhou, L., Tan, Y., Wang, Y., Zhu, S., & Zhu, J. (2017). Tailoring graphene 
oxide-based aerogels for efficient solar steam generation under one sun. Advanced 
Materials, 29(5), 1604031. doi:10.1002/adma.201604031 

Hujaya, S. D., Lorite, G. S., Vainio, S. J., & Liimatainen, H. (2018). Polyion complex 
hydrogels from chemically modified cellulose nanofibrils: Structure-function 
relationship and potential for controlled and pH-responsive release of doxorubicin. Acta 
Biomaterialia, 75, 346–357. doi:10.1016/j.actbio.2018.06.013 

Håkansson, K. M. O., Fall, A. B., Lundell, F., Yu, S., Krywka, C., Roth, S. V., . . . Söderberg, 
L. D. (2014). Hydrodynamic alignment and assembly of nanofibrils resulting in strong 
cellulose filaments. Nature Communications, 5, 4018. doi:10.1038/ncomms5018 

International Organization for Standardization. (2017). Nanotechnologies — Standard terms 
and their definition for cellulose nanomaterial (ISO/TS 20477:2017). Retrieved from 
https://www.iso.org/obp/ui/#iso:std:iso:ts:20477:ed-1:v1:en 

Isogai, A., Saito, T., & Fukuzumi, H. (2011). TEMPO-oxidized cellulose nanofibers. 
Nanoscale, 3(1), 71–85. doi:10.1039/c0nr00583e 

Iwamoto, S., Isogai, A., & Iwata, T. (2011). Structure and mechanical properties of wet-spun 
fibers made from natural cellulose nanofibers. Biomacromolecules, 12(3), 831–836. 
doi:10.1021/bm101510r 

Kafy, A., Kim, H. C., Zhai, L., Kim, J. W., Hai, L. V., Kang, T. J., & Kim, J. (2017). 
Cellulose long fibers fabricated from cellulose nanofibers and its strong and tough 
characteristics. Scientific Reports, 7(1), 17683. doi:10.1038/s41598-017-17713-3 

Kim, H. C., Kim, D., Lee, J. Y., Zhai, L., & Kim, J. (2019). Effect of wet spinning and 
stretching to enhance mechanical properties of cellulose nanofiber filament. 
International Journal of Precision Engineering and Manufacturing-Green Technology, 
6(3), 567–575. doi:10.1007/s40684-019-00070-z 

Klemm, D., Cranston, E. D., Fischer, D., Gama, M., Kedzior, S. A., Kralisch, D., . . . 
Rauchfuß, F. (2018). Nanocellulose as a natural source for groundbreaking applications 
in materials science: Today’s state. Materials Today, 21(7), 720–748. 
doi:10.1016/j.mattod.2018.02.001 

Kontturi, E., Laaksonen, P., Linder, M. B., Nonappa, Gröschel, A. H., Rojas, O. J., & Ikkala, 
O (2018). Advanced materials through assembly of nanocelluloses. Advanced Materials, 
30(24), e1703779. doi:10.1002/adma.201703779 

Lee, C., Wei, X., Kysar, J. W., & Hone, J. (2008). Measurement of the elastic properties and 
intrinsic strength of monolayer graphene. Science, 321(5887), 385–388. 
doi:10.1126/science.1157996 

Lee, K., Do, M., Seo, Y. C., & Lee, H. (2018). Wet-to-dry hybrid spinning of graphene fiber 
inspired by spider silk production mechanisms. Advanced Materials Interfaces, 5(21), 
1800585. doi:10.1002/admi.201800585 

Lemonick, S. (2018). Looking for finland’s future in its forests. ACS Central Science, 4(4), 
424–427. doi:10.1021/acscentsci.8b00202 



78 

Li, Y. Y., Zhu, H. L., Wang, Y. B., Ray, U., Zhu, S. Z., Dai, J. Q., . . . Hu, L. B. (2017). 
Cellulose-nanofiber-enabled 3D printing of a carbon-nanotube microfiber network. 
Small Methods, 1(10), 1700222. doi:10.1002/smtd.201700222 

Liimatainen, H., Sirviö, J., Haapala, A., Hormi, O., & Niinimäki, J. (2011). Characterization 
of highly accessible cellulose microfibers generated by wet stirred media milling. 
Carbohydrate Polymers, 83(4), 2005–2010. doi:10.1016/j.carbpol.2010.11.007 

Liimatainen, H., Visanko, M., Sirviö, J. A., Hormi, O. E. O., & Niinimaki, J. (2012). 
Enhancement of the nanofibrillation of wood cellulose through sequential periodate-
chlorite oxidation. Biomacromolecules, 13(5), 1592–1597. doi:10.1021/bm300319m  

Liimatainen, H., Suopajarvi, T., Sirvio, J., Hormi, O., & Niinimaki, J. (2014). Fabrication of 
cationic cellulosic nanofibrils through aqueous quaternization pretreatment and their 
use in colloid aggregation. Carbohydrate Polymers, 103, 187–192. 
doi:10.1016/j.carbpol.2013.12.042 

Liu, F., & Seo, T. S. (2010). A controllable self-Assembly method for large-scale synthesis 
of graphene sponges and free-standing graphene films. Advanced Functional Materials, 
20(12), 1930–1936. doi:10.1002/adfm.201000287 

Lundahl, M. J., Cunha, A. G., Rojo, E., Papageorgiou, A. C., Rautkari, L., Arboleda, J. C., 
& Rojas, O. J. (2016). Strength and water interactions of cellulose I filaments wet-spun 
from cellulose nanofibril hydrogels. Scientific Reports, 6, 30695. 
doi:10.1038/srep30695 

Lundahl, M. J., Klar, V., Wang, L., Ago, M., & Rojas, O. J. (2017). Spinning of cellulose 
nanofibrils into filaments: a review. Industrial & Engineering Chemistry Research, 
56(1), 8–19. doi:10.1021/acs.iecr.6b04010 

Lundahl, M. J., Klar, V., Ajdary, R., Norberg, N., Ago, M., Cunha, A. G., & Rojas, O. J. 
(2018). Absorbent filaments from cellulose nanofibril hydrogels through continuous 
coaxial wet spinning. Acs Applied Materials & Interfaces, 10(32), 27287–27296. 
doi:10.1021/acsami.8b08153 

Mahfoudhi, N., & Boufi, S. (2017). Nanocellulose as a novel nanostructured adsorbent for 
environmental remediation: a review. Cellulose, 24(3), 1171–1197. 
doi:10.1007/s10570-017-1194-0 

Malho, J.-M., Laaksonen, P., Walther, A., Ikkala, O., & Linder, M. B. (2012). Facile method 
for stiff, tough, and strong nanocomposites by direct exfoliation of multilayered 
graphene into native nanocellulose matrix. Biomacromolecules, 13(4), 1093–1099. 
doi:10.1021/bm2018189 

Meka, V. S., Sing, M. K. G., Pichika, M. R., Nali, S. R., Kolapalli, V. R. M., & Kesharwani, 
P. (2017). A comprehensive review on polyelectrolyte complexes. Drug Discovery 
Today, 22(11), 1697–1706. doi:10.1016/j.drudis.2017.06.008 

Mertaniemi, H., Escobedo-Lucea, C., Sanz-Garcia, A., Gandía, C., Mäkitie, A., Partanen, 
J., . . . Yliperttula, M. (2016). Human stem cell decorated nanocellulose threads for 
biomedical applications. Biomaterials, 82, 208–220. 
doi:10.1016/j.biomaterials.2015.12.020 



79 

Mittal, N., Ansari, F., Gowda, V. K., Brouzet, C., Chen, P., Larsson, P. T., . . . Soderberg, L. 
D. (2018). Multiscale control of nanocellulose assembly: transferring remarkable 
nanoscale fibril mechanics to macroscale fibers. Acs Nano, 12(7), 6378–6388. 
doi:10.1021/acsnano.8b01084 

Mittal, N., Jansson, R., Widhe, M., Benselfelt, T., Håkansson, K. M. O., Lundell, F., . . . 
Söderberg, L. D. (2017). Ultrastrong and bioactive nanostructured bio-based 
composites. Acs Nano, 11(5), 5148–5159. doi:10.1021/acsnano.7b02305 

Mittal, N., Benselfelt, T., Ansari, F., Gordeyeva, K., Roth, S. V., Wågberg, L., & Söderberg, 
L. D. (2019). Ion-specific assembly of strong, tough, and stiff biofibers. Angewandte 
Chemie International Edition, 58(51), 18562–18569. doi:10.1002/anie.201910603 

Mo, M., Chen, C., Gao, H., Chen, M., & Li, D. (2018). Wet-spinning assembly of cellulose 
nanofibers reinforced graphene/polypyrrole microfibers for high performance fiber-
shaped supercapacitors. Electrochimica Acta, 269, 11–20. 
doi:10.1016/j.electacta.2018.02.118 

Mohammadi, P., Toivonen, M. S., Ikkala, O., Wagermaier, W., & Linder, M. B. (2017). 
Aligning cellulose nanofibril dispersions for tougher fibers. Scientific Reports, 7(1), 
11860. doi:10.1038/s41598-017-12107-x 

Naderi, A., & Lindstrom, T. (2014). Carboxymethylated nanofibrillated cellulose: effect of 
monovalent electrolytes on the rheological properties. Cellulose, 21(5), 3507–3514. 
doi:10.1007/s10570-014-0394-0 

Navard, P., Wendler, F., Meister, F., Bercea, M., & Budtova, T. (2012). Preparation and 
properties of cellulose solutions. In P. Navard (Ed.), The European Polysaccharide 
Network of Excellence (EPNOE): Research Initiatives and Results (pp. 91–152). 
Vienna: Springer Vienna. doi:10.1007/978-3-7091-0421-7_5 

Nechyporchuk, O., Bordes, R., & Köhnke, T. (2017). Wet Spinning of flame-retardant 
cellulosic fibers supported by interfacial complexation of cellulose nanofibrils with 
silica nanoparticles. Acs Applied Materials & Interfaces, 9(44), 39069–39077. 
doi:10.1021/acsami.7b13466 

Noguchi, Y., Homma, I., & Matsubara, Y. (2017). Complete nanofibrillation of cellulose 
prepared by phosphorylation. Cellulose, 24(3), 1295–1305. doi:10.1007/s10570-017-
1191-3 

Olivier, C., Moreau, C., Bertoncini, P., Bizot, H., Chauvet, O., & Cathala, B. (2012). 
Cellulose nanocrystal-assisted dispersion of luminescent single-walled carbon 
nanotubes for layer-by-layer assembled hybrid thin films. Langmuir, 28(34), 12463–
12471. doi:10.1021/la302077a 

Pääkkö, M., Ankerfors, M., Kosonen, H., Nykanen, A., Ahola, S., Osterberg, M., . . . 
Lindstrom, T. (2007). Enzymatic hydrolysis combined with mechanical shearing and 
high-pressure homogenization for nanoscale cellulose fibrils and strong gels. 
Biomacromolecules, 8(6), 1934–1941. doi:10.1021/Bm061215p 

Pan, S. B., & Ragauskas, A. J. (2014). Enhancement of nanofibrillation of softwood 
cellulosic fibers by oxidation and sulfonation. Carbohydrate Polymers, 111, 514–523. 
doi:10.1016/j.carbpol.2014.04.096 



80 

Razdan, S., Patra, P. K., Kar, S., Ci, L., Vajtai, R., Kukovecz, Á., . . . Ajayan, P. M. (2009). 
Ionically self-assembled polyelectrolyte-based carbon nanotube fibers. Chemistry of 
Materials, 21(14), 3062–3071. doi:10.1021/cm803060d 

Saito, T., Nishiyama, Y., Putaux, J. L., Vignon, M., & Isogai, A. (2006). Homogeneous 
suspensions of individualized microfibrils from TEMPO-catalyzed oxidation of native 
cellulose. Biomacromolecules, 7(6), 1687–1691. doi:0.1021/Bm060154s 

Shen, Y., Orelma, H., Sneck, A., Kataja, K., Salmela, J., Qvintus, P., . . . Harlin, A. (2016). 
High velocity dry spinning of nanofibrillated cellulose (CNF) filaments on an adhesion 
controlled surface with low friction. Cellulose, 23(6), 3393–3398. doi:10.1007/s10570-
016-1044-5 

Sheng, N., Chen, S., Yao, J., Guan, F., Zhang, M., Wang, B., . . . Wang, H. (2019). 
Polypyrrole@TEMPO-oxidized bacterial cellulose/reduced graphene oxide 
macrofibers for flexible all-solid-state supercapacitors. Chemical Engineering Journal, 
368, 1022–1032. doi:10.1016/j.cej.2019.02.173 

Sirviö, J., Hyvakko, U., Liimatainen, H., Niinimäki, J., & Hormi, O. (2011). Periodate 
oxidation of cellulose at elevated temperatures using metal salts as cellulose activators. 
Carbohydrate Polymers, 83(3), 1293–1297. doi:10.1016/j.carbpol.2010.09.036 

Sirviö, J., Honka, A., Liimatainen, H., Niinimäki, J., & Hormi, O. (2011). Synthesis of 
highly cationic water-soluble cellulose derivative and its potential as novel 
biopolymeric flocculation agent. Carbohydrate Polymers, 86(1), 266–270. 
doi:10.1016/j.carbpol.2011.04.046 

Sirviö, J. A., Anttila, A.-K., Pirttilä, A. M., Liimatainen, H., Kilpeläinen, I., Niinimäki, J., 
& Hormi, O. (2014). Cationic wood cellulose films with high strength and bacterial 
anti-adhesive properties. Cellulose, 21(5), 3573–3583. doi:10.1007/s10570-014-0351-
y 

Sirviö, J. A., Visanko, M., & Liimatainen, H. (2015). Deep eutectic solvent system based on 
choline chloride-urea as a pre-treatment for nanofibrillation of wood cellulose. Green 
Chemistry, 17(6), 3401–3406. doi:10.1039/c5gc00398a 

Suopajärvi, T., Liimatainen, H., Hormi, O., & Niinimäki, J. (2013). Coagulation-flocculation 
treatment of municipal wastewater based on anionized nanocelluloses. Chemical 
Engineering Journal, 231, 59–67. doi:10.1016/j.cej.2013.07.010 

Suopajärvi, T., Sirviö, J. A., & Liimatainen, H. (2017). Cationic nanocelluloses in 
dewatering of municipal activated sludge. Journal of Environmental Chemical 
Engineering, 5(1), 86–92. doi:10.1016/j.jece.2016.11.021 

Tai, B. C. U., Wan, A. C. A., & Ying, J. Y. (2010). Modified polyelectrolyte complex fibrous 
scaffold as a matrix for 3D cell culture. Biomaterials, 31(23), 5927–5935. 
doi:10.1016/j.biomaterials.2010.04.003 

Tingaut, P., Zimmermann, T., & Sebe, G. (2012). Cellulose nanocrystals and 
microfibrillated cellulose as building blocks for the design of hierarchical functional 
materials. Journal of Materials Chemistry, 22(38), 20105–20111. doi: 
10.1039/C2jm32956e 



81 

Toivonen, M. S., Kurki-Suonio, S., Wagermaier, W., Hynninen, V., Hietala, S., & Ikkala, O. 
(2017). Interfacial polyelectrolyte complex spinning of cellulose nanofibrils for 
advanced bicomponent fibers. Biomacromolecules, 18(4), 1293–1301. 
doi:10.1021/acs.biomac.7b00059 

Torres-Rendon, J. G., Schacher, F. H., Ifuku, S., & Walther, A. (2014). Mechanical 
performance of macrofibers of cellulose and chitin nanofibrils aligned by wet-stretching: 
a critical comparison. Biomacromolecules, 15(7), 2709–2717. 
doi:10.1021/bm500566m 

Trache, D., Hussin, M. H., Haafiz, M. K. M., & Thakur, V. K. (2017). Recent progress in 
cellulose nanocrystals: sources and production. Nanoscale, 9(5), 1763–1786. 
doi:10.1039/C6NR09494E 

Walther, A., Timonen, J. V. I., Díez, I., Laukkanen, A., & Ikkala, O. (2011). Multifunctional 
high-performance biofibers based on wet-extrusion of renewable native cellulose 
nanofibrils. Advanced Materials, 23(26), 2924–2928. doi:10.1002/adma.201100580 

Wan, A. C. A., Cutiongco, M. F. A., Tai, B. C. U., Leong, M. F., Lu, H. F., & Yim, E. K. F. 
(2016). Fibers by interfacial polyelectrolyte complexation – processes, materials and 
applications. Materials Today, 19(8), 437–450. doi:10.1016/j.mattod.2016.01.017 

Wan, A. C. A., Liao, I. C., Yim, E. K. F., & Leong, K. W. (2004). Mechanism of fiber 
formation by interfacial polyelectrolyte complexation. Macromolecules, 37(18), 7019–
7025. doi:10.1021/ma0498868 

Wan, A. C. A., Yim, E. K. F., Liao, I. C., Le Visage, C., & Leong, K. W. (2004). 
Encapsulation of biologics in self-assembled fibers as biostructural units for tissue 
engineering. Journal of Biomedical Materials Research Part A, 71A(4), 586–595. 
doi:10.1002/jbm.a.30158 

Wan, Z., Chen, C., Meng, T., Mojtaba, M., Teng, Y., Feng, Q., & Li, D. (2019). 
Multifunctional wet-spun filaments through robust nanocellulose networks wrapping to 
single-walled carbon nanotubes. Acs Applied Materials & Interfaces, 11(45), 42808–
42817. doi:10.1021/acsami.9b15153 

Wang, F., Liu, Z., Wang, B., Feng, L., Liu, L., Lv, F., . . . Wang, S. (2014). Multi-colored 
fibers by self-assembly of DNA, histone proteins, and cationic conjugated polymers. 
Angewandte Chemie International Edition, 53(2), 424–428. 
doi:10.1002/anie.201308795 

Wang, J., Huang, S., Lu, X., Xu, Z., Zhao, Y., Li, J., & Wang, X. (2017). Wet-spinning of 
highly conductive nanocellulose–silver fibers. Journal of Materials Chemistry C, 5(37), 
9673–9679. doi:10.1039/c7tc03217j 

Wang, L., Lundahl, M. J., Greca, L. G., Papageorgiou, A. C., Borghei, M., & Rojas, O. J. 
(2019). Effects of non-solvents and electrolytes on the formation and properties of 
cellulose I filaments. Scientific Reports, 9(1), 16691. doi:10.1038/s41598-019-53215-0 

Wang, S., Jiang, F., Xu, X., Kuang, Y., Fu, K., Hitz, E., & Hu, L. (2017). Super-strong, 
super-stiff macrofibers with aligned, long bacterial cellulose nanofibers. Advanced 
Materials, 29(35), 1702498. doi:10.1002/adma.201702498 



82 

Wise, H. G., Takana, H., Ohuchi, F., & Dichiara, A. B. (2020). Field-assisted alignment of 
cellulose nanofibrils in a continuous flow-focusing system. ACS Appl Mater Interfaces, 
12(25), 28568–28575. doi:10.1021/acsami.0c07272 

Wu, Z., Chen, S., Wu, R., Sheng, N., Zhang, M., Ji, P., & Wang, H. (2019). Top-down 
peeling bacterial cellulose to high strength ultrathin films and multifunctional fibers. 
Chemical Engineering Journal, 391, 123527. doi:10.1016/j.cej.2019.123527 

Vuoriluoto, M., Orelma, H., Lundahl, M., Borghei, M., & Rojas, O. J. (2017). Filaments 
with affinity binding and wet strength can be achieved by spinning bifunctional 
cellulose nanofibrils. Biomacromolecules, 18(6), 1803–1813. 
doi:10.1021/acs.biomac.7b00256 

Xue, Y., Mou, Z., & Xiao, H. (2017). Nanocellulose as a sustainable biomass material: 
structure, properties, present status and future prospects in biomedical applications. 
Nanoscale, 9(39), 14758–14781. doi:10.1039/C7NR04994C 

Yao, J., Chen, S., Chen, Y., Wang, B., Pei, Q., & Wang, H. (2017). Macrofibers with high 
mechanical performance based on aligned bacterial cellulose nanofibers. Acs Applied 
Materials & Interfaces, 9(24), 20330–20339. doi:10.1021/acsami.6b14650 

Yao, J., Ji, P., Sheng, N., Guan, F., Zhang, M., Wang, B., . . . Wang, H. (2018). Hierarchical 
core-sheath polypyrrole@carbon nanotube/bacterial cellulose macrofibers with high 
electrochemical performance for all-solid-state supercapacitors. Electrochimica Acta, 
283, 1578–1588. doi:10.1016/j.electacta.2018.07.086 

Yao, X., Yu, W., Xu, X., Chen, F., & Fu, Q. (2015). Amphiphilic, ultralight, and 
multifunctional graphene/nanofibrillated cellulose aerogel achieved by cation-induced 
gelation and chemical reduction. Nanoscale, 7(9), 3959–3964. 
doi:10.1039/C4NR07402E 

Zhang, D., Peng, L., Shi, N., Yu, Y., Min, Y., & Epstein, A. J. (2017). Self-assembled high-
performance graphene oxide fibers using ionic liquid as coagulating agent. Journal of 
Materials Science, 52(13), 7698–7708. doi:10.1007/s10853-017-1050-5 

Zheng, Q., Cai, Z., Ma, Z., & Gong, S. (2015). Cellulose nanofibril/reduced graphene 
oxide/carbon nanotube hybrid aerogels for highly flexible and all-solid-state 
supercapacitors. Acs Applied Materials & Interfaces, 7(5), 3263–3271. 
doi:10.1021/am507999s 

Zou, J., & Kim, F. (2012). Self-assembly of two-dimensional nanosheets induced by 
interfacial polyionic complexation. Acs Nano, 6(12), 10606–10613. 
doi:10.1021/nn303608g 

 
 

  



83 

Original publications 

I  Zhang, K., & Liimatainen, H. (2018). Hierarchical assembly of nanocellulose-based 
filaments by interfacial complexation. Small, 14(38), 1801937. https://doi.org/ 
10.1002/smll.201801937 

II  Zhang, K., Hujaya, S. D., Järvinen, T., Li, P., Kauhanen, T., Tejesvi, M. V., Kordas, K., 
& Liimatainen, H. (2020). Interfacial nanoparticle complexation of oppositely charged 
nanocelluloses into functional filaments with conductive, drug release, or antimicrobial 
property. ACS Applied Materials & Interfaces, 12(1), 1765–1774. 
https://doi.org/10.1021/acsami.9b15555 

III  Zhang, K., Ketterle, L., Järvinen, T., Hong, S., & Liimatainen, H. (2020). Conductive 
hybrid filaments of carbon nanotubes, chitin nanocrystals and cellulose nanofibers 
formed by interfacial nanoparticle complexation. Materials & Design, 191, 108594. 
https://doi.org/10.1016/j.matdes.2020.108594 

IV  Zhang, K., Ketterle, L., Järvinen, T., Lorite, G. S., Hong, S., & Liimatainen, H. (2020). 
Self-assembly of graphene oxide and cellulose nanocrystals into continuous filament 
via interfacial nanoparticle complexation. Materials & Design, 193, 108791. 
https://doi.org/10.1016/j.matdes.2020.108791 

Reprinted with permission from Wiley-VCH (Paper I © 2018 Wiley-VCH), 

American Chemical Society (Paper II © 2019 American Chemical Society), and 

under CC BY-NC-ND 4.0 license2 (Paper III © 2020 The Authors) and CC BY 4.0 

(Paper IV © 2020 The Authors) license3. 

Original publications are not included in the electronic version of the dissertation. 

 
  

 
2 https://creativecommons.org/licenses/by-nc-nd/4.0/ 
3 https://creativecommons.org/licenses/by/4.0/ 



84 

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Virtual book store

http://verkkokauppa.juvenesprint.fi

S E R I E S  C  T E C H N I C A

764. Eckhardt, Jenni (2020) Mobility as a Service for public-private partnership
networks in the rural context

765. Apilo, Olli (2020) Energy efficiency analysis and improvements of MIMO cellular
communications

766. Gogoi, Harshita (2020) Development of biosorbents for treatment of industrial
effluents and urban runoffs

767. Saavalainen, Paula (2020) Sustainability assessment tool for the design of new
chemical processes

768. Ferdinando, Hany (2020) Classification of ultra-short-term ECG samples : studies
on events containing violence

769. Leinonen, Marko (2020) Over-the-air measurements, tolerances and multiradio
interoperability on 5G mmW radio platform

770. Pakkala, Daniel (2020) On design and architecture of person-centric digital
service provisioning : approach, fundamental concepts, principles and prototypes

771. Mustaniemi, Janne (2020) Computer vision methods for mobile imaging and 3D
reconstruction

772. Khan, Uzair Akbar (2020) Challenges in using natural peatlands for treatment of
mining-influenced water in a cold climate : considerations for arsenic, antimony,
nickel, nitrogen, and sulfate removal

773. Kumar, Tanesh (2020) Secure edge services for future smart environments

774. Laitila, Juhani Markus (2021) Effect of forced weld cooling on high-strength low
alloy steels to interpass temperature

775. Ramesh Babu, Shashank (2021) The onset of martensite and auto-tempering in
low-alloy martensitic steels

776. Kekkonen, Päivi (2021) Several actors, one workplace : development of
collaboration of several actors inside and between the organisations

777. Vuolio, Tero (2021) Model-based identification and analysis of hot metal
desulphurisation

778. Selkälä, Tuula (2021) Cellulose nanomaterials and their hybrid structures in the
removal of aqueous micropollutants

779. Vilmi, Pauliina (2021) Component fabrication by printing methods for optics and
electronics applications

C780etukansi.fm  Page 2  Wednesday, February 3, 2021  9:27 AM



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Postdoctoral researcher Jani Peräntie

University Lecturer Anne Tuomisto

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

Associate Professor (tenure) Anu Soikkeli

University Lecturer Santeri Palviainen

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-2862-4 (Paperback)
ISBN 978-952-62-2863-1 (PDF)
ISSN 0355-3213 (Print)
ISSN 1796-2226 (Online)

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

OULU 2021

C 780

Kaitao Zhang

INTERFACIAL 
COMPLEXATION OF 
NANOCELLULOSE INTO 
FUNCTIONAL FILAMENTS 
AND THEIR POTENTIAL 
APPLICATIONS

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF TECHNOLOGY

C
 780

A
C

TA
K

aitao Z
hang

C780etukansi.fm  Page 1  Wednesday, February 3, 2021  9:27 AM


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations and symbols
	List of original publications
	Contents
	1 Introduction
	1.1 Background
	1.1.1 Nanocellulose

	1.2 Spinning methods for nanocellulose-based filament
	1.2.1 Traditional wet spinning
	1.2.2 Dry spinning
	1.2.3 Microfluidic spinning
	1.2.4 Interfacial complexation (IC) drawing
	1.2.5 Other potential methods

	1.3 Applications of nanocellulose-based filament
	1.3.1 Electronic applications
	1.3.2 Biomedical applications
	1.3.3 Other potential applications

	1.4 Objectives and research questions of the work

	2 Materials and methods
	2.1 Materials
	2.2 Preparation of charged nanocelluloses
	2.2.1 Preparation of TEMPO-oxidized cellulose nanofibers
	2.2.2 Preparation of charged cellulose nanocrystals based on periodate oxidationThree types of charged CNCs
	2.2.3 Preparation of cationic chitin nanocrystals from partially deacetylated chitin

	2.3 Fabrication of nanocellulose-based filaments
	2.3.1 Fabrication of bicomponent NC-based filaments
	2.3.2 Incorporation of additives into NC-based filaments

	2.4 Characterization of charged nanomaterials
	2.4.1 Morphology
	2.4.2 Charged group content

	2.5 Characterization of NC-based INC filaments
	2.5.1 Field emission scanning electron microscopy
	2.5.2 Elemental analysis
	2.5.3 Thermogravimetric analysis
	2.5.4 Mechanical tests
	2.5.5 Electrical conductivity measurement
	2.5.6 In-vitro drug release studies
	2.5.7 In-vitro cell biocompatibility and efficacy studies
	2.5.8 Fluorescence imaging of live cells
	2.5.9 Statistical analysis
	2.5.10 Antimicrobial testing


	3 Results and discussion
	3.1 Properties of charged starting nanomaterials
	3.1.1 Anionic nanomaterials
	3.1.2 Cationic nanomaterials

	3.2 Pure cellulosic NC-based filaments fabricated via interfacial complexation (IC) method (Paper I)
	3.3 NC-based nanocomposite filaments fabricated via interfacial nanoparticle complexation (INC) method
	3.3.1 Nanocellulose and nanochitin nanocomposite filaments (Paper III)
	3.3.2 Nanocellulose and graphene oxide nanocomposite filaments (Paper IV)

	3.4 Potential applications of nanocellulose-based filament formed by the INC method
	3.4.1 Potential applications in the biomedical field
	3.4.2 Potential applications in the electronic field

	3.5 Limitations of current work and future prospects

	4 Summary and future outlook
	List of references
	Original publications



