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1
Introduction

1.1 Soft Matter
The field of soft condensed matter encompasses the study of a wide variety of materials with
at least one structural length in the mesoscopic scale (1 nanometer to 1 micrometer) such as
colloidal dispersions, polymers, surfactants, liquid crystals and biological macromolecules.
These materials are ‘soft’ in the manner that their structures are sensitive enough to be
perturbed by weak external forces. P. G. de Gennes, who is known for his pioneering work
in the field of soft matter, had described that complexity and flexibility are the two major
characteristics of this field in his Nobel Prize lecture. 1 The systems are complex because
every building block is made up of many individual sub-units and are deemed flexible since
their structure can be easily altered. Another common feature of soft matter systems is their
large interfacial area. Since the size of the constituent materials lie in the mesoscopic length
scale, the properties of soft matter systems are significantly influenced by their interface
characteristics. We encounter various types and forms of soft matter systems in our daily life;
most of the foods we consume and most household products we use, such as milk (colloidal
dispersion), mayonnaise (emulsion), jam (gel), shampoo (surfactants), etc. fall under the
domain of soft matter. Soft matter systems are relevant in diverse industries and find many
technological applications such as drug carriers, paints, adhesives, lubricants, functional
additives, etc. Therefore, the field of soft matter research extends across disciplines and is
often inter-disciplinary between physics, chemistry and biology.

1.2 Colloidal particle networks
Colloidal dispersions are among the most interesting and widely studied systems of soft
matter. A colloidal dispersion (also known as sol) is a two-phase system consisting of solid
particles in the mesoscopic scale dispersed in a liquid medium. Colloidal particles undergo
random motion within the liquid they are dispersed in due to collisions with the liquid
molecules. This phenomenon is known as Brownian motion, named after its discoverer
Robert Brown in 1827. Therefore, thermal forces are significant in determining the motion
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of the particles in a medium. Another interesting aspect of colloidal particles is that they are
an interesting model system to study fundamental problems in condensed matter systems,
since they resemble atoms and molecular solids in terms of their phase behaviour. This is
possible due to the relatively large size of colloidal particles in comparison to
atoms/molecules, which allows them to be distinguished and studied using microscopy and
scattering techniques.
Since the colloidal particles are always under Brownian motion, they will come in to
contact with one another which is governed by the rate of diffusion. As the particles come in
to contact, there is a possibility that they stick to each other and form aggregates. Generally,
the particles are stabilized against aggregation by either or both electrostatic forces from
surface charges and steric effects due to physically/chemically attached polymers/surfactants
on to the particle surface. However, the particle aggregation process is governed by an
interplay between the extent of attractive and repulsive interaction components in the system;
for instance, the process is accelerated by the attractive interactions such as van der Waals
forces and retarded by repulsive electrostatic forces. If the repulsive forces are strong enough,
the colloidal system remains stable. If the attractive forces are dominant, the time scale of
the aggregation process depends on the strength of the inter-particle attractions along with
other parameters of the system. Furthermore, particle aggregation in colloidal systems can
also be induced and controlled and there are various methods reported in literature on this.25
For example, the repulsive inter-particle forces can be reduced by screening the surface
charges by adding neutralizing agents such as salt. The aggregates formed by the diffusing
colloidal particles grow in size and form a space-filling network of particles with a fractal
structure. The fractal dimension of the formed aggregates is typically determined by the
aggregation process.6 These types of systems are termed as colloidal gels, owing to their
solid-like consistency and behaviour. Colloidal gels may be confused with the glassy state,
since in both the cases the structure is found in an arrested and disordered state. Glass
formation, however, is driven either by repulsive or attractive interactions and occurs at high
volume fraction of the particles.7
One of the most intriguing properties of colloidal gels is their mechanical behaviour
since it can be directly linked to the inter-particle interaction potential in the system. For
small applied stress, colloidal gels exhibit solid-like behaviour. Upon increasing the applied
stress, they start to flow and the stress at which the transition from solid-liquid behaviour
occurs is termed as yield stress. This is accompanied by a breakdown in their structure which
tends to re-evolve with time upon cessation of stress. This effect is known as thixotropy.
Even under unperturbed conditions, most colloidal gels undergo a slow structural
rearrangement in order to lower their free energy and this process is identified as aging.
Introducing anisotropy in the shape of colloidal particles usually translates to their
interactions as well, either or both of which leads to a marked change in the gelation and in
the behaviour of these colloidal gels, quite different than what is normally observed in
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systems comprising isotropic particles.8-9 In the case of colloidal rods, additional parameters
such as aspect ratio (= length/diameter) and flexibility play a significant role in governing
their microstructure, dynamics and behaviour.10 In this thesis, we explore the properties of
particle networks of nanocellulose, a shape anisotropic fiber-like colloidal particle found in
nature.

1.3 Nanocellulose
Cellulose is one of the most abundant materials found on this planet. It is basically a polymer
comprising D-glucose repeat units linked by β-(1-4) glycosidic bonds. In nature, cellulose is
always found in the form of fiber-like linear aggregates of their polymer chains, which is
termed as cellulose microfibrils11-12 (CMF) or simply nanocellulose13-14 due to their nanoscale
cross-sectional dimensions. The term nanocellulose is used in a general context to denote
nanoscale cellulose particles including cellulose nanocrystals (or nanowhiskers), which is
obtained after hydrolysis of CMFs. Various other names such as micro(or nano)-fibrillated
cellulose, cellulose nanofibrils are used to denote cellulose fibrils in nanoscale dimensions,
depending on their source and extraction processes.15
CMFs are the fundamental building blocks that impart structure and strength to plants.
They are also produced by several other sources such as bacteria, tunicate and algae. CMFs
are anisotropic in all dimensions with a high longitudinal aspect ratio (= length/width) and
their exact shape, dimensions, crystallinity and internal structure varies from source to
source.11 However, the hierarchical structure of CMFs is invariant of its source. Promoted by
van der Waals interactions and inter-molecular hydrogen bonds, multiple D-glucose polymer
chains stack parallelly to form elementary fibrils (typically 2- 5 nm) which are aggregated
further into larger microfibrils (several tens of nm and micrometers in length). In the case of
wood, this hierarchical construction extends even further to form fibers with tens of
micrometers in diameter and millimeters in length.11 Depending on the nature of its source,
different extraction methods need to be applied to isolate the CMFs. For example, in trees
CMFs is found as an intermediate structure as part of macro-scale cellulose fibers along with
lignin and hemicellulose. Therefore, extensive mechanical and chemical treatment needs to
be applied in order to isolate pure CMFs. The CMFs extracted from these sources are
commonly termed micro(or nano)-fibrillated cellulose, since they are obtained as a result of
defibrillating microscale cellulose fibers. On the other hand, cellulose fibrils are already
found in nanoscale dimensions in an aggregated network state in sources like bacteria and
primary cell walls in plants. After the relevant extraction and/or processing steps, the native
organization of CMFs is transformed into a randomly oriented network, thereby forming a
(colloidal) dispersion or a gel due to their attractive interactions.
We mainly use CMFs produced by bacteria as the model system in this thesis. We chose
cellulose sourced from bacteria as our model system since it is a pure form of cellulose
characterized with a high degree of crystallinity. These CMFs are ribbon-shaped with a
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rectangular cross-section (Figure 1.1) spanning a few tens of micrometers in length and
interestingly, the fibrils naturally twist along their longitudinal axis, as shown in this thesis
and by others.16-17 Many molecular simulation studies have been reported on unraveling the
origins of twists in CMFs,18-21 however, a common consensus on explaining this phenomenon
has not been reached yet. One of the studies revealed that the most stable conformation of
cellulose chains are with right handed twists and not flat ribbons.19 It is hypothesized that the
fibrils undergo twisting in order to minimize their surface free energy driven van der Waals
interactions.18

Figure 1.1: Schematic representation of the hierarchical structure of cellulose microfibrils
sourced from bacteria.
Another fascinating property of CMFs arising from their hierarchical structure is their
high elastic modulus. Individual CMFs have been reported to possess an elastic modulus of
78 GPa,22 which is comparable to construction-grade stainless steel fibers.23 Furthermore, the
anisotropic shape of CMFs supports the formation of liquid crystalline structures. In some
plants, the photonic bandgap structures formed by the periodic arrangement of CMFs close
to epidermal cell walls lead to interesting optical effects such as iridescence.24-25 Therefore,
by precisely optimizing the arrangement of CMFs, it is possible to translate their excellent
mechanical and optical characteristics to macroscale materials.
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Driven by the current need for sustainable and environmentally friendly materials, the
applications of CMFs are growing fast. Already, CMFs find place in many high performance
materials as reinforcements in composite materials,26 substrates for electronic devices,27
scaffolds28, coatings29 and so on. However, there are still many challenges in realizing the
full potential of CMFs. Despite being abundantly available for ages, many of its properties
are not understood well yet, which leads to unpredictability of its behaviour. The complexity
mainly arises from its anisotropic shape and the large spread in its dimensions coupled with
attractive inter-particle interactions. This also gives rise to serious problems in processing
and industrial scale production of CMFs and its products. Therefore, systematic
investigations into the complex behaviour of CMFs by decoupling the interplay between their
inter-particle interactions, process conditions and the emerging microstructure are the key to
utilizing these materials to their full potential.

1.4 In this thesis
This thesis aims to further the understanding and application potential of CMFs and their
networks. An illustration of the topics covered in this thesis is provided in figure 1.2. We
begin our studies in Chapter 2, where we focus on characterizing the network structure of
CMFs. For this, we fluorescently label CMFs in order to quantify the real space 3D structure
of their networks using confocal microscopy and image analysis. The generality of this
fluorescent labelling and imaging approach is also demonstrated on other sources of CMF.
We also quantify other structural features such as twists and fractal dimension of CMFs. In
Chapter 3, we discuss the interactions between CMFs and propose a model to calculate the
van der Waals interactions considering the twisted conformation of the particles. We apply
the theoretical findings to lower the attractive interactions between the fibrils using two
different approaches and check whether the fibrils show any signs of anisotropic ordering. In
Chapter 4, we explore the rheological behaviour of these less heterogeneous CMF networks.
The previously unexplored rich non-linear rheological behaviour is systematically
investigated through a series of cyclic stress/strain experiments. We also test the limit of
adaptability of these networks and check how quickly the networks regain their viscoelastic
properties. Often, CMFs are mixed together with other soft matter in many product
formulations, for example shampoo, coatings, food products. In Chapter 5, we aim to
understand how the rheological properties of CMF evolve when combined with other
polymer networks. A model composite system comprising agarose and CMF is used for this
purpose. The proportions of both the components are varied methodically to study the effect
of one network over the other on the ensuing rheological response. We also examine the
accompanying microstructural changes of CMF networks to analyze whether it influences to
the macroscopic rheological behaviour. Finally, in Chapter 6, based on the understanding
gained from our work on the interactions and behaviour of CMF networks, we show an
example of a sustainable functional material made of CMFs. Through a combination of
chemical and mechanical treatment, we could defibrillate CMFs into much thinner
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elementary fibrils to form transparent films. UV-blocking functionality is achieved by adding
bio-based nanoparticles with embedded UV-blocking agents. The functional films are tested
for its optical, thermal and surface characteristics and also if it remains functional with time.

Figure 1.2: Graphical illustration of the themes covered in this thesis.
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Revealing and quantifying the 3D nano- and
microscale structures in cellulose microfibril
networks

Cellulose microfibrils (CMFs) are an important nanoscale building block in many novel biobased functional materials. The spatial nano- and microscale organization of the CMFs is a
crucial factor for defining the properties of these materials. Here, we report for the first time
a direct three dimensional (3D) real space analysis of individual CMFs and their networks
formed after ultra-high shear induced transient deagglomeration process. Using point
scanning confocal microscopy combined with tracking the centerlines of the fibrils and their
junctions by a stretching open active contours method, we reveal that the dispersions of native
CMFs assemble to form highly heterogeneous networks comprising individual fibrils and
bundles. The average network mesh size decreases with increasing CMF volume fraction.
The average length between twists in the ribbon-shaped CMFs are directly determined and
compared well with that of fibrils in the dried state. Finally, the generality of the fluorescent
labeling and imaging approach on other CMF sources is illustrated. The unique ability to
quantify in situ the multiscale structure in CMF dispersions provides a powerful tool for the
correlation of process-structure-property relationship in cellulose containing composites and
dispersions.
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2.1 Introduction
Filamentous biopolymer-based networks are ubiquitous in nature and play a crucial role in
maintaining the structural integrity of living systems. Cellulose forms an important class of
fibrillar biopolymer systems owing to its specific molecular structure and defined
hierarchical order that lead to many interesting properties.1 Cellulose based nanoscale
materials derived from cellulose microfibrils (CMFs), also referred to as nanofibrils (Figure
A2.1),2 are of great interest for several applications owing to their shape anisotropy, high
strength, and chirality.3-6 Recently, there has been strong interest in the 3D CMF networks
driven by their potential use in many advanced bio-based materials such as transparent
paper,7 conductive paper,8 functional aerogels,9-12 implants and scaffolds in tissue
engineering,13 and high strength structural composites.14 The nature of assembly and
organization of CMFs in dispersions often prepared by high shear defibrillation or
deagglomeration using ultra high pressure homogenization or microfluidization process
holds the key to attain the desired properties of the composite materials derived from them.1516
Such high energy processes allow transient deagglomeration followed by aggregation of
the CMF which can be modulated by controlling their inter-particle interactions.17 Methods
for studying CMF dispersion in their native, non-dried form are much needed to understand
the nano- and microscale organization in these materials.
The morphology of CMF from different sources has been studied using high resolution
imaging techniques such as transmission electron microscopy (TEM) and atomic force
microscopy (AFM).18-20 A fundamental limitation of studying CMF dispersions using TEM
and AFM is that these methods are more relevant for understanding the properties of the
fibrils in their dry state. These methods can be prone to the generation of artifacts resulting
from the sample preparation processes.18 Kaushik et al. had used cryo-TEM to study the
nanocrystallites of cellulose in their suspension form, and it revealed marked differences with
the dried forms.4 The structure and properties of CMF networks in dispersions, however,
could markedly differ between those that were never-dried and those that have been in a dried
state.21 Also, most of the applications of CMFs involve their processing in a never-dried
hydrated state or in various solvents and, hence, it is of great interest to study the 3D nanoand microstructures of these CMFs in their “wet” state. Previous reports on imaging cellulose
in the native “wet” state include comparing direct visualization of CMFs in plant cell walls
using confocal microscopy along with image deconvolution with total internal reflection
microscopy and direct stochastic optical reconstruction microscopy. 22 However, the contrast
of fibrils in their images was poor, probably because of the limited non-covalent attachment
of the dye to cellulose. Fluorescent labeling of the native CMFs has been demonstrated
previously by Helbert et al. on bacterial cellulose that has been homogenized by a low energy
blender, which does not create conditions for transient deagglomeration of the microfibrils. 23
Zammarano et al. have used a similar labeling approach to reveal the interface in cellulosepolymer composites.24 The functional properties of the composite materials are governed by
both the nano- and microscale spatial and orientational organization of the reinforcing fibrils,
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which are in turn influenced by the processing conditions.16 Considering the rapid
developments in the utilization of CMFs in various nanostructured composite materials, it is
important that we can perform a 3D real space analysis of their assembled structure, which
is often a precursor for the final material,9-12, 25-26 to reveal and quantify the mesoscale
organization.

2.2 Experimental
2.2.1 Materials
Sugar cane fibers (UltraCel™, WT-11989) were obtained from Watson Inc. Citrus fibers
(HERBACEL-AQ Plus, type N) were obtained from Herbafood. The bacterial cellulose (BC)
microfibrils in the form of pellicles of the strain Aceto Bacter were sourced from a
commercial Nata de coco product (Cozzo Food Industries, Malaysia).

2.2.2 Sample preparation
Syrup from the product was discarded and the BC pellicles were immersed in a bath of 0.1
M NaOH solution and then washed thoroughly with deionized (DI) water (Millipore DirectQ3). The washed pellicles were immersed in DI water and broken down using a hand blender
(Braun 4185545). The resulting BC slurry was then subject to eight washing cycles involving
vacuum filtration and re-dispersion in DI water, to remove soluble impurities. After this, it
was passed through a shearing device called Microfluidizer™ M-110S (Microfluidics Corp)
operating at a pressure of 1200 bar to obtain a macroscopically homogeneous dispersion. The
volume fraction (𝜙) of BC in the dispersion was determined gravimetrically as the average
of three samples from which water was evaporated at 40 oC under a pressure of 40 mbar in a
vacuum oven (Memmert Celcius), using the density value of CMF as 1.5 g/mL. 27
Cellulose microfibrils (CMF) were fluorescently labelled with Fluorescein 5isothiocyanate (FITC) by adopting the mechanism reported by Nielsen et al28 for charged
cellulose nanocrystals. In a typical reaction, 100 mg of FITC (≥90 %, Sigma-Aldrich)
dissolved in 5 mL of 0.1 M NaOH solution was added to 250 mL of 0.5 wt % CMF dispersed
in 0.1 M NaOH. This mixture was kept under constant stirring using a magnetic stirrer and
allowed to react for 4 days under no exposure to visible light. After the reaction, the labeledCMF dispersions were purified by washing with 0.1 M NaOH and then with DI water by
repeated centrifugation (Hettich ROTANTA 460R) at 3566 g for 20 min followed by redispersion in DI water until the dispersion was colorless and showed no background
fluorescence when observed under a fluorescence microscope. The CMF dispersions in
dimethyl sulfoxide (DMSO) (≥99.9 % ACS reagent, nD 1.479, Sigma-Aldrich) were
prepared by gradual solvent exchange facilitated by repeated centrifugation, decantation and
addition of DMSO, thus avoiding drying of the fibrils. The refractive index of the supernatant
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was measured using an Abbe refractometer (ATAGO NAR 3T) as nD 1.4772 at 20 oC in the
final dispersion which corresponds to 99 % DMSO content. The CMF dispersion in DMSO
was then run once through a Microfluidizer™ operating at 1200 bar in order for the network
microstructure to re-evolve in DMSO. From the stock dispersion, samples at different weight
% were prepared by either dilution (by solvent addition followed by mixing using a universal
small shaker at 2500 RPM) with DMSO or concentration (by centrifugation at 3566 g for 20
mins). The CMFs from other sources like citrus fiber (30-50 wt% cellulose) and sugar cane
fiber (90 wt% cellulose) were labeled with FITC following the same procedure. They were
imaged in water.

2.2.3 Confocal microscopy and image analysis
For confocal imaging, the FITC-labeled CMF dispersions were transferred slowly into an
imaging cell of 5 mm diameter with a depth of 3 mm to avoid shearing the fibrils. A Leica
SP8 microscope (Leica Microsystems, Germany) either with a confocal 100 × NA 1.4 or 40
𝐷
× NA 1.3 oil (𝑛20
=1.515) immersion objective lens with 495 nm excitation was used to image
the samples. The 3D images were obtained by scanning a series of 2D images while moving
the microscope stage in the axial direction. The imaging was done in 24-bit 1024 × 1024
pixel format with an average voxel size of 30 × 30 × 130 nm3, within the ideal sampling
interval according to the Nyquist criterion.29 The obtained 3D fluorescence stack images were
deconvoluted by applying the theoretical point spread function calculated from microscopy
parameters, using classic maximum likelihood estimation method.30 This process was carried
out using commercially available software (Huygens Professional 15.05, Scientific Volume
Imaging). For quantitative analysis, we used an open source program called SOAX 31
(version: 3.5.9), which tracks the centerlines of filamentous networks and their junctions by
the stretching open active contours (SOAC) method.32 Prior to analysis, the deconvoluted
confocal microscopy images were downsized to 8-bit 512 × 512 pixel format, contrast
enhanced using ImageJ 1.49k and then the voxel size was made isotropic in all directions
using the SOAX program. Two main parameters that influence the extraction process are the
ridge threshold parameter (τ) that specifies the minimum intensity to initialize an SOAC and
the stretch factor (Kstr) that determines how easily the initialized SOAC evolves. The optimal
parameters for the extraction process, τ and Kstr were obtained from the best SOAC program
by varying these parameters over a range for a representative image. From the list of
candidate extraction results of optimal parameters, we manually selected a result that
matched closely with the original image. We used τ and Kstr values in the range of
0.005−0.01 and 0.10−0.20 respectively, depending on the fibril volume fraction. The
confocal images were further contrast-enhanced for display.
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2.2.4 Analysis of fibril length between twists
The periodic variation in intensity along the fibril contour observed in both confocal
fluorescence images was correlated with the twists inherent in the ribbon-shaped fibrils of
the BC. The images were reconstructed using SOAX to obtain the foreground intensity along
the centerlines of the fibrils. The distances between the subsequent minima in the intensity
profile data along the fibril length in 3D reveal the distance between the twists. The analysis
was carried out in Origin 9.1 using the peak analyzer option to obtain the distance between
the subsequent minima. Prior to the analysis, the intensity profile obtained from SOAX was
smoothened by an adjacent averaging method to not take into account the small fluctuations
arising from imaging noise.

2.2.5 Determination of fractal dimension of CMFs
A dilute suspension (𝜙= 0.01 %) of CMFs in DMSO was sonicated using a bath
ultrasonicator (Branson 8800, 40 kHz, 90 s) to disperse the fibrils. The suspension was then
imaged in 3D in a 512 × 512 pixel format with an average voxel size of 80 × 80 × 200 nm3,
using a reflectance confocal microscope (Leica TCS SP8) in resonant scanner mode. We used
a 100 × NA 1.4 objective (noil = 1.515). From the volume image, the coordinates (with subpixel resolution) of the individual fibrils were obtained by semi-automatic tracing, using
VAA3D software (version 3.20).33 From the fibril coordinate data, both the fibril contour
length (𝐿) and end-to-end length (𝑆) were obtained in order to calculate the fractal dimension.

2.3 Results and Discussion
In this study, CMFs from different sources were fluorescently labelled with fluorescein
isothiocyanate (FITC) to visualize and observe their microstructure using confocal
microscopy. FITC reacts with hydroxyl groups along the surface of CMFs leading to covalent
attachment. Imaging contrast was improved by having a dye grafted to the fibril surface
compared with that of a physically adsorbing dye, that can partially remain in the solvent
(Figure A2.2). The CMFs sourced from bacteria are a pure form of cellulose, free from lignin
and hemicellulose;34 hence, they serve as a good model system to investigate the properties
of 3D networks of CMFs. It is known that native CMFs, when dispersed in water, associate
and form networks with a heterogeneous microstructure comprising fibril bundles, flocs and
voids owing to attractive van der Waals and hydrogen bonding interactions. 35-36 We
hypothesized that the attractive interactions, dominated by van der Waals forces between the
fibrils, can be reduced by dispersing the fibrils in a lower dielectric constant medium and
thus lowering the effective Hamaker constant. To test this, we dispersed CMFs in dimethyl
sulfoxide (DMSO), which has a smaller dielectric contrast with cellulose (𝜀𝐷𝑀𝑆𝑂 − 𝜀𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
= 46.68 – 7 = 39.68) compared to water (𝜀𝑊𝑎𝑡𝑒𝑟 − 𝜀𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 = 80.10 – 7 = 73.1).37-38 The
Hamaker constants were calculated by using Lifshitz theory, 39 employing the isotropic
refractive index value of CMF as 1.569.40 The van der Waals interaction between a parallel
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pair of CMFs was calculated assuming a cylindrical shape of the fibril cross-section.41 We
calculated that the van der Waals interactions between CMFs in DMSO should be about four
times lower than in water (Figure 2.1a). Consistent with our hypothesis, confocal imaging
qualitatively confirmed that CMF networks dispersed in DMSO were significantly less
heterogeneous than networks in water (Figure 2.1b, c), although we still observed bundles,
flocs and voids (see schematic in Figure 2.1d).

Figure 2.1: (a) Average Van der Waals attraction energy between a pair of CMFs oriented
in parallel, separated by a 30 nm distance, calculated assuming a cylindrical shape for the
fibril cross-section. (b) 2D confocal fluorescence image of CMF networks at a volume
fraction of 0.33 % in water clearly show the presence of a larger area of voids in comparison
to (c) the corresponding networks in DMSO. (d) Schematic illustration of the heterogeneous
microstructure of CMF dispersions comprising bundles, flocs and voids.
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Further, the refractive index (RI) mismatch between the sample medium and the objects
in it and the imaging objective leads to deterioration of the point spread function (PSF), which
becomes more pronounced with increasing the depth of focus in to the sample volume in the
case of 3D imaging.42 This effect was reduced by dispersing the CMF in DMSO where the
RI difference is lesser than in water. Scattering within the sample is lowered considerably,
leading to further improvement in the imaging quality. During imaging, no change in the
network structure of the CMFs was detected as their motion was topologically constrained
in the range of concentrations analyzed. The network structures of samples below 0.05 % 𝜙
obtained by simple dilution (i.e. without high shear) could not be imaged in normal mode as
the ends of some fibrils started to dangle owing to the loss of topological constraints (Movie
M1). Figure 2.2a shows a deconvoluted 3D image of bacterial cellulose pellicle (i.e. 3D
network of CMFs before the high shear deagglomeration) imaged with confocal microscopy.
Deconvolution using a theoretical PSF was done to improve the images. The fine network
structure of individual CMFs inherent in these pellicles is clearly visible. By applying a
Gaussian fit (Figure 2.2b) to the intensity profile along a fibril cross section, we obtained a
full-width at half maximum of 140 nm, which is within the typical range of widths for CMFs
in the dried state determined using electron microscopy (Figure A2.1). 43-44 Furthermore, due
to the hierarchical structure of CMFs, the width of the fibrils may vary between their dried
and dispersed states, and also depending on the medium they are dispersed in, especially in
this case since DMSO is known to cause significant swelling of cellulose fibers. 45-46

a

b

Figure 2.2: 3D confocal image (38.19 × 38.19 × 6.76 μm3) of the CMF network in bacterial
cellulose pellicle. (b) Intensity profile along a fibril cross-section indicating the resolution of
imaging. Inset: Maximum intensity projection of a section of Figure 2.2(a). Scale bar: 2 μm.
During the process of microfluidization, the fibrils were subject to a complex flow process
at very high shear rates leading to defibrillation by shear forces as well as cluster formation
by impaction at channel walls and colliding streams. The organization of the fibrils after this
process is strongly influenced by inter-particle interactions.17 The CMFs dispersed in DMSO
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was imaged at different volume fractions (made by concentrating a 0.11 % 𝜙 stock
dispersion), as shown in Figure 2.3. At higher volume fractions, the networks appear denser
and bundling of fibrils is more evident. The microstructure is heterogeneous with the
presence of both individual and bundles of fibrils. Voids are present. Using a stretching open
active contours (SOAC) algorithm,32 the centerlines of the fibrils were traced and the network
was reconstructed to obtain their coordinates in 3D along with that of the fibril contacts
(junctions). Closely packed fibrils that appear as one thick bundle are traced as single fibrils
owing to the lack of sufficient resolution parting one fibril from another.

Figure 2.3: Maximum intensity projection of 3D confocal images (up) of CMF networks at
different volume fractions (left to right: 0.11 % (30.22 × 30.22 × 5.98 μm3), 0.13 % (30.62 ×
30.62 × 5.85 μm3), 0.18 % (30.22 × 30.22 × 5.98 μm3), 0.22 % (24.02 × 24.02 × 9.49 μm3)
𝜙) and their respective 3D reconstruction images (purple=fibrils, green=fibril junctions).
Scale bars: 10 μm.
Owing to the heterogeneous nature of the network microstructure, the fibril length between
the subsequent junctions, which directly relates to the mesh size, , of the network,47 has a
broad distribution range as shown in Figure 2.4a for different volume fractions. Figure 2.4b
shows the plot of the average mesh size per unit volume. It is interesting to note that some of
these values lie in the same range irrespective of the CMF volume fraction.
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Figure 2.4: (a) Distribution of the mesh size of CMF networks at different volume fractions.
(b) Average mesh size per unit volume with respect to the volume fraction of the CMF
network.
It is established theoretically that the mesh size of densely-connected filamentous polymer
networks follows a power-law relationship with concentration with an exponent of -0.5;
 ~ ϕ−0.5 .47 However, the behaviour of CMF networks differs, as the network is formed from
the components that exert strong attractions on each other, which breaks down to flocs (not
to individual fibrils) upon dilution or moderate shear.48 We do observe that the average mesh
size decreases with increasing volume fraction, as  ~ ϕ−0.32± 0.01 . The smaller exponent is
the result accounted by the presence of voids in the network, which decreases both in size
and in number concentration with increasing volume fractions of CMFs.
The amount of shear applied plays a definite role in governing the microstructure of the
network formed in the case of CMFs.49 The samples were prepared by concentrating 0.11 %
𝜙 stock dispersions. Therefore, the microstructure formed by 0.11 % sample would be
inherited to the rest of the samples. This is clearly reflected in the mesh size distributions of
0.11, 0.13, and 0.18 % 𝜙 samples, which fall in the same range. The measured fibril count
could be higher as some bundles get classified as single fibrils in the image reconstruction
process. It is also to be noted that the image reconstruction process is not artifact-free; the
results represent a quantitative analysis of the CMF network microstructure (Figure A2.3).
An interesting observation that can be made from these images is the appearance of
alternating bright and dark segments along the length of the fibrils, as shown in Figure 2.5a.
This corresponds to the twists inherent in these ribbon-shaped fibrils. The variation in
intensity along a part of a fibril contour is shown in Figure 2.5b for a fibril marked in Figure
2.5a. The darker segments along the fibril contour which correspond to valleys (or minima)
in the intensity profile represent twists. From the 3D intensity profile, the distances between
the subsequent minima reveal the fibril length between the twists (Lt). Figure 2.5c shows the
distribution ranging from 0.3 to 2 μm with an average value of 0.73 μm from analy
zing about
80 fibrils of varying widths. This value is slightly smaller than the one obtained by analyzing
the TEM images (see Figure A2.4) of the CMF dried from aqueous media, from which we
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determined an average length of 0.85 μm per twist. The reason for this difference might be
due to gradual and natural twisting of CMFs in the dispersed state compared to the sharp and
segmented twists in the dried fibrils, as proposed by Hanley et al.19 The variation of
fluorescence intensity along the contour of the fibrils is not an artifact of the image
deconvolution process, which is confirmed from a comparison of intensity profile of the same
fibril before and after deconvolution process (Figure A2.5).

a

b

c

Figure 2.5: (a) Maximum intensity projection of a 3D confocal image (7.62 × 7.62 × 7.68
μm3) showing alternating bright and dark segments along the fibril contours (scale bar: 2μm).
(b) Intensity profile of a representative fibril. (c) Distribution of fibril lengths between the
twists analyzed from a 3D confocal image.
It is evident from our confocal images that the CMFs are twisted gradually, unlike in the
TEM images of the fibrils in the dried state. Our Lt analysis results are also consistent with
the ones reported by Colvin which was found to be about 0.7 to 1 μm for single dry fibrils
based on the TEM observations.50 He also reported a significant variation in the pitch of the
twists even within a single pair of CMFs. However, we are unable to comment of the
uniformity of the interval of occurrence of twists as we have taken in to account the fibrils of
varying widths ranging from single fibrils to bundles in our analysis. The mechanism behind
the twisting of cellulose is still debated.51
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To demonstrate the generality of our approach, we fluorescently labelled CMF dispersions
obtained from the plant biomass materials. Sugar cane fiber and citrus fiber, which are byproducts from the production of sugar and pectin, respectively, were selected as examples
(Figure 2.6). These two sources contain not only cellulose but also soluble polymers such as
pectin and hemicellulose, which are typically present in the plant primary cell walls.34 A
comparison of the microstructures of these two sources of CMF dispersed in water is shown
in Figure 2.6. The citrus fibers dispersion, which contains a higher level of soluble
biopolymers, shows a more homogeneous CMF network. The diffusive background could
originate from some degree of covalent attachment of the FITC molecules to the soluble
polymers like pectin. The observed more homogeneous CMF networks are similar to the case
of CMFs in the presence of adsorbing charge polymers (e.g. CMC 17). The CMF networks
derived from the sugar cane appear to behave more like dispersion of pure CMFs, which is
in line with the very higher content of cellulose (as indicated by the supplier).

a

b

Figure 2.6: 2D confocal images of CMF networks in (a) citrus fiber and (b) sugar cane
fiber dispersions in water. Scale bar: 5 μm.
The fractal dimension (DF) of the particles that connect to form a network plays an
important role in determining their mechanical behaviour.52 In order to trace the entire L and
S of the fibrils, we image a very dilute dispersion which was obtained after diluting a network
of particles. We determine the DF of individual fibrils from the fibril coordinate data obtained
after analyzing the 3D images of a dilute dispersion after ultrasonication, to ensure that the
fibrils are not in contact with one another (Figure. 2.7a). The imaging was done using a
resonant scanner in reflectance mode in order to freeze any movement of the fibrils and to
obtain a good contrast between the particles and the media. For our system of CMFs
1

dispersed in DMSO, a DF of 1.03 ± 0.03 was deduced, using the expression 𝑆 ∝ 𝐿𝐷𝐹 . Based
in this calculated value, CMFs are classified and modelled as rod-like particles.
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Figure 2.7: (a) 3D coordinates of single fibrils dispersed in DMSO traced in confocal image
stacks using VAA3D.33 (b) Esimation of fractal dimension from the length parameters of the
traced fibrils (N= 50).

2.4 Conclusion
In conclusion, we demonstrate the first direct 3D visualization and quantitative analysis of
individual CMFs, bundles, and their networks in dispersion. We obtained the mesh size
distribution of the networks at different volume fractions. A power-law relationship with an
exponent of -0.32 was found between the mesh size and volume fraction of the networks.
Twists inherent in the microfibrils were clearly identified from the confocal images. The
average length between the twists was found to be slightly greater in the “wet” state when
compared to that in the dried fibrils. The fractal dimension of CMFs in DMSO was found to
be close to unity, thereby classifying the CMFs as rod-like. We therefore bridged the gap in
studying in situ the morphology of cellulose microfibril networks without artifacts at an
intermediate scale between that of transmission electron microscopy and wide-field optical
microscopy. The results presented in this work pave way for deeper understanding of
structure-property relationships, especially in the case of cellulose based multi-phase and
multi-component material systems. This work also sets a direction for future work on
studying the effects of shear on the network structure of CMFs (Figure A2.6).
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Note 2.1: Nomenclature and width of cellulose fibrils

Figure A2.1: (a) Width distribution of cellulose microfibrils. (b) Representative TEM image
(contrast inverted) of CMF.
The term microfibrils and nanofibrils are used synonymously for cellulose systems 53. These
terms, however, are not synonymous to ‘microfibrillatedcellulose’ processed from plant
sources which can contain a variety of fibrillar fragments of different sizes. 2 In the case of
bacterial cellulose, microfibrils are referred to as the ribbon shaped fibrils formed by
aggregation of several ‘elementary fibrils’ of about 5 nm in width. The width of cellulose
microfibrils (CMF) sourced from bacteria was reported to be in the range of 70-145 nm.44
Figure A2.1a shows the width distribution of dried CMFs analyzed from TEM images. The
average width was found to be 95 nm after analyzing about 100 fibrils.
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Note 2.2: Effect of fluorophore labelling method on imaging cellulose
An example of different fluorescent labelling methods on CMF is shown in Figure A2.2. It
was found that the contrast of images of CMF labelled by covalent attachment of FITC was
considerably better than non-covalent labelling with Congo red. Both confocal micrographs
were taken at same settings, same gain, except that Congo red is excited at 500 nm and FITC
at 490 nm wavelength. In order to make the visualization better for comparison, the intensity
distribution of both the images were stretched equally up to 50 % by increasing the brightness
and contrast. Figures A2.2c and A2.2d are intensity stretched images of A2.2a and A2.2b,
respectively. It could be noted that the intensity stretched Congo red dyed image appears
grainier and also the resolution of fibrils is still not as clear as to that of un-stretched FITC
dyed image (Figure A2.2b). Therefore, one can conclude from this result that covalent
labeling of dye significantly improves the contrast and hence the resolution of fibrils for
micro-structural analysis.

Figure A2.2: Comparison of (a) non-covalently labelled CMF with Congo red; (b)
covalently labelled CMF with FITC; (c) brightness and contrast stretched image (a); (d)
brightness and contrast stretched image (b). Scale bars represent 10 μm.
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Note 2.3: Comparison of confocal images of CMF networks and its reconstruction

Figure A2.3: Magnified portions of confocal (top row) and SOAX (bottom row) rendered
images of CMF networks from Figure 2.3 at different volume fractions (0.11 %, 0.13 %, 0.18
% and 0.22 % 𝜙 from left to right). The green spots correspond to fibril junctions and the
purple lines correspond to centerlines of fibril contours.
A series of magnified portions of confocal images in Figure 2.3 and its respective SOAX
rendered image of the CMF networks at different volume fractions are displayed in Figure
A2.3, in order to verify the exactness of the image reconstruction process. Overall, it can be
observed that the reconstructed images closely resemble the original confocal images. On a
closer look, we could identify few drawbacks, mainly the presence of few false positive
junctions and that the larger fibril bundles remain unresolved. The reason for this might be
that the fibril separation distance might be smaller than the PSF width, in the case of bundles.
The junctions are defined by reconfiguring and clustering local T-junction points that are
formed when one Stretching Open Active Contours (SOAC) collides with another SOAC
body.31 The anisotropy in the point spread function shape may be a contributing factor to the
few false junction points arising from fibrils close to each other. However, the periodic
intensity variation along the fibril contours does not seem to affect the tracking process unless
the intensity is too low to not be accounted by the set ridge threshold parameter. The
heterogeneous nature of the networks poses a significant challenge to be reconstructed
accurately and the results shown here are as good as we could achieve, with existing image
analysis methods.
Note 2.4: Transmission Electron Microscopy of CMF and determination of the distribution
of fibril lengths between twists in the dried state
In order to compare the fibril lengths between twists in the dispersed or ‘wet’ state with that
of in the dried state, transmission electron microscopy (TEM) was performed on fibrils that
were dried from a dispersion. We used negatively stained samples of Carboxymethyl
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cellulose (CMC) adsorbed cellulose microfibrils (1:4=CMC:CMF) dried from water
dispersion. TEM was performed on a Tecnai 20 system from FEI. A drop of dispersion was
placed on a carbon only 300 mesh copper TEM grid (Agar Scientific), of which the surface
was made hydrophilic by glow discharge. Excess solvent was blotted away with a small filter
paper, after which the sample was negatively stained by adding a drop of phosphortungsten
acid (2 % w/v) in water onto the grid. The samples were left to dry in air before imaging. A
representative inverted contrast TEM image of CMF is shown in Figure A2.4a. The twists
are identified with brighter regions along the fibril contour. The lengths of fibrils between
subsequent twists were measured using ImageJ 1.49k (Figure A2.4a) for about 75 fibrils and
the results are plotted as shown in Figure A2.4b.

Figure A2.4: (a) TEM image (inverted contrast) of CMF dried from water dispersion
showing twists represented by the brighter segments. (b) Distribution of the fibril lengths
between twists measured from TEM images.
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Note 2.5: Comparison of the intensity profiles of a fibril segment before and after image
deconvolution process

Figure A2.5: Maximum intensity projection of a 3D confocal image of CMFs in DMSO (a)
before and (b) after image deconvolution process. (Scale bar: 2 μm). (c) Comparison of the
fluorescence intensity profile along a fibril segment indicated with orange arrows in images
a and b, showing similar variation in intensity along their length.
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Note 2.6: Observation of changes in CMF network structure on application of shear

Figure A2.6: 2D confocal images of CMF from bacterial cellulose (a) before and (b) after
shearing them between two cover slips. Scale bars represent 50 μm.
In preliminary measurements, we have also observed the effect of simple shear applied on
the microstructure of CMF networks using confocal microscopy. Figure A2.5 shows the
marked difference in the microstructure of CMF networks before and after shearing (with no
control of shear rate) them between two cover slips. The formation of higher order aggregates
upon shear can be observed clearly. These preliminary investigations indicate the relevance
for a more in-depth study of the effects of shear on the microstructure of these networks.
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3
Manipulating the interactions and quest for
order in cellulose microfibril networks

The stability and phase behaviour of a colloidal system is primarily determined by the interparticle interactions in the system. In this chapter, we discuss the interactions between
cellulose microfibrils (CMFs) and explore the behaviour of their networks by manipulating
the interactions. The interactions between CMFs were deduced taking into account their
distinct attributes such as shape anisotropy and twists. We control the two major interaction
components: i.e. the van der Waals and electrostatic interactions individually by reducing the
dielectric contrast in the system and by introducing charged groups on the fibril surface,
respectively. Dispersions containing isotropic and aggregated particle networks were used as
the starting material and the resulting changes in their structure on modifying the interactions
were studied. The approach of lowering the dielectric contrast between CMFs and the
dispersion media did not result in a marked change in their aggregated network structure,
whereas augmenting electrostatic forces lead to the formation of ordered domains. On
concentrating oxidized CMF dispersions in situ, nematic liquid crystalline structures were
formed characterized by a high 2D orientational order parameter. This work provides an
insight into the scope and the effect of manipulating the interactions of CMFs with direct
relevance towards fabricating novel bio-based functional materials with tunable structure and
properties.
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3.1 Introduction
Systems of shape-anisotropic particles have received much attention in recent years, and
among the reasons for this are their intriguing properties in terms of phase behaviour. The
anisotropy in a particle shape usually extends to its interactions, which leads to interesting
phase behaviour, as well as the ability to assemble in to complex motifs. 1 Furthermore, by
ordering these particles in specific patterns, their inherent anisotropy can be up scaled to
macroscopic scales to form anisotropic functional materials that exhibit superior properties
in comparison to their isotropic counterparts.2
Cellulose microfibrils (CMFs) are a unique class of naturally occuring shape anisotropic
colloidal particles with interesting properties such as high rigidity3 and chirality.4 CMFs are
formed as a result of heirarchical assembly process across multiple scales starting with -1,4β
linked D-glucose polymer chain and are abunantly available from different sources in nature
with varying levels and forms of anisotropy. 5 The formation and assembly process of the
CMFs in their native state have been investigated extensively6-8 but the ordering and
assembly of CMFs as building blocks, mostly for technological applications are of recent
interest.9-11 CMFs are obtained either directly from microorganisms and primary cell walls
in plants or by deconstructing the heirarchical structure in wood. In any case, the as obtained
CMFs are found in an aggregated gel-like state due to their net attractive interactions and a
high aspect ratio. Some of the commonly applied strategies to transform the isotropic and
aggregated network of CMFs to an anisotropic structure involve a combination of fibril
surface modification and mechanical stimuli.9, 11 It was shown that isotropic dispersions of
CMF transition to an ordered liquid crystalline-like phase on mechanically processing the
dispersion with added carboxy methyl cellulose.12 Furthermore, self assembled macroscopic
structures were formed using surface modified CMFs as building blocks by hydrodynamic
alignment,11 adding electrolyte13 and drying processes.14-15 An alternative approach is to
reduce the complexity of the system by dissolving the amorphous segments in the fibril to
form cellulose nanocrystals. The nanocrystals with controlled anisotropy, and well defined
dimensions and properties exhibit a rich phase behaviour including formation of chiral
nematic liquid crystalline phases.16-17
With growing interest in exploring as well as extending the anisotropy of cellulose based
particles, it is important to first resolve and quantify the extent of interactions in the system
precisely. Deducing the extent of interactions can lead to a clear prediction and modelling of
the phase behaviour of these systems. Moreover, due to the inherently aggregating nature of
unmodified CMFs, controlling their inter-particle interactions is key to form ordered liquid
crystalline structures. However, unlike synthetic materials, the determination of interactions
between CMFs is not straightforward since the surface properties, cross-sectional geometry
and dimensions vary due to the natural twisting18 of the fibrils. Previous reports on estimating
the interactions between CMFs did not take into account their anisotropic shape, assumed as
cylinders.19-20
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In this chapter, we propose a framework to calculate CMFs interactions by including
their shape anisotropy and inherent twists. We deduce the major interactions between CMFs
computationally and apply these findings experimentally to reduce the inter-fibrillar
interactions. The interactions were manipulated using two different approaches: dielectric
contrast reduction to minimize van der Waals (vdW) interactions and augmentation of
electrostatic forces. We study the resulting network structure of the fibrils to detect the
changes that occur as a result of manipulating the interactions.

3.2 Experimental
3.2.1 Materials
Cellulose microfibrils (CMFs) were sourced from a commercial Nata de coco product (Cozzo
food industries, Malaysia). The following chemicals and solvents were procured from Sigma
Aldrich and used as received: Fluorescein isothiocyanate (FITC, ≥90 %) Dimethyl Sulfoxide
(DMSO, ≥99.9 % ACS reagent), 1,2-Dichlorobenzene (DCB, 99 %) or 1,2,4Trichlorobenzene (TCB, 99 %), 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO, 98 %),
Sodium chlorite (NaClO2, 80 %), Sodium hypochlorite solution (NaClO, 10-15 % active
chlorine). Deionized (DI) water from a Millipore system was used for the sample preparation
processes. The values of refractive indices (𝑛) and dielectric constants (𝜀𝑟 ) of the solvents
are given in the following table.21-22

Table.1: Dielectric properties of solvents used in this work
Solvent

𝒏𝑫

𝜺𝒓 (1
KHz)

Water

1.333

80.10

DMSO

1.479

46.68

DCB

1.551

9.93

TCB

1.571

2.24

3.2.2 Methods
Preparation of CMF dispersions in different solvents
Dispersions of CMF in water were prepared by homogenizing the Nata de coco cubes by
passing through a MicrofluidizerTM M-110S (Microfluidics Corp) once at a pressure of 1200
bar, after subjecting them to a thorough washing process. CMFs were fluorescently labelled
with FITC following the procedure described in Chapter 2 (section 2.2.1). After the reaction,
the fibrils were purified by washing with 0.1 M NaOH and DI water multiple times to remove
the excess dye and then transferred to DMSO by repeated centrifugation (3566 g, Hettich
Rotanta 460R), decantation and re-dispersion process. CMFs of different concentrations were
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prepared by either diluting the as prepared stock dispersion with the solvent or by
concentrating the stock dispersion by centrifugation. In order to ensure a uniform shear
history, the samples at different concentration were passed through the Microfluidizer TM once
at a pressure of 1200 bar. To disperse CMFs in either TCB or DCB, we solvent exchanged
from DMSO since these chlorobenzes are immiscible in water. Teflon tubes were used for
this process since CMFs showed an affinity to stick on to glass/plastic surface when
suspended in these low dielectric constant solvents. Owing to the poor dispersibility of CMFs
in TCB and DCB and the relatively high level of toxicity of these solvents, these samples
were not processed in the Microfluidizer and therefore, were only sheared using an Ultra
Turrax (T25 digital) at 4000 RPM.

Preparation of oxidized cellulose microfibril dispersions
To prepare oxidized-cellulose microfibrils (O-CMF), we started with CMFs dispersed in
water which was obtained after the homogenization process of the purified Nata de coco
cubes. The oxidation reaction was done at neutral conditions (in 0.05 M sodium phosphate
buffer) using TEMPO/NaClO/NaClO2 system at 60 oC for 48 hours, in order to minimize
depolymerization of cellulose.23 After the reaction, the dispersion was purified by repeated
centrifugation (Hettich Rotina 380R, 10000 g, 30 mins), decantation and re-dispersion in DI
water. The samples were not further homogenized in the Microfluidizer because the fibrils
were already well dispersed due to the electrostatic repulsion forces exerted by the charged
groups on its surface.

3.2.3 Characterization
Confocal microscopy
Confocal microscopy was performed using a Leica TCS SP8 microscope with a 100 × NA
1.4 oil immersion confocal objective. For imaging, the samples were transferred to tailor
made cells with a cylindrical chamber (z= 2 mm, Ø= 6 mm), covered with No.1.5 cover slips.
The samples were illuminated at 495 nm with a white light laser and the images were
recorded using both Photomultiplier tube detector and hybrid detector (500 - 600 nm) to
acquire reflection and fluorescent channel images respectively. O-CMFs were recorded only
in reflection mode since they could not be fluorescently labelled without affecting their
repulsive interaction potential (Figure A3.1). The images were recorded in 2D with a pixel
size of 43 × 43 nm2 which is within the Nyquist criterion24 for optimum sampling rate. Unless
otherwise stated, the images were acquired at a depth of around 10 μm from the glass.

Image analysis
The orientations of the fibrils in the 2D images were analyzed using the publicly available
OrientationJ plugin25 (version 19.11.2012) from the ImageJ software (version 1.49k). Prior
to analysis, the images were converted to 8-bit and normalized using Enhance contrast
normalization option (0.4 % saturated pixels). The OrientationJ program computes the
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structure tensor of intensity gradients around each pixel. The local orientation of the intensity
is given by the eigenvector corresponding to the largest eigenvalue of the tensor. For this, we
used a Gaussian window with standard deviation σ of 4 pixels. The orientation distribution
is then constructed by taking the orientation of each pixel (which is a value between -90 and
+90) and weighing it with its coherency (a value between 0 and 1). To minimize noise effects,
the images were smoothened in ImageJ before processing. The ‘smooth’ function assigns
each pixel the average gray value of their 3×3 neighbors. From the orientation distribution
the orientational order is expressed by means of a 2D order parameter 26
𝑆2𝐷 = √〈cos2𝜃〉2 + 〈sin2𝜃〉2
𝑆2𝐷 = 0 corresponds to a completely random orientation, whereas 𝑆2𝐷 = 1 indicates that all
features are oriented in the same direction. Since not all the samples were fluorescently
labelled, the results we present here were obtained by analyzing reflection channel images of
a pixel size of 43 nm in order to ensure uniformity; supported by the fact that no significant
difference in 𝑆2𝐷 were observed between both the channels. It is to be noted that the 𝑆2𝐷
analysis result is dependent on the pixel size of the image and the scattering strength of the
system.

Zeta potential measurements
The zeta potential of O-CMF was measured by means of electrophoretic mobility (Malvern
Zetasizer). A dilute sample of 0.01 wt% was used with 10mM added salt concentration in
order to ensure that the Debye length of the fibrils is within the limits of Smoluchowski
approximation.

3.3 Theory
Interactions between CMFs
The inter-particle interactions in a colloidal system play a major role in governing the
macroscopic behaviour of the system. CMFs in their native state exhibit a net attractive
potential dominated by the ubiquitous van der Waals (vdW) forces and also hydrogen
bonds.27 VdW forces are a collection of weak forces between molecules or atomic groups
which obey the 1/𝑟 6 force law. Among the constituting forces, the London-dispersion force,
which essentially is a force from the dipole moments that the particles induce in the vicinity
of one another, is significant to our system along with electrostatic forces. The calculation of
interactions between individual CMFs does not take a straightforward approach due to their
twisted nature with a rectangular cross sectional geometry. Previous reports on determining
the interactions of CMFs were based on the assumption of a cylindrical particle shape. 20, 27
In this work, we study whether and to what extent the anisotropic shape of CMFs affects the
calculation of the interactions in comparison to calculating the interactions assuming a
circular cross-section.
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We compute the vdW forces between CMFs in the non-retardation regime (close
contact), using the Hamaker approximation approach that takes in to account the material
properties and the geometry of the system in terms of spatial variables28
𝐸=−

𝐴𝐻
𝜋2

∬𝑣

1 ,𝑣2

1/𝑟 6 d𝑣1 d𝑣2

(1)

where the 𝑣𝑖 are the volumes of the bodies, 𝐴𝐻 is the Hamaker constant that takes in to
account the materials’ properties
In order to calculate the interactions in different solvents, we determine the Hamaker
constant using Lifshitz theory29
3

𝜀1 −𝜀3

4

𝜀1 +𝜀3

𝐴𝐻 ≈ 𝑘𝑇 (

)(

𝜀2 −𝜀3
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)+
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⋅

1
√𝑛12 +𝑛32 +√𝑛22 +𝑛32

(2)

where 𝜀𝑖 denotes the static dielectric constant and 𝑛𝑖 the refractive index of the material 𝑖, ℎ
the Planck constant and 𝜈𝑒 ≈ 3 ⋅ 1015 𝑠 −1 is the electron absorption frequency. In equation
2, the medium is represented by the suffix 3. With bodies 1 and 2 of the same material,
equation 2 simplifies to
3

𝜀1 −𝜀3 2
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𝐴𝐻 ≈ 𝑘𝑇 (

) +

.

(3)

In addition to the fact that cellulose is a birefringent material where 𝑛∥ and 𝑛⊥ are
refractive indices for light polarized in the directions parallel and perpendicular to the fibril
axis respectively, its refractive index also varies depending on its source and the extent of
processing.21 For bacterial cellulose which is highly crystalline with a cellulose I
structure, 𝑛∥ = 1.618 and 𝑛⊥ = 1.544.30 From these values, we determine the isotropic
refractive index (𝑛𝑖𝑠𝑜 ) using equation 4,30 to take in to account for the calculation of Hamaker
constant.
1

𝑛𝑖𝑠𝑜 = (𝑛∥ + 2𝑛⊥ ) = 1.569
3

(4)

Given the 𝜀𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 = 7.2,21 we obtain 𝐴𝐻 values of cellulose in water and in DMSO as
9.23 × 10−21 J and 2.63 × 10−21 J respectively. The 𝑛𝑖𝑠𝑜 value taken in to account to
calculate to 𝐴𝐻 leads to small but a significant variation to the one reported in literature e.g.
8 × 10−21 J in water31 which was obtained with 𝑛𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 = 1.544.
The vdW energy between two long cylinders, with a face-to-face distance 𝑑 ≪ 𝑅 is given
by32
𝑣𝑑𝑊 = −
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A more exact expression for interactions between parallel cylinders that also holds good for
larger separations is described as follows32:
𝑣𝑑𝑊 = −

2𝐴𝐻

∑∞
𝑖,𝑗=1

3(𝑑+2𝑅)

1
2
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𝑖!𝑗!(𝑖−1)!(𝑗−1)!

𝑅 2𝑖

𝑅 2𝑗

𝑧

𝑧

(6)

( ) ( )

with Γ the gamma function, which for an integer 𝑛 is given by
1

1 × 3 × 5⋯ × (2𝑛+1)

2

2𝑛

Γ(𝑛 + ) =

𝜋 1/2 .

(7)

For crossed cylinders in the close distance regime, Parsegian32 gives
𝑣𝑑𝑊 = −

𝐴𝐻 𝑅
6𝑑

(8)

.

The rectangular cross-section of CMFs needs to be considered in order to precisely model
and estimate their inter-particle interactions while dispersed in a solvent. We start with an
analytical expression to calculate the interaction energy of long (𝐿 > 𝑤, 𝑡, 𝑑) parallel
rectangular rods at close distance, as given by Vold 33:
𝑣𝑑𝑊 = 𝑓(𝑤, 𝑑, 𝑡, 𝐴𝐻 ) =

−
+
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)

(9)

),

where 𝑤 and 𝑡 are the width and thickness of the rod respectively. An expression for long
crossing rectangular rods is also derived by Vold 33:
𝑣𝑑𝑊 = −

𝐴𝐻 𝑤 2
12𝜋

(

1
𝑑2

+

1
(𝑑+2𝑡)2

−

2
(𝑑+𝑡)2

).

(10)

Having described these two geometries, the most reasonable model for our system would
be the width-sides facing conformation since the length of the fibrils between twists (~1 μm)
is much larger than the separation distances at close contact regime. Therefore, the local
attractivity between two fibrils is maximum in this conformation on a length scale of
approximately 1 μm. A further accurate description of vdW interactions between two CMFs,
taking into account the intrinsic twists would be a sum of an integral of a sine function
between the width-sides facing conformation and the thickness-sides facing conformation
(which is relatively less attractive):
2

𝜋−2

𝜋

𝜋

𝑣𝑑𝑊 = 𝑓(𝑤, 𝑑, 𝑡, 𝐴𝐻 ) +

𝑓(𝑡, 𝑑, 𝑤, 𝐴𝐻 ),

(11)

This equation would correspond to the maximum total interaction between two CMFs, where
𝑓 is the function as given in equation 9.
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Figure 3.1: (a) Schematic illustration of twisted rectangular rod conformation and paralelly
oriented conformation of cylinders, taken in to account for the calculation of vdW interaction
energy. (b, c) VdW interactions (normalized to 𝑘𝑇) in water assuming cylindrical (black) or
twisted rectangular (𝑤/𝑡 = 5) cross section (red) for CMFs at two different length scales.
The cross-sectional surface is kept constant at 20,000 nm2.
It is evident from Figure 3.1 that the interactions at short distances are underestimated
in a cylindrical shape, but overestimated on larger distances. The twisted rectangle model is
limited, but the system should not be more attractive than that of parallel width-side facing
rectangular rods. The effect of considering different particle shapes to model vdW
interactions between two parallely oriented CMFs is given in Figure A3.2. Furthermore, it is
reasonable to assume that until a distance of 40 nm, kinetic movement dominates over
attractive interactions. The commonly used cylinder approximation is well off in the long
distance regime whereas in close contact, it is important to take the intinsic shape of CMFs
into account to calculate the vdW interactions as shown in figure 3.1c.
The other major component that influences the interaction between CMFs are the
electrostatic forces which counteract the vdW forces. Native CMFs do hold a small amount
of surface charge due to the presence of OH groups. 34 When the particles are brought in
contact with an electrolyte (even ‘pure’ water has an ion concentration of around 10−7 mol/L)
however, this repulsion is reduced as a consequence of screening. The oppositely charged
ions from the electrolyte along with other ions assemble around the particle, forming a diffuse
electric double layer that neutralizes the charged CMF. We could not exactly measure the ζ-
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potential of CMF in water and in DMSO, since the fibrils remained aggregated even at low
CMF and electrolyte concentrations. In literature, a ζ-potential value of -7.5 mV is reported
for CMFs in water, using a streaming potential set-up.34
Since the double layer interaction is a surface phenomenon, we consider CMFs as
arbitrary flat surfaces on short lenghtscales, and the most appropriate geometry to apply
would be the parallel plates. This would also be the most straightforward approach as the
interaction energy per unit area between infinite plates can be calculated analytically for
parallel and crossing configurations by neglecting end effects.
Israelachvili gives the interaction energy between two flat surfaces per unit area in the linear
superposition approximation28:
𝐸 = (64𝑘𝑇𝜌𝑏𝑢𝑙𝑘 /𝜅)tanh2 (𝑧𝑒𝜓0 /4𝑘𝑇)𝑒 −𝜅𝑑 ,

(12)

where 𝜌𝑏𝑢𝑙𝑘 is the electrolyte concentration in the bulk, 𝑧 the electrolyte valence, 𝑒 the
elementary charge, 𝜓0 the surface potential, or 𝑒 × 𝜁-potential and 𝜅 −1 the Debye length
𝜅 −1 = √

𝜀0 𝜀𝑟 𝑘𝑇

2𝜌𝑏𝑢𝑙𝑘 𝑒 2

(13)

Similar to VdW interactions, electrostatic forces are dependent on both geometry and
material properties. The material-dependent variables are now given as Z:
𝑍 = 64𝜋𝜀0 𝜀(𝑘𝑇/𝑒)2 tanh2 (𝑧𝑒𝜓0 /4𝑘𝑇),

(14)

such that the parallel plate expression can be rewritten to
𝐸/𝐴 = (𝜅/2𝜋)𝑍𝑒 −𝜅𝑑 .

(15)

Within the Derjaguin approximation, Israelachvili also gives expressions for electrostatic
interactions of other geometries. For crossing cylinders of radius 𝑅, the electric double layer
interactions are
𝐸 = 𝑅𝑍𝑒 −𝜅𝑑 ,

(16)

and for parallel cylinders, the electric double layer interactions are
𝐸 = √𝜅𝑅/4𝜋𝑍𝑒 −𝜅𝑑 .

(17)

From the above equations, the double-layer interaction between surfaces (or particles)
of different geometries always decay exponentially with distance with a characteristic decay
length equal to the Debye length. This is different when compared to the case of van der
Waals interaction where the decay follows a power law with varying exponents depending
on the geometries considered. Since the powers of 𝜅 and 𝑅 depend on the dimensionality of
the contact, we conclude that the cylinderical approximation is most suitable, also because
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of the fact that the end effects cannot be neglected in the parallel plate approximation. The
decay of the double-layer interaction with separation distance of two parallely oriented CMFs
assumed as cylinders is shown in Figure 3.2a. Moreover, due to the presence of a double
layer, it is reasonable to assume that the rectangular edges are softened and are far less crucial
for electrostatics than for the VdW interactions.
The total interaction energy of CMFs can be obtained by taking the sum of the vdW and
electrostatic contributions according to the DLVO theory. H-bonding interactions, which is
the other major contribution is neglected since these are extremely short range forces which
only come in to effect when the interactions are already dominated by vdW. Therefore, by
adding the two interaction energies from equations 11 and 17, we obtain the total interaction
energy (𝐸𝑇 ) of two microfibrils:
𝐸𝑇 = −
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−
+

2 𝐴𝐻

(

(𝑤 2 +𝑑 2 )3/2

+

(𝑤2 +(𝑑+2𝑡)2 )3/2

𝜋 12𝜋
2 𝐴𝐻 1

𝜋 8𝜋 𝑑
𝜋−2 𝐴𝐻

𝑑+2𝑡
𝑑+𝑡
(𝑡 2 +𝑑 2 )3/2
(𝑡 2+(𝑑+2𝑤)2 )3/2

( +
(

𝜋 12𝜋
𝜋−2 𝐴𝐻 1
𝜋 8𝜋

+√

𝜅𝑅
4𝜋

1

𝑡 2𝑑2
1

( +
𝑑

−

𝑑+2𝑤

2

𝑤2 (𝑑+2𝑡)2

−

𝑤2 𝑑2

𝑤2 (𝑑+𝑡)2

)

)

+

−

2(𝑤2 +(𝑑+𝑡)2 )3/2

𝑡 2 (𝑑+2𝑤)2
2

𝑑+𝑤

−

2(𝑡 2 +(𝑑+𝑤)2 )3/2
𝑡 2 (𝑑+𝑤)2

)

(18)

)

𝑍𝑒 −𝜅𝑑 .

The total interaction energy for two main systems considered in this study is shown in
figure 3.2b. For CMF in DMSO, since the 𝜁-potential is assumed as zero, the system does
not have a repulsive component whereas O-CMFs go through a large repulsive barrier before
getting in to the close contact regime where attraction predominates.

Figure 3.2: (a) Double layer interactions between two fibrils modeled as cylinders with
R=25nm, 𝜁= 6 mV and an electrolyte concentration of 10 mM. (b) Total interactions between
two parallely oriented CMFs in DMSO (red, 𝜁= 0 mV) and O-CMF in water (black, 𝜁= 52.8
mV), calculated using equation 18.
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3.4 Results and Discussion
Therefore, the theoretical framework discused before proves that the vdW interactions
between CMFs could be reduced by minimizing their dielectric contrast with the media in
which they are dispersed. In order to verify this, we (attempt to) dipserse the CMFs in
solvents of different dielectric properties and study the resulting network structure. Using
equation 11, we plot the van der Waals interaction between a pair of parallely oriented CMFs
as a function of Hamaker constant in the different solvent systems we consider in this work
(Figure 3.3). The vdW interactions between CMFs in DMSO are about four times lower than
in water, which already leads to a significant change in the arrangement of the fibrils as
shown in figure 2.1. By dispersing the CMFs in solvents mixtures of even lower dielectric
properties, the vdW interactions can be diminished upto two orders of magnitude in
comparison to that in water. We therefore apply this approach of lowering the vdW
interactions by dispering the particle in near refractive-index matching solvents to investigate
for any changes in the phase behaviour of CMFs from an isotropic aggregated network
structure to anisotropic liquid crystal like structures.
We first suspend the nata de coco cubes in solvents of different refractive indices and
observe their physical appearance. With reducing refractive index difference (∆𝑛 =
𝑛𝐶𝑀𝐹(𝑖𝑠𝑜) − 𝑛𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ) between the nata de coco cubes and the solvent, scattering of visible
light is suppressed significantly and the cubes become almost indistinguishable from the
medium as seen in figure 3.4. Interestingly, we observe vivid birefringence in all the samples
when viewed through cross polarizers. The intriguing aspect is that the structure of CMF
networks is both homogeneous and isotropic in these cubes (Figure 2.2) and yet they exhibit
vivid birefringence which is reminiscent of liquid crystalline domains. The observation of
birefringence under polarized light which arises from the reflection of polarized light due to
periodic spacing between the particles is typically an evidence for orientational order, which
is reported for various colloidal systems including cellulose nanocrystals. 35-38 However,
cellulose particles are intrinsically birefringent due to their highly oriented structure across
multiple scales.5, 39 We thereby conclude that the observation of birefringence is not a reliable
attribute to correlate to the presence of order in our systems, since the molecular birefringence
of cellulose predominates the birefringence arising from structural arrangement.
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Figure 3.3: Average van der Waals interaction between parallely oriented CMFs at 10 nm
distance calculated using equation 11 as a function of Hamaker constant in different solvents
and solvent mixtures.

Figure 3.4: Photographs of nata de coco cubes (~1.53 cm3) immersed in different solvents
under nomal light and when observed between cross polarizers (bottom row). (left to right:
water, DMSO, 2M CsI, DCB, DMSO-TCB mixture; ∆𝑛= 0.236, 0.090, 0.057, 0.018, 0.008,
0.002 respectively).
In order to check for ordering of CMFs on reducing the attractive interactions, we probed
the network structure of CMFs in DMSO at different concentrations after a homogenization
process. The homogenization process using a Microfluidizer creates a transient
deagglomeration of the fibrils and the organization of the fibrils after this process is strongly
influenced by inter-particle interaction. However, the microstructure of CMF networks
remained heterogeneous after dispersing in DMSO as shown in Figure 3.5(a-f). Even though
the samples show vivid birefriengence under cross polarizers, image analysis of these
networks confirms the lack of any orientational order in the samples (Figure 3.5 (g-h)). The
𝑆2𝐷 values are obtained by analysing and averaging over rather large areas of images (88 ×
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88 μm2). To check for any presence of pockets of local order in the dispersion, we computed
the 2D order parameter as a function of image size as well (Figure A3.3). The 𝑆2𝐷 values
rapidly decay with increase in image size for all the concentrations. The observation of local
order for an image size below 10 μm is trivial since this is the scale of single fibrils. A slightly
higher 𝑆2𝐷 for image sizes between 10-30 μm in comparison to 88 μm could be due to regions
of aligned fibrils which might also include the bundles. These results altogether reveal that
the inter-fibrillar interactions are still strong enough to effect any significant change in the
arrangement of the fibrils. Perhaps, this may not be an efficient approach to reduce the vdW
interactions since variations in the dielectric data of materials can cause large scatter in the
vdW forces calculated using Lifhitz theory.40-41 Moreover, it is not feasible to entirely change
the dispersion media from water to DMSO without drying the fibrils. The presence of trace
amounts of water molecules along the fibril surface and within the fibrils can cause large
deviations in their interactions and behaviour than ideally expected. Further experiements to
disperse the fibrils in low dielectric constant media such as solvent mixtures containing DCB
and TCB were not successful since CMFs had a low affinity to disperse in these solvents
with a strong tendancy to aggregate onto the container surface (Figure A3.4). Since the fibrils
were solvent exchanged without being being subject to drying, some residual water
molecules attached to the fibril surface or at the intersticies of the fibril structure might lead
to their poor dispersion in these solvents. However, we observed no improvement in the
dispersion of the fibrils in these solvent mixtures even after drying them. Therefore, due to
the poor dispersibility of CMF in TCB/DCB/DMSO mixtures and the difficulties involved
in handling these samples, we did not pursue further experiments with this system.
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Figure 3.5: (a-f) 2D Confocal fluorescence images of CMF in DMSO at different
concentrations (in alphabetical order 0.1, 0.2, 0.4, 0.6, 0.8, 1 wt%). Scale bar: 30 μm. (g) 2D
orientational order parameter as a function of CMF concentration. (h) Photographs of CMFDMSO dispersions at different concentrations (left to right: 0.2, 0.4, 0.6, 0.8 wt%) under
normal light (top row) and under cross polarisers (bottom row).
Subsequently, the effect of shear history on inducing order in the dispersion was also
investigated. CMF networks showed a marked change in the network structure based on the
number of homogenization passes they were subjected to and in comparison to the untreated
sample (Figure 3.6a-d). However, only a slight increase in the 𝑆2𝐷 was observed for the
sample that was passed thrice through the Microfluidizer which is still too low to account for
any anisotropy in the system (Figure 3.6e). The slight increase in 𝑆2𝐷 value probably arises
from the increase in the number of particles due to the extensive defibrillation process.
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Figure 3.6: Confocal fluorescence images of 0.2 wt% CMF in DMSO imaged after passing
through the Microfluidizer once, twice and thrice (b,c,d) in comparison to the untreated
control sample (a). Scale bar represents 30 μm. (e) Evolution of the orientational order
parameter of 0.2 wt% CMF in DMSO with number of passes through the microfluidizer.
Further, we examine the behaviour of a net repulsive system of O-CMFs dispersed in
water. The negativey charged carboxyl groups on the surface of the fibrils provide
electrostatic stabilization against aggregation which leads to a homogeneous network formed
by the indivdual fibrils (Figure 3.7a-d). The zeta-potenatial of the these particles (0.01 wt%
in water) was measured as −52.8 ± 7.2 mV at 10 mM salt concentration, for which the Debye
length is within the geometry-invarient Smoluchowski limit. Since the fibrils are stabilized
against agglomeration and that the width of the fibrils are more uniform, this system shows
a promising potential to form anisotropic structures. O-CMF networks at 0.2 and 0.4 wt%
remains largely isotropic but homogeneous in contrast to the non-oxidized CMF dispersed in
DMSO. At relatively high concentrations of 0.6 and 0.8 wt% O-CMF, we observe that
regions of ordered domains are formed from the confocal images, which is reflected on the
𝑆2𝐷 values as well. Interestingly, no significant change in the 𝑆2𝐷 values were detected with
respect to the image analysis area for these concentrations which indicates the prevalence of
ordered regions in the system (Figure A3.5). However, in contrast to our previous
observation, we note a decrease in in the apparent birefringence for 0.6 and 0.8 wt% O-CMF
in comparison to the ones at lower concentrations from the photgraphs of the dispersions
taken under cross polarizers (Figure 3.7f). We attribute this decrease in birefrigence due to
enhanced scattering of light caused by the increased number of particles coupled with a
relatively large refractive index difference (∆𝑛= 0.236 in water), which reinforces our
argument to not consider birefingence as a sole criteria to characterize order in such a system.
On transferring the dispersions to a smaller container and thereby reducing the pathlength of
light, we did observe vivid birefringence in all the samples.
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Figure 3.7: (a-d) The fine network structure of 0.2, 0.4, 0.6, 0.8 wt% O-CMF dispersed in
water, imaged using a confocal microscope in relfectance channel. (e) Orientational order
parameter of O-CMF networks as a function of their concentration. (f) Photographs of OCMF dispersions under normal light (top row) and in between cross polarizers that show
vivid birefriengence.
Further intriguing to the detection of enhanced 𝑆2𝐷 at the higher concentrations of OCMF, we observed a completely ansiotropic structure at even higher concentrations. We
observed this phenomena by concentrating the dispersion in an open imaging cell, letting the
water evaporate under normal conditions. We started with a 0.3 wt% O-CMF dispersion as
shown in figure 3.8(a,c), which exhibit a predominantly isotropic structure with an average
𝑆2𝐷 value of 0.3. After an hour of imaging and then leaving the cell overnight in a refrigerator,
we observe long range ordering of the O-CMF as shown in two different magnifications in
figure 3.8(b,d). It is likey that the locally ordered domains of O-CMFs converge and form a
long range nematic order on condensation evidenced by the high 𝑆2𝐷 values that remain
constant at different scales (Figure 3.8e). The concentration of the fibrils with ordered
structure could not be determined exactly, but is estimated to be greater than 1 wt% based on
the remaining volume and weight of the sample. We did not observe such anisotropic
structuring readily by concentrating the dispersion by centrifugation. Despite the apparent
ordering of O-CMFs along their longitudinal axis, the 𝑆2𝐷 value is not close to 1 due to the
wavy nature of the assembled structure which probably arises from the intrinsic twists in the
fibrils. A similar result on nematic ordering of cellulose nanofibrils by condensation under
static conditions was reported recently by Zhao et al.42 The resulting films with nematicordered nanofibrils showed superior mechanical and optical properties in comparison to films
with randomly oriented nanofibrils.
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Figure 3.8: (a,c) Confocal reflectance images showing an isotropic network structure of 0.3
wt% O-CMF at different magnifications. (b,d) Unidirectional ordering of O-CMF fibrils on
concentrating the dispersions convectively shown at different magnifications. (Scale bar: top
row 30 μm, bottom row 100 μm)(e) 2D orientation order parameter of the concentrated OCMFs as a function of image size.
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3.5 Conclusion
We presented a theoretical framework from existing literature to calculate the inter-fibrillar
interactions between CMFs considering their intrinsic cross sectional shape and the twists.
Thereby, a more precise approach to estimate the attractive inter-fibrillar interaction of CMFs
is established, especially at short separation distances which were previously underestimated
by a commonly applied cylinder model. The theoretical findings were put in to practice to by
reducing the dielectric contrast of CMFs with the dispersion media in an attempt to minimize
the attractive van der Waals interactions. However, no significant change in the phase
behaviour of CMFs was observed when dispersed in DMSO though the samples were less
hetreogeneous in comparison to water, but still remained isotropic. Apparantly, the attractive
interactions between CMFs were still strong enough to effect ordering of the fibrils. It was
shown that the extent of shear applied plays a significant role in the dispersion of the fibrils,
with a direct influence on the network structure and this approach could be explored further
to create shear-induced alignment of the fibrils. On introduction of charged groups on the
surface of the fibrils by chemical modification, the fibrils turned net repulsive and
demonstrated interesting phase behaviour. Significantly, the networks formed by the OCMFs were homogeneous at all concentrations and the presence of locally ordered regions
was detected at relatively high concentrations. The 2D orientational order parameter
computed by analyzing the confocal images also showed a marked increase at high
concentrations of O-CMF. Remarkably, long range nematic ordering of the O-CMFs was
observed on condensing the dispersion in situ, which led to the formation of completely
anisotropic structures. All the CMF networks including nata de coco cubes that were
examined in this work showed birefringence under cross polarized light. We found that the
birefringence in our system varies as a function of refractive index difference (between CMF
and dispersion media) and concentration of particles, but it does not essentially correlate to
the presence of order in the system.
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3.7 Appendix
Note 3.1: Fluorescent labelling of oxidized-cellulose microfibrils
In order to fluorescently label O-CMF with FITC, we first had to convert the surface carboxyl
groups to a primary amine group. This process was done by a carbodiimide-mediated
coupling method following the procedure reported by Zhang et al, which was applied to fd
viruses.43 A typical procedure is described as follows: To a 200 mM Ethylenediamine
dihydrochloride (EDA) solution, a concentrated O-CMF suspension was added to reach a
final concentration of 0.2 wt%. The pH of the suspension mixture was adjusted to 5-5.5 using
NaOH or HCl. 0.4 mmol of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDAC) was added to the suspension mixture and the reaction was carried out for 5 hours
after which the same amount of EDAC was added again. The reaction mixture was purified
by dialysis at room temperature. After purification, the NH2 -modified O-CMF was
suspended in 0.1 M NaOH in order to be fluorescently labelled with FITC, following the
procedure described in section 2.2. The sample was washed repeatedly by centrifugation and
re-dispersion in DI water to remove the excess dye. However, the fluorescently labelled OCMFs appeared agglomerated in comparison to non-labelled O-CMF, due to the conversion
of the charged carboxyl groups which in turn lead to significant loss of their repulsive
potential, as shown in the figure A3.1.

Figure A3.1: 2D confocal images of (a) unlabeled 0.2 wt% O-CMF observed in reflection
channel which show individual and well-dispersed fibrils in comparison to (b) FITC-labelled
O-CMF imaged in fluorescent channel. Scale bar: 30 μm.
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Note 3.2: Effect of particle shape on van der Waals interactions

Figure A3.2: Van der Waals interactions as a function of separation distance between
parallelly oriented CMFs assuming different cross-sectional geometries as shown in the
legend, calculated using equation 6 & 9.
Note 3.3: Effect of image size on the 2D orientation order parameter( 𝑆2𝐷 ) for CMF dispersed
in DMSO

Figure A3.3: 2D Orientation order parameter of CMF in DMSO at different concentrations
(a-d: 0.2, 0.4, 0.6, 0.8 wt%) as a function of image size.
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Note 3.4: Dispersibility of CMF in DCB-DMSO solvent mixture.

Figure A3.4: (a) Confocal fluorescence image of CMF in DCB-DMSO mixture. (b)
Photograph of a sample vial containing CMFs suspended in DCB-DMSO mixture.

Note 3.5: Effect of image size on 2D orientation order parameter( 𝑆2𝐷 ) for O-CMF-water
systems

Figure A3.5: Orientation order parameter of O-CMF dispersed in water at different
concentrations (a-d: 0.2, 0.4, 0.6, 0.8 wt%) with respect to the size of the images analyzed.
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4
Inelastic behaviour of cellulose microfibril
networks

In this chapter, we explore the rheological charactersitics of networks formed by cellulose
microfibrils (CMF). The rich non-linear mechanical behaviour of CMF networks has been
under-studied due to the complex nature of this system, being influenced by many factors
such as strong inter-fibril interactions, a heterogeneous microstructure, and process
conditions. In this work, we systematically explore the non-linear rheological behaviour of
these networks using a CMF model system with controlled process conditions and fibril
interactions. The microfibrils were dispersed in dimethyl sulfoxide to minimise the attractive
van der Waals interactions and thereby also the network heterogeneity. We show that the
networks exhibit a transition with increasing shear stress from a predominantly elastic to a
plastic deformation where they undergo softening. We find that the network stiffness and
plasticity are dependent on the loading rate. Finally, we observed that the networks regain
their original viscoelastic moduli on cessation of shear. These findings form a basis towards
understanding and ultimately modelling the mechanics of CMF networks, which is a
prerequisite for the rational design of novel bio-based materials.
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4.1 Introduction
Cellulose microfibrils (CMF), also known as nanocellulose or cellulose nanofibrils 1-2, are
amongst the most fascinating fibrillar biopolymer systems. In addition to their critical
function in the mechanical reinforcement of tissues of plants, CMFs are also widely used in
industrial applications ranging from food products to high strength composites. 3-7 Research
on cellulosic materials therefore comprises a significant part of current renewable and
sustainable materials research. CMF networks have the advantage that they can be fabricated
into many different forms such as films, aerogels, hydrogels, dispersions and composites,
depending on the requirements of the application.5, 8-10
Understanding the mechanical properties of CMFs and the networks they form holds the
key to effectively exploit their potential. The mechanical properties of single fibrils are
relatively well-characterized. CMF have been shown to exhibit rather unique mechanical
properties, having a large length/diameter (aspect ratio) and a remarkably high elastic
modulus compared to other biopolymers.11-12 In suspension, the CMFs can either form an
isotropic or an anisotropic network structure depending on their dominant interactions,
surface chemistry and processing conditions.13-14 The resulting network structure in turn
influences the mechanical response of the networks. Accordingly, the emergent macroscopic
behaviour of the networks formed by CMFs is complex and poorly understood, being the
result of a net effect of different factors such as single-fibril properties, inter-fibril
interactions, process conditions, and the network micro-structure. Some of the universal
rheological characteristics of CMF networks reported include gel-like behaviour at low
concentrations, shear thinning and thixotropic effects (reviewed in 15-16). The study of the
rheological properties of CMF networks, especially in aqueous media, however, is impaired
due to the complex flow behaviour of the particles arising from their large aspect ratio and
strong inter-particle interactions, causing flocculation and bundling of the fibrils. This leads
to depletion of particles in the vicinity of the surface of the measuring geometry of the
rheometer (i.e. wall-slip) and non-uniform flow profiles causing shear banding.15, 17-18
Owing to the aforementioned issues, the rheological properties of CMF networks,
especially in the nonlinear regime, are not well characterized and much less well understood
than the mechanics of other biopolymer networks, such as fibrin, collagen and actin
networks.19
Here we aim to explore the mechanical behaviour of CMF networks in response to large
shear deformations. To elucidate the intrinsic mechanical response of CMF networks, we use
CMF produced by bacteria, which unlike other CMF sources can be produced without
markedly altering the surface chemistry or mixing with dispersing agents. 1-2 We process the
fibrils dispersed in solvents with a low dielectric constant, using an industrially relevant ultrahigh-energy mechanical deagglomeration method. This method leads to the formation of
CMF networks that are substantially less heterogeneous than the networks that are typically
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formed in water.20-21 We use shear rheometry supplemented by confocal microscopy to study
the mechanical response and relate this to the underlying microstructure of the networks. We
show that the fibril networks undergo a transition with increasing shear stress from a
predominantly elastic to a plastic deformation and are capable of quickly regaining their
original viscoelastic moduli upon removal of the stress.

4.2 Experimental
The bacterial cellulose microfibrils (CMF) were sourced from a commercial Nata de coco
product (Cozzo Food Industries, Malaysia). The CMFs were fluorescently labelled by
covalent modification with fluorescein isothiocyanate (≥90 %, Sigma-Aldrich) and processed
once using a MicrofluidizerTM M-110S (Microfluidics Corp), operated at a pressure of 1200
bar. The details of the dispersion preparation procedure of CMFs in dimethyl sulfoxide
(DMSO) (≥99.9 % ACS reagent, refractive index 𝑛𝐷20 1.479, Sigma-Aldrich) are described
in our previous work (section 2.2).22 Samples at different volume fractions 𝜙 were made by
concentrating the stock dispersion by centrifugation (except for the 0.06 % and 0.08 %
samples) at 3566 g (Hettich ROTANTA 460R) for 20 mins using 50 mL conical-bottom
centrifuge tubes, taking into account the mass density of CMF as 1.5 g/mL23. After
centrifugation, a certain amount of supernatant was removed using a pipette to attain a
specific volume fraction and the concentrated dispersion was re-homogenized by mixing in
a universal small shaker at 2500 RPM. The dilute samples (0.06 % and 0.08 %) were prepared
by diluting the stock dispersion with DMSO, followed by mixing in a universal small shaker
at 2500 RPM.
Small amplitude oscillatory shear and rotational shear rheology measurements were
performed using stress-controlled rheometers, either an MCR 302 or MCR 301 (Anton Paar,
Graz, Austria) with a parallel plate geometry configuration (gap size= 0.80 mm). A sandblasted stainless steel top plate (∅= 50 mm) was used. We chose a parallel plate geometry
despite the disadvantage of an inhomogeneous shear rate since the gap size of this system is
adjustable and we could thus avoid localization of our high aspect ratio particles. The
availability of a sand-blasted measuring plate in this configuration is further useful to
minimize the occurrence of wall-slip effects. The samples were carefully transferred to the
rheometer bottom plate with a plastic spoon and all the measurements were done at a constant
temperature of 22 oC maintained by a Peltier plate. The measurements were started after
resting the sample for five minutes upon lowering the top plate. No pre-shear process was
applied in order to not change the sample structure. To confirm the absence of wall-slip
effects in the measurements, we checked that no changes in the strain response occurred in
response to rotational stress ramps at different gap sizes ranging from 0.5 to 1.2 mm (Fig.
A4.1). Confocal fluorescence microscopy was performed using a Leica TCS SP8 microscope
with a 40 × NA 1.3 oil immersion objective (𝑛𝐷20 =1.515). The samples were illuminated at
495 nm and recorded in a 512 × 512 pixel format.
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4.3 Results and discussion
It is known that native CMFs, when dispersed in water, associate and form networks with a
heterogeneous microstructure comprising fibril bundles, flocs and voids owing to attractive
van der Waals and hydrogen bonding interactions. 21, 24 This heterogeneous microstructure
can lead to complications in the rheological response of CMF dispersions such as wall slip
and shear banding.17,18 The heterogeneity of the networks was reduced by dispersing the
fibrils in DMSO, a lower dielectric constant medium compared to water, as shown in chapter
2 (Figure 2.1).

Figure 4.1: (a) Representative linear viscoelastic frequency spectrum of a CMF dispersion
(𝜙= 0.33 %) in DMSO at 0.1 % imposed oscillatory strain. (b) Dependence of the storage
modulus of the networks on the fibril volume fraction, together with a power law fit with an
exponent of 2.55 ± 0.12.
To characterize the linear viscoelastic behaviour of the CMF dispersions in DMSO, we
performed small amplitude oscillatory measurements over a frequency (ω) range from 0.1 to
100 rads/s. The frequency sweep was performed at a constant strain amplitude of 0.1 %,
within the linear viscoelastic regime (~1 % strain), which was determined from amplitude
sweep measurements. As shown in Figure 4.1a, the storage modulus (G’) was higher tha
n
the loss modulus (G’’) over the entire frequency range, indicating a predominantly elastic
response. There is a slight power law dependence of the storage modulus on frequency with
an exponent of 0.07, which is characteristic of gels held together by weak physical crosslinks
and consistent with prior measurements on bacterial cellulose (BC) networks in water. 25 The
physical gel-like state of the networks is also reflected in the minimum of the loss modulus
at a frequency of 0.3 rad/s. This characteristic frequency indicates a transition of the
viscoelastic response from being dominated by a transient to a static state of the crosslinks
between fibrils.26
The storage modulus at a fixed strain oscillation frequency (6.28 rad/s or 1 Hz) increases
with CMF volume fraction as a power-law in the range of 0.06 % to 0.50 % (Figure 4.1b). In
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this volume fraction range, the network did not show any collapse or sedimentation with
time, indicating connectivity percolation. Theoretically, the percolation threshold (𝜙𝑐 ) of thin
hard rods based on the average diameter (𝐷) and length (𝐿), assuming that the number of
contacts per rod (α) equals unity, is given by the expression, 𝜙𝑐 ~ 𝛼 𝐷 ⁄𝐿 > 0.2 %.27 The
experimentally observed smaller percolation value of ≤ 0.06 % can be attributed to the
attractive interactions between the particles, which is known to lower the percolation
threshold.28 The best fit power law exponent characterizing the concentration dependence of
the storage modulus is 2.55 ± 0.12. Prior studies of different types of CMF networks have
reported a wide range of concentration exponents from 2 to 5.2. 15 This variability is likely
due to the structural heterogeneity of CMF networks. In the absence of heterogeneities, we
would expect an exponent of 2.0 according to theoretical models of networks of rigid rods
(fractal dimension, DF = 1) wherein bending deformations are predominant with frozen
junctions.29-31 From image analysis of individual fibrils, we indeed found that DF is close to
unity for the CMFs (Figure 2.7). Furthermore, the thermal persistence length of the fibrils,
𝑙𝑝 = 𝐸. 𝐼 ⁄𝑘𝐵 . 𝑇, is expected to be of order 12 mm given a Young’s modulus𝐸)
( of 78 GPa
for cellulose11 and taking the second moment of inertia (𝐼) based on an average width and
height of the fibril cross-section as 60 nm and 5 nm,32 respectively. This estimated persistence
length is much greater than the average length of the fibrils; therefore CMFs can be classified
as stiff rod-like particles. Due to the shape anisotropy of the fibril cross-section and twists
inherent in the CMFs, the determination of the true persistence length can be challenging and
can often lead to its under-estimation by image analysis methods.33
In order to study the non-linear rheological properties of CMF networks, we first
performed rotational shear rheology measurements comprising stress ramp cycles consisting
of first increasing and then decreasing stress ramps with increasing maximum stress (inset of
Figure 4.2a). Figure 4.2a shows the stress-strain response for a CMF network with a volume
fraction of 0.33 % with increasing maximum stress cycles at two different logarithmic rates.
We first consider the derivative of the upward part of the stress-strain curves, which
corresponds to the differential elastic modulus (K’). As shown in Figure 4.2b, the differential
modulus curves obtained in subsequent stress ramps almost converge and show a decreasing
trend as a function of applied stress. These trends are similar for both loading rates, but with
a higher elastic modulus at the slower rate. We conclude that CMF networks undergo stress
softening.
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Figure 4.2: (a) Stress-strain plot of CMF dispersion (𝜙= 0.33 %) in DMSO on application
of consecutive stress ramp cycles with increasing maximum stress, at two different rates; the
solid and dashed lines represent the loading and unloading parts, respectively of a cycle.
Inset: The input stress ramps at a constant logarithmic rate of 200 s/decade. (b) Differential
elastic modulus obtained from the loading curves in (a), showing stress softening. (c) The
evolution of 𝛾𝑃 and 𝛾𝐸 with every stress cycle, showing a crossover as marked by the vertical
dashed line. (d) Rescaled stress-strain plots obtained by subtracting off 𝛾𝑃 from the total
strain for the loading part of the curves.
Going back to Figure 4.2a, we observe that the decreasing cycle is different from the
increasing one, and there is a residual strain (𝛾𝑃 ) at the end of every cycle, which increases
with each subsequent cycle. This instantaneous value of the strain at the end of every cycle
corresponds to the plastic deformation undergone by the network. The difference between
the strain at maximum stress and the residual strain is the recovered strain (𝛾𝐸 ), or the elastic
component of the deformation. We find that at both loading rates, 𝛾𝐸 is initially higher than
𝛾𝑃 , and increases with the applied maximum stress until the stress reaches about 8 Pa, after
which 𝛾𝑃 predominates (Figure 4.2c). Therefore, the deformation is predominantly elastic
until a certain value of applied stress, after which plastic deformation takes over. When the
𝛾𝑃 value of the preceding cycle is subtracted from the increasing ramps, the set of curves
obtained at each loading rate almost collapse onto a single master curve, as depicted in Figure
4.2d. This observation reinforces the stress softening nature of the networks.
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Theoretical models of rigid rod networks typically predict a strain-stiffening response
due to shear-induced fibril alignment and a transition from a soft, bending-dominated elastic
regime at small strains to a rigid, stretching-dominated elastic regime at large strain.30, 34 For
CMFs, bending may potentially be further favored by weak regions such as twists in the
fibrils, which are spaced at the same length scale as the network mesh size.22 However, these
models assume permanent crosslinks. For biopolymer networks like fibrin and collagen the
crosslinks between fibrils are indeed nearly permanent, and the networks strain-stiffen.35-36
In contrast, the CMFs interact via transient, noncovalent interactions. The stress-softening
response of the CMF networks suggests that shear induces dissociation of these transient
crosslinks. On stress reversal, the fibrils can quickly reform junctions, thereby regaining their
initial elastic modulus. The observation that K’ is higher at the slower loading rate suggests
that the weak physical crosslinks between the fibrils have more time to re-bind and form a
stiffer network conformation at slower loading rates.

Figure 4.3: (a) Evolution of strain of CMF sample (𝜙= 0.33 %) with application of repeated
constant stress cycles going up to a maximum stress of 8 Pa. Inset: Input stress cycles at a
fixed logarithmic rate of 200 s/decade. (b) Differential elastic modulus plotted against the
applied stress with an overlay of all the cycles, (c) Evolution of 𝛾𝐸 and 𝛾𝑃 with the applied
stress cycles. (d) Rescaled stress-strain curves of the loading portions of the stress cycles
obtained by subtracting off the residual strain from the total strain.
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To verify whether the network response changes when subjected to repeated stress cycles
in the predominantly plastic regime, we subjected the samples to repeated stress cycles with
a constant maximum stress of 8 Pa, again comparing two different loading rates (Figure 4.3a
inset). The strain response to the imposed constant stress cycles was similar for both loading
rates, exhibiting a residual deformation at the end of every cycle as displayed in Figure 4.3a.
The differential elastic modulus obtained by taking a derivative of the upward (loading) part
of the stress cycles again shows stress softening, resembling the trend we observed in the
first set of cyclic measurements where we increased the maximum stress (Figure 4.3b). Also
consistent with those measurements, we observe that 𝛾𝑃 is higher than 𝛾𝐸 for all the cycles,
except for the first cycle at the faster loading rate (Figure 4.3c). We find that 𝛾𝑃 increases
with each subsequent cycle but it appears to saturate after 8 cycles. Interestingly, 𝛾𝐸 is only
weakly dependent on the number of stress cycles. Repeated stress ramps for a constant
maximum stress of 8 Pa again collapse onto a single master curve when 𝛾𝑃 of every preceding
cycle is subtracted off from the total strain, as shown in Figure 4.3d. In short, the inelastic
behaviour persists, yet the stress softening phenomenon does not change despite the networks
undergoing a predominantly plastic deformation. In order to verify that the recorded
behaviour of CMF networks is not an artefact of the measuring system used, we performed
the same tests with a cone-plate geometry, which has the advantage of a homogeneous shear
rate through the sample. A qualitatively similar behaviour to the plate-plate configuration
was observed, in which the networks show an increasing degree of plastic deformation with
applied stress cycles (Figure A4.2). The effect of the applied stress rate on the plastic and
elastic deformation incurred on CMF networks is apparent from Figure A4.3, which shows
the evolution of strain and shear rate with time on application of a single stress cycle (first
cycle in Figure 4.3a). These graphs confirm that the measurements were done in non-steady
state conditions. To check any possible effects of shear history on the plastic deformation,
we plotted the first stress-strain cycle of constant maximum stress measurements done on
different samples (Figure A4.4a). Without shear history (in the rheometer), the samples all
exhibit a similar elastic and plastic strain response at the two stress rates, as shown in Figure
A4.4b. Therefore, it can be concluded that the samples already undergo a plastic deformation
during the first cycle, which further increases with the number of applied stress cycles as
depicted in Figure 4.3c.
Finally, we measure the inelastic response when the stress is held constant at 0.1 Pa for
60 s in between every cycle, with the aim to test whether or not 𝛾𝑃 is transient. Again, we
observe markedly inelastic behaviour (Figure. 4.4a). We observe a slight decrease of 𝛾𝑃 with
pause time for the faster loading rate (Figure 4.4b), but virtually no change in 𝛾𝑃 with time
for the slower loading rate (Figure 4.4c). Figure 4.4d shows a direct comparison of the strain
recovered during the 60 s waiting time for the two rates, which amounts to 3 % for the faster
rate and only 0.5 % for the slower rate. The recovery of 𝛾𝑃 likely occurs due to the
reformation of fibril cross-links with time, revealing that the induced deformations are
recoverable, depending on the rate of applied stress. For the faster rate, 𝛾𝑃 decreases with the
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number of cycles, which shows the influence of the sample shear history on the mechanical
response (Figure 4.4d).

Figure 4.4: (a) Evolution of strain with application of constant stress cycles of 8 Pa with
intermediate pauses of 60 s on 𝜙= 0.33 % CMF. Inset: Stress input at a fixed rate, the blue
lines at a constant stress of 0.1 Pa denote the pauses between the stress cycles. (b, c)
Relaxation of the residual strain during the 60 s pause interval for the faster and slower rate
of applied stress, respectively. (d) The change in 𝛾𝑃 during the pause interval as a function
of stress cycles for both loading rates.
To further investigate the recovery behaviour of CMF networks, a stress pulse
experiment was conducted. A short stress pulse was applied to disrupt the structure of the
sample amidst a small amplitude oscillatory time sweep, as shown in Figure 4.5b. We
monitor the evolution of G’ after the stress pulse as a proxy of the recovery of the sample
structure after the damage (Figure 4.5a). The recovery curves are well-fitted by an
exponential function, as described by Wolff et al.,37 (normalized for the G’ drift with time),
providing an estimate of the recovery time of the networks. The recovery time initially
increases from 20 s to 52 s with increasing CMF volume fraction and saturates above volume
fractions of 0.4 % for the applied stress of 5 Pa (Figure 4.5c). At high fibril volume fractions
above 0.4 %, the increasing elastic modulus of the networks probably compensates the
damage incurred, as the resulting deformation inflicted by the same applied stress is smaller.
Our findings are consistent with earlier work of Naderi et al., who also reported that CMF
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networks in water, irrespective of their surface chemistry, rapidly regain their rheological
properties on cessation of shear.38

Figure 4.5: (a) The evolution of G’ after a stress pulse (see panel b) as a function of time
monitored by small amplitude oscillatory shear strain measurements for different volume
fractions of CMF. (c) The recovery times of CMF networks in response to a stress pulse of
5 Pa at different volume fractions.
In order to study the response of the CMF networks close to failure and the softening
limit, we performed linear strain ramp cycles with increasing (and decreasing) maximum
strain (Figure 4.6a) and constant maximum strain (Figure A4.5). Interestingly, we observe
that a negative value of stress was required to restore the strain value back to zero, at the end
of every cycle (Figure 4.6c). In addition, we observe a significant difference in the stress
response between the increasing and decreasing maximum strain cycles. In the case of
decreasing maximum strain cycles, there is a large hysteresis in the first cycle followed by a
large drop (by more than three-fold) in the hysteresis loop area in the subsequent cycles. This
hysteresis loop area corresponds to the energy dissipated per strain cycle due to both network
rearrangements (un-binding and re-binding of physical cross-links) and other viscous effects.
Carbon nanotube networks are also known to show a similar dissipation behaviour due to
reversible zipping and un-zipping of the nanotubes under cyclic strain.39 In the case of
increasing maximum strain, the network remodeling occurs steadily with every cycle and at
the last cycle (100 % strain), the dissipation energy value is still lower than the first
decreasing maximum strain cycle; affirming the influence of shear history on the mechanical
response of these networks (Figure 4.6b). The stress (𝜏𝑚𝑎𝑥 ) at the maximum applied strain
and back at zero strain (𝜏𝑚𝑖𝑛 ) at the end of every cycle is plotted as a function of the applied
cycles in Figure 4.6d. Both 𝜏𝑚𝑎𝑥 and 𝜏𝑚𝑖𝑛 initially increase with increasing applied strain
and then reach a plateau, which indicates cessation of network remodeling i.e. the onset of
fatigue, eventually leading to network failure. On applying repeated strain cycles with a
constant maximum strain, 𝜏𝑚𝑎𝑥 decreases and 𝜏𝑚𝑖𝑛 recovers with the number of cycles
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(Figure A4.5a-d). The dissipation energy drops markedly after the first cycle (Figure A4.5e).
Altogether, this indicates that the network softens dynamically, without any signs of failure,
due to the fast reformation of physical cross-links. Thus, the mechanical integrity of the
networks is retained. However, the faster the application of strain, the less the network
remodels and the sooner the material approaches fatigue (Figure A4.6c-d).

Figure 4.6: (a) Linear strain ramp experiment protocol at a strain rate of 1 %/s with increasing
and decreasing maximum strain. (b) The dissipation energy (normalized to k BT) plotted
against the applied maximum strain cycle based on the (c) Stress response of CMF network
(𝜙= 0.33 %) to the strain cycles at 1 %/s. (d) The maximum ( ) and minimum ( ) stress
attained as a result of increasing maximum strain cycles.

4.4 Conclusion
We showed that CMF networks dispersed in a low dielectric medium solvent are
predominantly elastic at small strains, with a characteristic power-law scaling of G’ with
volume fraction. In the non-linear regime, we observed a marked inelastic response. The
networks exhibit stress-softening and they undergo a transition from a predominantly elastic
to a plastic deformation with increasing shear stress. The loading rate also influences the
mechanical response of the networks, as evidenced by a higher network stiffness at the slower
loading rates (increasing stress cycles) and in differences in the induced residual deformation
(constant stress cycles with pauses). From the cyclic strain experiments, we detected dynamic
softening and discovered that the CMF networks respond differently based on the shear
history of the system. Interestingly, the CMF networks did not show any symptoms of failure
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to the applied constant maximum strain cycles at slower rates, which can be attributed to the
reformation of cross-links in the network. We also found that the networks were quickly able
to regain their original properties by the re-formation of the weak physical cross-links after
a deformation event, which reveals a reversible stress softening phenomenon.
The results provided in this study advance the understanding of the mechanics of stiff
fibrillar networks and show how weak physical interactions can play an important role in
shaping the nonlinear rheological response. The findings from this study can be applied
towards designing bio-based shape-tunable materials by exploiting the mechanosensitivity
of CMF networks.
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4.6 Appendix
Note 4.1: Comparison of rheology for smooth and sand-blasted top plate to test for wallslip effects.

Figure A4.1: Strain response of 𝜙= 0.33 % CMF networks to an increasing and decreasing
stress ramp, showing inconsistencies at different gap sizes when (a) a smooth top plate was
used. A more uniform response was recorded with (b) a sand-blasted top plate, confirming
the absence of wall-slip in this case.
Note 4.2: Constant maximum stress cycle using cone-plate geometry

Figure A4.2: (a) Strain response of CMF networks (𝜙= 0.33 %) to the application of stress
cycles with a constant maximum of 8 Pa in a cone-plate measuring system at two different
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loading rates as indicated. (b, c) The recorded plastic and elastic component of the
deformation with respect to the number of stress cycles.
Note 4.3: Effect of applied stress rate on strain response and shear rate

Figure A4.3: Evolution of strain and shear rate along with the applied stress cycle (8 Pa)
as a function of time at (a) 5 s/dec (b) 200 s/dec.
Note 4.4: Effect of shear history on strain response

Figure A4.4: (a) Stress-strain plot of six independently prepared virgin CMF networks (𝜙=
0.33 %) on application of one stress cycle up to a maximum stress of 8 Pa, at two different
loading rates (three samples at each rate) as indicated in the legend. (b) The incurred plastic
and elastic deformation of the different samples as a result of the applied stress at two
different rates.
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Note 4.5: Cyclic constant linear strain ramp measurements

Figure A4.5: (a) Constant maximum strain ramp protocol. (b) Stress response of 𝜙= 0.33 %
CMF network to the applied strain ramp at a strain rate of 1 %/s. (c, d) The stress at the
maximum applied strain of 100 % (τ
max) and back at 0 % strain (τ min) at the end of every
cycle, both shown as a function of strain cycles. (e) Dissipation energy which corresponds to
the hysteresis loop area (normalized to kBT) plotted as a function of the number of applied
strain cycles.
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Enhanced stiffness of bio-based composite
gels comprising cellulose microfibrils and
agarose

Composite fiber networks are ubiquitous in nature to fulfil a host of biological and structural
functions. Here, we explore the mechanical behaviour of composite gels comprising two
widely-used bio-based fibrillar networks: Cellulose microfibrils (CMF) and agarose. We
show that the mechanical properties of this two-component system can be tuned by varying
the proportion of the resilient CMF and the rigid agarose networks. Confocal microscopy and
oscillatory rheology were performed to characterize the composites. The relative proportions
of each network in the composite were systematically varied to study the effect of one
network over the other on the ensuing mechanical response. The composite gel showed a
synergistic enhancement of stiffness greater than the sum of the constituting individual
networks depending on the relative proportion and the microstructure of the networks. As a
mark of inter-component interactions in the composite gels, we find that the microstructure
of the CMF network is modified with the addition of agarose. This work is of fundamental
interest to understand how the presence and the structure of one network influence another
and the properties of the composite system as a whole. These results are also of significant
interest for various industrial applications where bio-based materials with tunable mechanical
properties are desired.
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5.1 Introduction
Fibrous networks are the building blocks of several structural architectures found in nature.
Often, these fiber networks are found in conjunction with other networks or polymers to
realize a variety of functions, for example cellulose microfibrils (CMFs) embedded in
hemicellulose and pectin in plant cell wall in primary plant cells, and the cell cytoskeleton
which consists of actin filaments, microtubules and intermediate filaments. Inspired by this
design principle, synthetic composite fibrillar networks have been fabricated to mimic the
excellent mechanical properties and multi-functional characteristics of biological networks
and to transcend the drawbacks of single component networks. 1-4
Cellulose nanomaterials in the form of nanofibrils and nanocrystals are widely used in
composite materials, as reinforcement agents, adding a key value of sustainability since they
can be sourced from abundant renewable sources such as plants and microorganisms. 5 CMFs
in particular, with a high aspect ratio are known for their high elastic modulus and are an
ideal bio-based alternative for structural reinforcements in composites. CMFs have been
combined with various polymers resulting in significant property enhancement.6-7
Remarkably, bacterial cellulose (BC) microfibrils in their native state were shown to exhibit
reversible swelling ability and enhanced mechanical strength on combining with other
polysaccharide networks (prepared by immersion of a BC pellicle in a solution of the
polysaccharide, which was later cross-linked), to form so-called “double networks” gels.8
Double networks formed by the polymerization of synthetic monomers were shown to
exhibit very interesting properties for potential applications such as sensors, 9 artificial
tissues,10 drug delivery systems.11 Different attributes such as self-healing, enhanced
toughness and strength can be combined in a double network system by the appropriate
selection of the constituting polymers.12 In this work, we combine the CMFs in a dispersed
state with agarose, a thermo-reversible polymer to form switchable composite gels. The
isotropic network of CMFs dispersed in a liquid medium exhibit excellent toughness
characteristics due to the physical crosslinks formed by the fibrils which reversibly bind to
adapt to applied shear.13-14 Extracted from red algae, agarose is a linear polysaccharide which
consists of alternating units of β-D-galactopyranose and anhydro-α-L-galactopyranose.
Agarose dissolves in water and in some aqueous solvent mixtures at elevated temperatures.
Upon cooling, agarose undergoes gelation due to ordering of the polymer chains to form rodlike helices which further aggregate to form fibrillar gels (~ 4 nm fibril diameter15). In the
gel state, the conformation of the agarose helices is still debated to form a single or a double
helix structure.16-17 Due to its inert nature and good strength, agarose finds many applications
e.g. as a matrix in gel electrophoresis, as gelling agent and texture modifier for consumer
products. Previous work on adding relatively low aspect ratio cellulose nanowhiskers (Aspect
ratio, 𝐿⁄𝑑 = 70) to agarose gels had resulted in a significant enhancement of the stiffness. 18
It was also demonstrated that cellulose nanowhiskers re-orient on tensile loading in an
agarose matrix which indicates efficient stress transfer mediated by the inter-component
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interactions.19 Therefore, combining CMF networks and agarose networks, which are known
for their resilience and strength respectively, would result in the formation of a composite
gel with interesting properties. Moreover, both have a similar polysaccharide backbone with
glycosidic linkages and form a compatible composite system.
In this Chapter, we fabricate tunable composite gels of CMFs and agarose by a simple
mixing process. We focus on the rheological properties and the structure of mixtures at
different proportions and compare the results to that of the individual networks. Three
different sample series were prepared to systematically explore the behaviour and the
influence of one network on the other in the composite. The properties of the composite were
also studied by ‘switching-off’ the agarose network using temperature. It is shown that the
composite gels exhibit an interesting rheological response, including a synergistic
enhancement in the stiffness depending on the ratio of the constituent networks.

5.2 Experimental
5.2.1 Materials
Cellulose microfibrils (CMFs) were sourced from Nata de coco (Cozzo food industries,
Malaysia). Agarose (Type I, low EEO), Dimethyl Sulfoxide (≥99.9 % ACS reagent,
refractive index 𝑛𝐷20 1.479) and fluorescein isothiocyanate (≥90 %) were procured from
Sigma-Aldrich and used as received. Deionized water from a Millipore system was used to
prepare the samples.

5.2.2 Methods
Pellicles of Nata de coco were thoroughly washed with water and 0.1 M NaOH and then
broken down using a hand blender (Braun). The dispersion was homogenized by passing
through a MicrofluidizerTM M-110S (Microfluidics Corp) once. Subsequently, the fibrils
were fluorescently labelled with Fluorescein Isothiocyanate (FITC), following the procedure
described in Chapter 2 (section 2.2.1).20 After the reaction, the fibrils were purified by
washing with 0.1 M NaOH and DI water, followed by solvent exchange with 60 % dimethyl
sulfoxide (DMSO) and then passed through the Microfluidizer TM once, to obtain a
homogenous dispersion. Different concentrations of CMF in 60 % DMSO were prepared by
concentrating the stock dispersion by centrifugation at 3566 g for 20 mins (Hettich
ROTANTA 460R).
The composites were prepared by adding a weighed amount of agarose to the CMF
dispersion, after which the suspension was heated to 80 oC in an oven to facilitate complete
dissolution of agarose. Subsequently, the dispersion was removed from the oven, rehomogenized by mixing in a universal small shaker at 2500 RPM and let to cool down to
room temperature to obtain a composite gel of agarose and CMF. Excessive shearing of the
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Agarose-CMF dispersion systems was avoided to prevent shear-induced de-polymerization
of agarose.21
Small amplitude oscillatory shear strain measurements were performed using either an
MCR-301 or MCR-302 rheometer (Anton Paar, Graz, Austria). The composite gel samples
were carefully transferred to the bottom plate of the rheometer and were rested for five mins
upon lowering the top plate. A slight excess amount of the gel was placed in order to prevent
sample under-filling the rheometer gap due to volume change during heating and cooling
cycles. A solvent trap was used to prevent solvent evaporation loss during the measurements.
In order to minimize the occurrence of wall-slip effects, a sand blasted top-plate (∅=50 mm)
was used. The samples were heated to 80 oC and cooled down to 22 oC at the rate of 3 oC/min,
prior to start of measurements to ensure a uniform thermal history.
Confocal microscopy was performed using a Leica TCS-SP8 microscope equipped with
a 63 x NA 1.3 oil-immersion confocal objective lens. The images were recorded in a 24-bit
512 x 512 pixel format by illuminating the samples at 495 nm using a white light laser. The
images were converted to 8-bit grayscale, contrast-inverted and contrast enhanced using
ImageJ (version 1.49k). In order to quantify the spatial dispersion of the networks, we
calculated the percentage of the area unoccupied by the fibrils from the number of 255
channel (‘white background’) pixels in an image. We obtained an average value by taking
into account the images taken at different regions and depths in a sample. The detector gain
was kept in the same range during the image acquisition process in order to not vary the
signal to noise ratio markedly.

5.3 Results and Discussion
To fabricate the composite gels, we first prepared CMF dispersions which are the first
component in the system. We dispersed CMF in DMSO-water (60/40) mixture in order to
control the level of heterogeneity of the networks. From our previous work (Section 2.3), it
was shown that CMF networks were less heterogeneous when dispersed in DMSO in
comparison to water.13 This was based on the hypothesis that reducing the dielectric contrast
between the suspended particle and the solvent leads to the reduction of the inter-particle
attractive van der Waals interactions (section 3.3).22 Agarose does not form gels in pure
DMSO, but it does undergo gelation above the critical gelation concentration in binary
solvent mixtures of DMSO/water from a water fraction of ~0.5 mol fraction (~20 wt%).23-24
We fixed the DMSO content in the mixture to an optimum of 60 wt% to realize the maximum
elastic modulus of the agarose gels.24 Since DMSO is a good solvent for agarose, the number
of cross-linking points in agarose gels in binary solvent mixtures probably decreases with
increase in DMSO content.24 However, this does not affect the mechanical properties of the
gels, since no significant difference in the Young’s modulus of the gels was observed in
different proportions of DMSO/water mixtures.23 In order to investigate the effect of
combining CMF networks with agarose, we start with a sample series denoted as CA1 in
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which the relative proportions of agarose and CMF were varied to form a 1 wt% composite
gel.
The gels were prepared by dissolving a weighed amount of agarose in CMF dispersions
at 80 oC and then cooling it to room temperature. Since the gelation process of agarose gels
is dominated by the kinetic aspects, the properties of the gels are highly dependent on the
manner in which they are formed. Factors such as the rate of heating and cooling, gel
preparation temperature, shear conditions influence the gelation process and the resulting
properties of these thermo-reversible gels.25-29 Therefore, it is important to prepare and
condition the gels under the same conditions prior to characterization for the ease of
comparison of their properties. Figure 5.1 shows a schematic illustration of the preparation
process of the composite gels along with temperature sweeps of the CA1 model system at
different concentrations. At high temperatures, on dissolution, the agarose polymer chains
adopt a random coil conformation, thereby forming a solution in which the CMF networks
are now dispersed in. When the system is cooled down to room temperature, the agarose
polymer chains aggregated and formed fibrils comprising helices, thereby forming
temperature-sensitive composite gels. The melting and gelation process of agarose-CMF gels
can be monitored in terms of the change in storage modulus (G’) and loss modulus (G’’) with
temperature, as shown in Figure 5.1b&c. In the case of 1 wt% agarose gel, both the G’ and
G’’ value rises up to four orders of magnitude due to a sol-gel transition on lowering the
temperature from 80 oC to 22 oC. At 80 oC, both the G’ and G’’ converge which indicates the
complete loss of the topological order of the agarose aggregates. As expected, with decrease
in agarose content in the gels, the extent of change in G’ with temperature diminishes. At
predominant CMF proportions, the G’ response was dominated by the CMFnetworks. Also,
it is evident that the gelation process of agarose is not affected by the CMF content in the
mixture from the shape of the gelation curves in figure 5.1c. It is to be noted that upon cooling
to 22 oC, the gels reached a higher moduli than before. This might result from the incomplete
dissociation of the agarose aggregates upon melting and these aggregates may remain
topologically intertwined that could in turn lead to the formation larger and stiffer structures
on cooling (Figure A5.1).29 The melting transition of agarose is hypothesized to be an
equilibrium process of aggregate to helix formation whereas the cooling process is governed
by a kinetically controlled nucleation process.30-31 This phenomenon also explains the large
thermal hysteresis between the heating and cooling cycles of agarose gels.
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Figure 5.1: (a) Schematic representation of the formation process of the composite gels
comprising CMF and agarose (Blue: CMF, Orange: Agarose). Evolution of G’ and G’’ (open
symbols) of CA1 gels, where the relative proportions of agarose and CMF were varied to
form a 1 wt% composite gel, on heating to 80 oC (b) and then cooling to 22 oC (c) under a
constant 0.1 % oscillatory strain at 1 Hz.

Figure 5.2: (a) Frequency sweeps of CA1 gels, where the relative proportions of agarose and
CMF were varied to form a 1 wt% composite gel, at a fixed strain amplitude of 0.1 %. (b)
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Angular frequency of the loss modulus minima as a function of CMF content in the gels. (c)
The exponent obtained after fitting the relationship of G’ vs angular frequency with power
law, as a function of CMF content in the composite gel.
The linear viscoelastic behaviour of CA1 gels were studied by applying a small
amplitude oscillatory strain of 0.1 %, within the linear viscoelastic regime, from an angular
frequency of 0.1 rad/s to 100 rad/s (Figure 5.2a). Firstly, the G’ ≥ G’’ for all the samples
throughout the measured frequency range which corroborates the elastic gel-like behaviour
of the system. There is a slight dependence of G’ on the applied frequency, which increases
with increase in CMF content in the gels. Both agarose and CMF networks are known to
exhibit a power-law relationship of G’ with frequency which is attributed to the presence of
physical crosslinks in the networks.13, 32-33 Interestingly, the power law exponent rises linearly
with CMF content from 0.02 to 0.09 which correspond to 1 wt% agarose and 1 wt% CMF
respectively (Figure 5.2c). The rise in the power law exponent value of the gels arises due to
the change in the structural characteristics in terms of the strength and density of the physical
crosslinks in the composite networks. Polymer gels with a high density of covalent crosslinks
tend to exhibit a solid-like ideal elastic behaviour with no frequency dependence on G’ at
intermediate frequencies.34-35 G’’ which represents the energy dissipated by the sample due
to the applied shear goes through a distinct minimum for all the samples. The angular
frequency at which the G’’ minimum occurs indicates a transition of the viscoela
stic response
from being dominated by a transient to a static state of the cross-links in the fibrillar
networks.36 In our double network system, with increase in the CMF content, the cross-links
transition to a static state at longer time-scales which can understandably be attributed to the
weaker physical interactions between the individual CMFs (Figure 5.2b).

Figure 5.3: Dependence of storage (closed symbols) and loss modulus (open symbols)
measured at 1 Hz as a function of CMF content in CA1 gels, where the relative proportions
of agarose and CMF were varied to form a 1 wt% composite gel, at (a) 22 oC and (b) 80 oC.
(c) Tangent delta (tan 𝛿 = 𝐺"/𝐺′) calculated at 1 Hz of the gels at different CMF
concentrations in CA1 gels.
The viscoelastic characteristics of CA1 gels as a function of CMF content are given in
Figure 5.3. The G’ values of both the 1 wt% CMF and 1 wt% agarose networks are almost
in the same range at 22 oC (Figure 5.3a). At low CMF fractions, the CMFs in the mixture

79

CHAPTER 5

seem to disrupt the arrangement of the agarose network structure, thereby leading to a slight
drop in the stiffness of the gel (0.2 wt% CMF). A similar decrement in the shear modulus
was observed in the case of agar-gelatin co-gels with a phase-separated morphology due to
the different gelation kinetics of gelatin and agar.37 With further increase in CMF content to
0.4 wt%, this decrement is likely compensated by the increased interfacial area of both the
networks. Further, at predominant proportions of CMF (0.6 wt% and 0.8 wt% CMF), there
is a significant increase in the elastic modulus, which possibly arises from the inter-fibrillar
interactions between agarose and CMFs (Figure A5.2) facilitated by the optimum intermixing of the networks. The G’’ shows an increasing trend with CMF content initially and
then follows the course of G’ at high concentrations. Agarose networks exhibit a much lower
G’’ in comparison to pure CMF networks, which results from a rigid structural arrangement
of its fibrils with a high degree of crosslinking leading to less dissipation of energy. Due to
the presence of a thermo-reversible polymer in the system, the viscoelastic response differs
appreciably when measured at different temperatures. At 80 oC, the fibrillar structure of
agarose networks is melted after the gel-sol transition, the G’’ ≥ G’ for pure agarose as shown
in Figure 5.3b. In this scenario, the elastic response is purely attributed to the CMF networks
dispersed in agarose solution, which naturally increases with CMF concentration in the
mixture. Another interesting result that arises by combing the two different networks is the
extent of energy dissipated, which is clearly reflected by the tan 𝛿 values as shown in Figure
5.3c. In the double network state at 22 oC, the system dissipates more energy with increasing
proportions of CMF, which is evident by the rise in the tan 𝛿 values. At 80 oC, when the
agarose network is melted to a solution, the elastic character of the system solely arises from
the CMF networks. Unfortunately, it was not feasible to determine the intrinsic composite
network structure of cellulose and agarose due to the formation of artefacts in the sample
preparation process for imaging by cryo-electron microscopy. The attempts to image the
sample after freeze drying did not yield clear evidence of the microstructure of the binary
network system (Figure A5.3).
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Figure 5.4: (a) Concentration dependence of the average storage moduli of CA2 model
systems, where the concentration of CMF is varied at a fixed agarose concentration, along
with pure CMF and agarose systems. (b) The synergistic increase in the stiffness quantified
in terms of enhancement factor (=

𝐺′𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
𝐺′𝐶𝑀𝐹 + 𝐺′𝐴𝑔𝑟

) as a function of CMF content in 0.5 wt%

agarose matrix. (c) 2D confocal microscopy images (contrast inverted) of CMF networks at
different concentrations in 0.5 wt% agarose.
The properties of the composite system were further examined by varying the
concentration of CMF networks, keeping the concentration of agarose as constant, which are
indicated as CA2. Figure 5.4a shows the power law dependence of the storage moduli with
concentration of CA2 sample series in contrast to CMF and agarose networks. CMF networks
exhibit the lowest G’ at most of the concentrations examined in this plot with a power law
exponent of 2.34 ± 0.15. On the other hand, agarose networks show a slightly larger
dependence of G’ on concentration with a power law exponent of 2.57 ± 0.14. Ideally, the
power law exponent of G’ vs concentration for both agarose and CMF networks would be
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close to 2 in the absence of heterogeneities based on theoretical model of rigid rods, as
explained in chapter 4. Power law exponents in the vicinity of 3 have been reported for
agarose gels formed in water in similar range of concentrations considered in our work.18, 29
However, as mentioned previously, for a thermo-reversible gel like agarose the mechanical
properties are strongly dependent on the gel formation conditions. Another aspect is that the
concentration of agarose does not necessarily equal the concentration of agarose fibrils in the
system since there may be some loose polymer chains that do not participate in the elasticity
of the network. The evolution of G’ with concentration of CA2 gels also follows a power law
relationship with an exponent of 0.72 ± 0.06. The G’ of CA2 gels is (much) higher than the
sum of the G’ of the constituting individual networks, and their ratio (=

𝐺′𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
𝐺′𝐶𝑀𝐹 + 𝐺′𝐴𝑔𝑟

) is

expressed as enhancement factor (Figure 5.4b). An enhancement factor greater than 1
indicates a synergistic increase in the elastic stiffness of the double networks. An interesting
observation is that even in the presence of a small fraction of CMF fibrils below or in the
vicinity of the percolation threshold (0.01 wt% and 0.05 wt%), the enhancement factor is
greater than 1. At these low concentrations, the elastic stiffness is negligible to be measured
in a conventional rheometer, and yet does lead to a net enhancement of the stiffness of the
composite with agarose. Further increase in the concentration of CMF networks in 0.5 wt%
agarose networks leads to an increase in the enhancement factor as well. This synergistic
enhancement can be explained in terms of topological changes in the agarose network
formation in the presence of CMF networks. The average mesh size of agarose networks
formed in water range from 0.2 to 0.45 μm for 1 wt% to 0.2 wt% concentrations
respectively.38-39 CMF networks on the other hand have an average mesh size of 1- 2 μm with
a broad distribution from 0.2 to 10 μm due to the heterogeneous structure, as determined by
image analysis (section 2.3). Therefore, agarose networks with a smaller mesh size and
thereby with a larger density of crosslinks can occupy the interstitial spaces within the CMF
network structure. Given that the concentration of agarose is constant, the number density of
the crosslinks in agarose networks increases with increasing CMF concentration, therefore
leading to an enhanced stiffness of the composite. Besides, the interaction between CMF and
agarose also play an important role for the efficient stress transfer between the two networks.
In addition to these two factors, the microstructure of the networks also plays an important
role in governing the mechanical response of the composite gels, evidenced by the significant
drop in enhancement factor at 1 wt% CMF. It can be observed that with increase in the
concentration, the microstructure of the CMF networks in 0.5 wt% agarose become more
dispersed with reduction in the area of the voids (Figure 5.4c). As discussed earlier, the
interstitial spaces between CMFs are filled with agarose fibrils and as the area of the voids
decreases, the interfacial area between the different fibrils increases which contributes to the
synergistic effect. However, at 1 wt% CMF concentration, the voids in the microstructure
reappear as shown in figure 5.4c, that leads to a reduction in the interfacial area between the
two networks which in turn explains the drop in the enhancement factor. A similar trend in
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the enhancement factor was observed in the case of double fiber networks formed from selfassembling protein polymers.40

Figure 5.5: (a) Dependence of the average storage moduli of CA3 composite gels, where the
concentration of agarose is varied at constant CMF concentration, in comparison to pure
CMF and agarose networks. (b) The enhancement factor as a function of agarose
concentration in 0.2 wt% CMF matrix. (c) Contrast inverted 2D confocal microscopy images
showing the change in microstructure of 0.2 wt% CMF networks in different concentrations
of agarose networks. (d) The area unoccupied by the CMFs, measured in terms of the
percentage of the ‘absolute white’ pixels (channel 255 in grayscale) in a 246 x 246 μm2
image.
Finally, we probe how the mechanical behaviour and the microstructure of the
composites evolves by varying the concentration of agarose networks while keeping the CMF
content fixed at 0.2 wt% (CA3 sample series). For the CA3 composites, the dependence of
G’ on agarose concentration follows an S-shaped curve with a power law relationship at
intermediate concentrations (Figure 5.5a). In contrast to varying the CMF concentration in
the composite gels, CA3 samples show a steep increase in G’ with agarose concentration
with a power law exponent of 3.93 ± 0.28. However, the enhancement factor is greater than
1 only at high concentrations of agarose networks. A numerical simulation study conducted
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on a similar system of fiber networks embedded in an elastic matrix showed that the stiffness
of the composites increase with increasing elastic modulus of the matrix.41 Our results do not
comply with these findings due to the inherent heterogeneity that is prevalent in the CMF
networks. It is clear from Figure 5.5c that the microstructure of 0.2 wt% CMF networks is
modified significantly at high concentrations of agarose. The fibrils are dispersed and form
larger space-filling networks, which is marked by a reduction in the percentage of ‘absolute
white’ pixels (255 in 8-bit grayscale) with agarose content in the 2D confocal images (Figure
5.5d). This topology modification apparently occurs in the mixing stage before the sol-gel
transition of agarose as no change in the microstructure was detected during the gelation
process (Figure A5.4). A synergistic enhancement in the stiffness does occur at intermediate
proportions of agarose, possibly attributed to an enhanced interfacial area between the
networks as discussed for the CA2 systems. However, at a high concentration of the agarose
networks which is much higher than the CMF content in the composite, the enhancement
factor drops close to 1. This is possibly attributed to a saturation of the interfacial area of one
network with the other due to the disproportionate composition, leading to the domination of
the mechanical response of the double network by the network with a higher stiffness (and
content). In a parallel note, simulation studies of composite networks comprising physically
connected floppy and rigid fibrils reveal that the mechanical response of the system is
dominated by the stiff network at high fractions. 42 Since the mechanical behaviour of the
composites is dependent on the microstructure of the networks, we can expect a different
trend in the enhancement factor if the concentration of the CMF is set to a different value for
the same experiment.

5.4 Conclusion
We showed that the composite gels obtained by combining individual networks with tough
and rigid characteristics exhibit rich linear viscoelastic behaviour than a simple additive
response. The composite fibrillar networks were shown to demonstrate versatile viscoelastic
behaviour by varying the ratio of the constituent networks or even by ‘switching off’ one
network using temperature. A characteristic power-law relationship between the
concentration and the G’ was established for the composite fibrillar networks. Overall, we
find that the synergistic increase in the stiffness of the composites were dependent on the
relative proportions of the components and the underlying microstructure of the networks in
order for the inter-fibrillar interactions to take effect. From the formulation perspective, a
synergistic enhancement in the stiffness was observed around intermediate proportions of
both networks, whereas at disproportionate fractions, the response was dominated by the
network that comprises the major proportion in the composite. Additionally, we observe that
the microstructures of CMF networks were modified in the presence of agarose. The findings
of this work improve understanding of composite networks of CMF and agarose, and this
can be applied to develop and design bio-based composite systems with a tunable
functionality. We believe that further simulation studies taking in to account the spatial
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distribution and the interaction potential of the particles that constitute the networks would
provide valuable insights on the mechanism of the synergistic response, which can pave the
way for modelling the behaviour of these gels.
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5.6 Appendix
Note 5.1: Temperature vs G’ of 0.4 wt% CMF-agarose gels

Figure A5.1: The change in G’ with temperature of a CA2 double network- 0.4 wt% CMF
in 0.5 wt% agarose when subject to repeated heating and cooling cycles. (120 s interval
between the cycles)
Note 5.2: Interaction between agarose and CMFs
The CMF networks at different concentrations were dispersed in a dilute solution of agarose
(0.05 wt% in 60 % DMSO) in order to investigate the tendency of agarose to associate with
CMF networks. The dispersion was centrifuged at 3566 g for 20 mins (Hettich ROTANTA
460R). After centrifugation, the CMF networks sediment at the bottom of the centrifuge tubes
along with the agarose that is adsorbed onto the CMF. The UV-vis absorbance spectra
(recorded with a HP 8452a spectrophotometer) of the supernatant after subtracting the
solvent spectra indicate the amount of free agarose in the solution that does not adsorb on to
the CMFs. The intensity of the UV absorbance falls below the detection limit of the
spectrophotometer for the supernatant of CMF-agarose mixtures (Figure A5.2), which
suggests that agarose tends to bind to CMF.
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Figure A5.2: UV-vis absorbance spectra of the supernatant of the dispersions with different
concentrations of CMF along with the supernatant of the control sample (0.05 wt% agarose
solution).
Note 5.3: Scanning electron microscopy (SEM) images of CA1 gels

Figure A5.3: SEM images showing the microstructure of freeze dried CA1 gels at (a, d) 1
wt% agarose, (b, e) 0.6 wt% CMF-0.4 wt% agarose and (c,f) 1 wt% CMF. Scale bar of top
row and bottom row images correspond to 1 μm and 200 nm respectively.
Note 5.4: No change in CMF network structure before and after agarose gelation process
The structure of the CMF networks was monitored with time in order to check for any
changes due to the internal stresses generated in the system during the gelation process of
agarose. The sample at 80 oC was transferred from the oven to the imaging channel under a
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confocal microscope and the sample was allowed to cool down to ambient temperature at an
uncontrolled rate.

Figure A5.4: Confocal images of 0.4 wt% CMF-0.5 wt% agarose sample at (a) 80 oC and
(b) after sol-gel transition upon cooling down to ambient temperature.

88

Enhanced stiffness of bio-based composite gels comprising cellulose microfibrils and agarose

5.7 References
1.

2.
3.

4.

5.

6.

7.
8.

9.

10.

11.
12.

13.
14.

Jaspers, M.; Vaessen, S. L.; van Schayik, P.; Voerman, D.; Rowan, A. E.; Kouwer, P.
H. J., Nonlinear mechanics of hybrid polymer networks that mimic the complex
mechanical environment of cells. Nature Communications 2017, 8, 15478.
Hagiwara, Y.; Putra, A.; Kakugo, A.; Furukawa, H.; Gong, J. P., Ligament-like tough
double-network hydrogel based on bacterial cellulose. Cellulose 2010, 17 (1), 93-101.
Mathew, A. P.; Oksman, K.; Pierron, D.; Harmand, M.-F., Biocompatible Fibrous
Networks of Cellulose Nanofibres and Collagen Crosslinked Using Genipin: Potential
as Artificial Ligament/Tendons. Macromolecular Bioscience 2013, 13 (3), 289-298.
Brown, E. E.; Laborie, M.-P. G.; Zhang, J., Glutaraldehyde treatment of bacterial
cellulose/fibrin composites: impact on morphology, tensile and viscoelastic properties.
Cellulose 2012, 19 (1), 127-137.
Moon, R. J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J., Cellulose
nanomaterials review: structure, properties and nanocomposites. Chemical Society
Reviews 2011, 40 (7), 3941-3994.
Abdul Khalil, H. P. S.; Bhat, A. H.; Ireana Yusra, A. F., Green composites from
sustainable cellulose nanofibrils: A review. Carbohydrate Polymers 2012, 87 (2), 963979.
Hubbe, M. A.; Rojas, O. J.; Lucia, L. A.; Sain, M., Cellulosic Nanocomposites: A
Review. BioResources, 2008, 3, 929-980.
Nakayama, A.; Kakugo, A.; Gong, J. P.; Osada, Y.; Takai, M.; Erata, T.; Kawano, S.,
High Mechanical Strength Double-Network Hydrogel with Bacterial Cellulose.
Advanced Functional Materials 2004, 14 (11), 1124-1128.
Liang, S.; Yu, Q. M.; Yin, H.; Wu, Z. L.; Kurokawa, T.; Gong, J. P., Ultrathin tough
double network hydrogels showing adjustable muscle-like isometric force generation
triggered by solvent. Chemical Communications 2009, (48), 7518-7520.
Yasuda, K.; Kitamura, N.; Gong, J. P.; Arakaki, K.; Kwon, H. J.; Onodera, S.; Chen,
Y. M.; Kurokawa, T.; Kanaya, F.; Ohmiya, Y.; Osada, Y., A Novel Double-Network
Hydrogel Induces Spontaneous Articular Cartilage Regeneration in vivo in a Large
Osteochondral Defect. Macromolecular Bioscience 2009, 9 (4), 307-316.
Zhang, Y.; Chen, Q.; Ge, J.; Liu, Z., Controlled display of enzyme activity with a
stretchable hydrogel. Chemical Communications 2013, 49 (84), 9815-9817.
Wang, Y.; Wang, Z.; Wu, K.; Wu, J.; Meng, G.; Liu, Z.; Guo, X., Synthesis of
cellulose-based double-network hydrogels demonstrating high strength, self-healing,
and antibacterial properties. Carbohydrate Polymers 2017, 168, 112-120.
Mohan, S.; Koenderink, G. H.; Velikov, K. P., Inelastic behaviour of cellulose
microfibril networks. Soft Matter 2018, 14 (33), 6828-6834.
Torres, F. G.; Troncoso, O. P.; Lopez, D.; Grande, C.; Gomez, C. M., Reversible stress
softening and stress recovery of cellulose networks. Soft Matter 2009, 5 (21), 41854190.

89

CHAPTER 5

15. White, J. A.; Deen, W. M., Agarose-Dextran Gels as Synthetic Analogs of Glomerular
Basement Membrane: Water Permeability. Biophysical Journal 2002, 82 (4), 20812089.
16. Foord, S. A.; Atkins, E. D. Y., New x-ray diffraction results from agarose: Extended
single helix structures and implications for gelation mechanism. Biopolymers 1989, 28
(8), 1345-1365.
17. Kouwijzer, M.; Pérez, S., Molecular modeling of agarose helices, leading to the
prediction of crystalline allomorphs. Biopolymers 1998, 46 (1), 11-29.
18. Le Goff, K. J.; Gaillard, C.; Helbert, W.; Garnier, C.; Aubry, T., Rheological study of
reinforcement of agarose hydrogels by cellulose nanowhiskers. Carbohydrate
Polymers 2015, 116, 117-123.
19. Osorio-Madrazo, A.; Eder, M.; Rueggeberg, M.; Pandey, J. K.; Harrington, M. J.;
Nishiyama, Y.; Putaux, J.-L.; Rochas, C.; Burgert, I., Reorientation of Cellulose
Nanowhiskers in Agarose Hydrogels under Tensile Loading. Biomacromolecules 2012,
13 (3), 850-856.
20. Mohan, S.; Jose, J.; Kuijk, A.; Veen, S. J.; van Blaaderen, A.; Velikov, K. P.,
Revealing and Quantifying the Three-Dimensional Nano- and Microscale Structures in
Self-Assembled Cellulose Microfibrils in Dispersions. ACS Omega 2017, 2 (8), 50195024.
21. Ram, A.; Kadim, A., Shear degradation of polymer solutions. Journal of Applied
Polymer Science 1970, 14 (8), 2145-2156.
22. van Blaaderen, A.; Ruel, R.; Wiltzius, P., Template-directed colloidal crystallization.
Nature 1997, 385, 321.
23. Rochas, C.; Brulet, A.; Guenet, J.-M., Thermally reversible Gelation of Agarose in
Water/Dimethyl Sulfoxide Mixtures. Macromolecules 1994, 27 (14), 3830-3835.
24. Watase, M.; Nishinari, K., Thermal and Rheological Properties of Agarose-Dimethyl
Sulfoxide-Water Gels. Polymer Journal 1988, 20, 1125.
25. Altmann, N.; Cooper-White, J. J.; Dunstan, D. E.; Stokes, J. R., Strong through to
weak ‘sheared’ gels. Journal of Non-Newtonian Fluid Mechanics 2004, 124 (1), 129136.
26. Labropoulos, K. C.; Niesz, D. E.; Danforth, S. C.; Kevrekidis, P. G., Dynamic
rheology of agar gels: theory and experiments. Part II: gelation behaviour of agar sols
and fitting of a theoretical rheological model. Carbohydrate Polymers 2002, 50 (4),
407-415.
27. Nordqvist, D.; Vilgis, T. A., Rheological Study of the Gelation Process of AgaroseBased Solutions. Food Biophysics 2011, 6 (4), 450.
28. Leone, M.; Sciortino, F.; Migliore, M.; Fornili, S. L.; Vittorelli, M. B. P., Order
parameters of gels and gelation kinetics of aqueous agarose systems: Relation to the
spinodal decomposition of the sol. Biopolymers 1987, 26 (5), 743-761.
29. Mohammed, Z. H.; Hember, M. W. N.; Richardson, R. K.; Morris, E. R., Kinetic and
equilibrium processes in the formation and melting of agarose gels. Carbohydrate
Polymers 1998, 36 (1), 15-26.

90

Enhanced stiffness of bio-based composite gels comprising cellulose microfibrils and agarose
30. Liang, J. N.; Stevens, E. S.; Morris, E. R.; Rees, D. A., Spectroscopic origin of
conformation-sensitive contributions to polysaccharide optical activity: Vacuumultraviolet circular dichroism of agarose. Biopolymers 1979, 18 (2), 327-333.
31. Norton, I. T.; Goodall, D. M.; Austen, K. R. J.; Morris, E. R.; Rees, D. A., Dynamics
of molecular organization in agarose sulphate. Biopolymers 1986, 25 (6), 1009-1029.
32. Bueche, F., Viscoelastic properties of polymers, 2nd ed. John D. Ferry, WileyInterscience, New York, N.Y., 1970 671 pp. $29.95. Journal of Polymer Science Part
B: Polymer Letters 1970, 8 (8), 595-595.
33. Barrangou, L. M.; Daubert, C. R.; Allen Foegeding, E., Textural properties of agarose
gels. I. Rheological and fracture properties. Food Hydrocolloids 2006, 20 (2), 184-195.
34. Winter, H. H.; Chambon, F., Analysis of Linear Viscoelasticity of a Crosslinking
Polymer at the Gel Point. Journal of Rheology 1986, 30 (2), 367-382.
35. Kjøniksen, A.-L.; Nyström, B., Effects of Polymer Concentration and Cross-Linking
Density on Rheology of Chemically Cross-Linked Poly(vinyl alcohol) near the
Gelation Threshold. Macromolecules 1996, 29 (15), 5215-5222.
36. Lieleg, O.; Claessens, M. M. A. E.; Luan, Y.; Bausch, A. R., Transient Binding and
Dissipation in Cross-Linked Actin Networks. Physical Review Letters 2008, 101 (10),
108101.
37. Clark, A. H.; Richardson, R. K.; Ross-Murphy, S. B.; Stubbs, J. M., Structural and
mechanical properties of agar/gelatin co-gels. Small-deformation studies.
Macromolecules 1983, 16 (8), 1367-1374.
38. Bica, C. I. D.; Borsali, R.; Geissler, E.; Rochas, C., Dynamics of Cellulose Whiskers in
Agarose Gels. 1. Polarized Dynamic Light Scattering. Macromolecules 2001, 34 (15),
5275-5279.
39. Rochas, C.; Hecht, A.-M.; Geissler, E., Scattering properties of agarose gels.
Macromolecular Symposia 2011, 138 (1), 157-163.
40. Rombouts, W. H.; Giesbers, M.; van Lent, J.; de Wolf, F. A.; van der Gucht, J.,
Synergistic Stiffening in Double-Fiber Networks. Biomacromolecules 2014, 15 (4),
1233-1239.
41. Zhang, L.; Lake, S. P.; Barocas, V. H.; Shephard, M. S.; Picu, R. C., Cross-Linked
Fiber Network Embedded in Elastic Matrix. Soft matter 2013, 9 (28), 6398-6405.
42. Huisman, E. M.; Heussinger, C.; Storm, C.; Barkema, G. T., Semiflexible Filamentous
Composites. Physical Review Letters 2010, 105 (11), 118101.

91

6
Nanocellulose based transparent UVabsorbing films

Bio-based materials have attracted significant attention as alternatives to conventional
synthetic plastics for various applications ranging from disposable packaging materials to
high performance composites. Here, we demonstrate broadband UV-blocking, highly
transparent composite films or ‘nanopaper’ comprising cellulose nanofibrils with embedded
tunable UV-absorbing nanoparticles (NPs) from ethyl cellulose. The embedded NPs are used
as carriers for: i) UV-absorbing molecules used in sunscreens, and ii) biobased UV-absorbing
molecules from plants. We also show that the effect of fibril width, network structure and
added volume of NPs on the resulting optical characteristics of the films. These functional
films selectively block UV light and also show excellent photostability, maintaining identical
appearance and effective UV blockage after 5 months of sunlight exposure. Therefore, these
films have considerable potential for high-performance, renewable, sustainable and
biodegradable materials for photoprotection applications, for example as a replacement for
plastics in UV protective packaging. Moreover, the integration of functionalized NPs from
ethyl cellulose with tunable size and composition into films is a platform for a new generation
of advanced materials with a myriad of functionality.
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6.1 Introduction
Driven by the current sustainability needs and goals, bio-based materials are valued as a key
element to reduce negative environmental impact. Cellulose based nanopaper has shown a
promising potential to replace conventional plastics substrates in many advanced electronic
and material applications due to its low cost, high performance and sustainable attributes. 1-5
These nanopapers are made from thin cellulose microfibrils (<20 nm in width), instead of
thicker fibers which are used to make regular paper. The cellulose microfibrils, also termed
as cellulose nanofibrils6 (CNF) can be obtained from diverse sources such as plants and
bacteria with much less energy consumption than to obtain fibrils with the same or even
larger thickness from wood pulp. The use of thin CNFs to prepare the nanopaper results in a
host of advantageous properties such as superior mechanical and barrier performance than a
regular paper, low coefficient of thermal expansion to plastics and can also be made optically
transparent.1, 4, 7 The transparency of a nanopaper depends on the width of the constituting
nanofibrils and their network structure.1 CNFs scatter much less visible light and can pack
more efficiently due to their smaller width than the cellulose fibers in normal paper. 3 The
transparent characteristic allows to optically functionalize the nanopaper for a wide variety
of applications.
Paper-based materials such as nanopapers are excellent substrates for functionalization
by adding nanoparticles (NP) because the porous structure allows for high volume loading
of NPs.8 Some of the examples of functionalization of paper based materials using inorganic
NPs include materials with catalytic9, anti-bacterial10, sensing11 and anti-counterfeit12
properties. Despite the easy route to functionalization of regular paper-based materials, the
opaque nature of these materials limits their potential for optical functionalization. Added to
that, the use of inorganic NPs devalues the renewable and sustainable nature of the resultant
material. Therefore, we address this problem by developing a transparent nanopaper which
can be functionalized with bio-based NPs containing functional organic molecules as
encapsulants- that offer a range of functionalization options.
In this chapter, we present a simple method to prepare and functionalize highly
transparent cellulose nanopapers by embedding tunable UV-absorbing NPs from ethyl
cellulose.13-14 We fabricate the nanopaper from two different sources and compare their
properties. The embedded NPs are used as carriers for two types of UV-absorbing species: i)
organic UV filters commonly used in sunscreens, and ii) biobased UV-absorbing molecules
from plants. Significantly, the nanopaper prepared with the latter set of embedded NPs is
entirely biobased. The preparation processes of both the NPs and nanopaper are up-scalable
and, moreover, we adopt a more environmentally-friendly route to prepare our nanopaper by
retaining the fibrillar structure of cellulose instead of dissolving it using toxic solvents
(dissolution is often performed to prepare highly transparent cellulose-based materials i.e.
cellophane and nanopaper containing cellulose nanocrystals (CNCs)). 7, 15-16 UV blocking
cellulose films can also be prepared by incorporating lignin-containing cellulose nanofibrils
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into nanopaper,15, 17 but this technique greatly compromises film appearance and
transparency. In our method, the incorporation of biobased UV-absorbing NPs
advantageously allows us to selectively block UV light while maintaining excellent
transparency and appearance of the films. We envisage that our transparent UV-blocking
nanopaper has great potential for low-cost, high-performance, sustainable and biodegradable
materials in a wide variety of photoprotection applications including food and beverage
packaging, eye-protection, consumer goods packaging, photoresist templates, UV protective
materials for solar panels, and UV filter window shades. Furthermore, this method can be
used as a template to prepare films containing NPs embedded with a vast range of organic
molecules with a variety of properties, including: dyes, 18 fragrances,19 antimicrobial,20
photochromic molecules21. Therefore, the novel principle of functionalizing nanopaper with
size and compositionally tunable ethyl cellulose NPs allows for the facile fabrication of
environmentally-friendly materials with a potentially almost unlimited functionality, as an
alternative to plastics in a tremendous range of applications.

6.2 Experimental
6.2.1 Materials
Bacterial cellulose (BC) nanofibrils in the form of pellicles of the strain Acetobacter were
sourced from a commercial Nata de coco product (Cozzo food industries, Malaysia). Citrus
fibers (Herbacel-AQ Plus, type N, ~75 % cellulose containing water insoluble fraction) were
obtained from Herbafood. Ethyl cellulose (100 cP, lot number MKBT0521V), octinoxate (98
%), avobenzone (≥99 %), oxybenzone (98 %), retinol (≥95 %), p-coumaric acid (98 %),
quercetin (≥95 %), and DURAPORE membrane filters(25 mm, pore size 0.65 μm) were
obtained from Sigma Aldrich. Ethanol was purchased from Interchema. Deionized water
from a Millipore system was used in all experiments.

6.2.2 Preparation of Oxidized Nanofibrils from Bacterial and Citrus Sources
Citrus fibril dispersion was prepared by mixing a weighed amount of citrus fibre powder with
water, first using a shear mixer (Silverson, L5M-A) for 10 mins at 3000 RPM and then
passing it once through a Z-chamber (87 μm channel diameter) in a Microfluidizer™
(Microfluidics Corp, M-110S) operated at a maximum pressure of 1200 bar. Bacterial
cellulose pellicles were immersed in a 0.1 M NaOH solution followed by thoroughly washing
with water and then breaking it down using a hand blender (Braun 4185545). The resulting
BC slurry was then subjected to 8 washing cycles involving vacuum filtration and redispersion in water, in order to remove soluble impurities. A macroscopically homogeneous
dispersion was obtained after passing the suspension once through the Microfluidizer™
operated at a maximum pressure of 1200 bar. The weight fraction of the fibrils in the
dispersion was determined gravimetrically, as the average of three samples from which water
was evaporated at 45oC under a pressure of 40 mbar in a vacuum oven (Memmert Celcius).
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A combination of TEMPO-mediated oxidation reaction and high energy mechanical
deagglomeration was applied to disintegrate cellulose nanofibrils from both the sources,
described as follows. The oxidation reactions on 0.2 wt% dispersions were done in
TEMPO/NaClO2/NaClO system at neutral conditions for 48 hours at 60 oC.22 After the
reaction, the oxidized nano-fibrils were purified by repeated centrifugation at 10000 g
(Hettich Rotina 380R) for 30 mins, decantation and re-dispersion steps, 6 times. In order to
individualize the nanofibrils, the purified dispersions were passed through the
Microfluidizer™ 5 times, operated at a maximum pressure of 1200 bar. The concentration of
the final dispersion was re-measured gravimetrically by the aforementioned procedure.

6.2.3 Preparation of Non-Functionalized Nanopaper
Bacterial or citrus cellulose nanofibril dispersion (1 mL at concentration 5 gL-1/0.5 wt%) was
vacuum filtrated onto a 22 mm hydrophilic polyvinylidene fluoride membrane filter (pore
size 0.65 μm, DURAPORE) cut to fit an 18 mm Buchner funnel for 10 mins until a gel
-like
cake formed. The filter with the gel-like cake was then removed from the funnel, placed in a
petri dish, and placed in an oven at 50oC for 10 mins. The nanopaper film was then peeled
from the filter with tweezers and pressed for 1 minute with 10 tons of pressure using a
hydraulic press (Specac) at room temperature.

6.2.4 Preparation of UV-Absorbing Ethyl Cellulose NPs (Sunscreen-NPs and
Biobased-NPs)
Ethyl cellulose NPs with encapsulated UV absorbing molecules were prepared via an
antisolvent precipitation technique.13 Briefly, ethyl cellulose (0.275 g) was dissolved in
ethanol (50 mL) along with i) oxybenzone (0.008 g), avobenzone (0.008 g), and octinoxate
(0.008 g) for the sunscreen-NPs, or ii) quercetin (0.019 g), p-coumaric acid (0.008 g), and
retinol (0.014 g) for the biobased-NPs, before being poured into water (150 mL, pH 5-6)
under fast magnetic stirring resulting in the spontaneous formation of NPs. The dispersions
were then evaporated to 50 mL and filtered through filter paper to remove any large
aggregates. These dispersions were then concentrated to 10 g L-1 (by rotary evaporation,
gravimetric determination of concentration and adjustments using water) for the preparation
of the UV-blocking nanopapers.

6.2.5 Preparation of UV-Absorbing Nanopaper
Aqueous cellulose nanofibril dispersion (1 mL at concentration 5 g L-1/0.5 wt%) from the
citrus source was first mixed with a quantity (0.65 mL of concentration 10 g L-1 in Figure
6.2) of either of the aqueous NP dispersions in a small glass pot. This resultant dispersion
was then vacuum filtrated, dried, and pressed as described above.
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6.2.6 Characterization
Nanopapers were characterized with SEM imaging (FEI XL30FEG) in which samples were
sputter coated with platinum, direct transmission measurements using a HP 8452a
spectrophotometer, total transmission measurements using a home-built set-up with a
spectrophotometer (HR4000, Ocean Optics) equipped with a 15 cm diameter integrating
sphere (barium sulfate coated, Labsphere) and a Tungsten Halogen light source (HL-2000FHSA-LL, Ocean Optics), and photographs which were taken with a Nikon D70 camera.
NPs were characterized with SEM imaging as described above and also DLS (Malvern
Zetasizer Nano ZS) in which particle size distributions were obtained using a CONTIN
fitting. Nanofibrils were characterized with SEM imaging as described above and also TEM
imaging (Philips TECNAI20) in which the imaged nanofibrils were negatively stained using
uranyl acetate and dried on a BUTVAR-coated TEM grid.

6.3 Results and Discussion
We first prepared non-functionalized nanopapers using cellulose nanofibrils from two
sources: i) bacteria, and ii) primary cell walls in citrus peels waste after production of pectin.
We use the term ‘nanofibrils’ in this chapter to distinguish from the non-oxidized cellulose
microfibrils discussed in the previous chapters. The fibrils from both the sources are a few
tens of nanometers in width in their native state, 23 unlike in the case of wood pulp where
extensive mechanical/mechano-chemical treatment needs to be applied to obtain fibrils in the
nanometer range.6, 24 However, in a dispersed state, these fibrils have a tendency to aggregate
due to their attractive van der Waals and Hydrogen-bonding interactions.25 Since the crosssectional dimension of the fibrils plays a crucial role in fabricating nanopaper, it is important
to individualize the nanofibrils in the dispersed state. This was done by a combination of a
TEMPO-mediated surface oxidation reaction22
and a high-energy mechanical
25
deagglomeration process . The oxidation reaction results in the conversion of some hydroxyl
groups to charged carboxyl groups at the fibril surface leading to electrostatic stabilization
of the nanofibrils against agglomeration. Both the cellulose sources underwent the same
individualization process, which disintegrates the fibrils into much thinner elementary fibril
components (nanofibrils are composed of bundles of elementary fibrils which have a width
~4 nm1, 25). The structure of fibrils obtained after the oxidation reaction is known to be
strongly dependent on the starting material26, and indeed we found that the width of cellulose
nanofibrils from bacteria remained very similar after the individualization process (mean
width 43 nm, Figure 6.1a-b), which has been reported previously,27-28 whilst the
individualization process on citrus cellulose yielded much thinner nanofibrils with a mean
width of 7 nm (Figure 6.1c-d) – close to that of elementary fibrils. We hypothesize that the
degree of crystallinity of the nanofibrils probably influences the extent of defibrillation given
that nanofibrils from citrus source have a lower degree of crystallinity in comparison with
bacterial nanofibrils (average degree of crystallinity before oxidation 29 % for citrus
cellulose nanofibrils vs. 74 % for the bacterial cellulose nanofibrils29).
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Figure 6.1: (a, c) Discrete size distributions for the average width of the cellulose nanofibrils
from the bacterial (a) and citrus (c) sources. (b, d) SEM and TEM images respectively of
the oxidized bacterial and (negatively stained) oxidised citrus cellulose nanofibrils from
which the distributions are obtained. Scale bars: (b) 1 µm, (d) 100 nm.
We prepared nanopapers from both cellulose sources via a simple vacuum filtration
followed by gentle heating and pressing. Remarkably, the nanopaper prepared using cellulose
nanofibrils from the citrus source was significantly more transparent and less hazy than the
nanopaper prepared using the nanofibrils from bacterial cellulose (Figure 6.2a-d), at a similar
thickness (8 - 12 µm as measured by SEM imaging of cross sections in Figure 6.2). The
higher transparency of the nanopaper prepared from citrus cellulose nanofibrils arises
because these nanofibrils are much thinner than the cellulose nanofibrils from the bacterial
source, despite both cellulose sources undergoing the same individualization process. These
thinner nanofibrils result in more transparent nanopaper because they scatter visible light less
effectively than the thicker nanofibrils (Rayleigh’s scattering theory predicts σset α D4 for long
thin fibers, where σset is the scattering cross section and D is the fiber diameter3) and can also
pack together more efficiently. The denser packing of nanofibrils results in fewer air gaps
within the cellulose film and therefore less haze,4 which arises as a result of the refractive
index mismatch between the cellulose and structural air gaps causing light scattering. The
difference in nanofibrils size between the bacterial and citrus cellulose sources is also
apparent when observing the nanopaper film surface in Figure 6.2, where the individual
nanofibrils are distinguishable on the surface of the bacterial cellulose nanopaper (Figure
6.2e), but indistinguishable on the surface of the citrus cellulose nanopaper (Figure 6.2g).
Added to that, nanopapers prepared with thinner fibrils have better mechanical characteristics
in terms of strength and toughness than the ones containing thicker fibrils by, an anomalous
scaling law.30
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Figure 6.2: (a-d) Photos of the nanopaper prepared from bacterial (a-b) and citrus (c-d)
cellulose sources, lying flat (a, c) and held 1 cm away (b, d) from the text. (e-h) SEM images
of the surface and cross section of the nanopaper film from bacterial (e-f) and citrus (g-h)
cellulose sources. Scale bars for (e, g) 1 µm and (f, h) 2 µm.
Consequently, we chose to use cellulose nanofibrils from the citrus source, instead of
bacterial, to prepare transparent UV-blocking nanopaper. We prepared these films by premixing the cellulose nanofibrils with UV-absorbing ethyl cellulose NPs before proceeding
with the same filtration, heating, and pressing technique used for the preparation of the pure
nanopapers. We used two types of UV-absorbing ethyl cellulose NPs: i) “sunscreen-NPs”
containing encapsulated commonplace organic UV filters from cosmetic sunscreens
(oxybenzone, avobenzone, and octinoxate)13-14, and ii) “biobased-NPs” containing
encapsulated biobased UV-absorbing molecules obtainable from plants (quercetin, retinol,
and p-coumaric acid)31. Both the sunscreen-NPs and biobased-NPs were prepared by an
upscalable ‘antisolvent precipitation’ technique, and were prepared using 10 wt% and 34
wt% UV-absorbing material respectively in the antisolvent precipitation because these
recipes are known to give stable aqueous NP dispersions and provide effective uniform
absorbance across the entire UV spectrum13-14, 31. The resultant prepared sunscreen-NPs and
biobased-NPs show average particle diameters of 70 nm and 90 nm respectively (DLS
measurements in Figure A6.1 and SEM images in Figure A6.2) and demonstrate effective
uniform absorbance across the entire UV spectrum λ=290-400 nm (Figure A6.3).13-14 The
biobased-NPs also absorb up to λ=450 nm due to the broad absorbance profile of quercetin,
resulting in a yellow appearance (Figure A6.4).
We found that the nanopaper film containing the sunscreen-NPs is almost identical in
appearance to the non-functionalized nanopaper (Figure 6.2d vs. Figure 6.3a), demonstrates
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similar direct and total transmission values in the visible spectrum (Figure 6.3e-f) but
completely blocks out UV light (<1 % average between λ=290-380 nm, Figure 6.3e). The
nanopaper film containing the biobased-NPs is also similar in appearance to the other two
films, completely blocks out UV light (Figure 6.3e) but has a slight yellow tinge (Figure
6.3b) due to the presence of quercetin in the biobased-NPs. This fully-biobased nanopaper
film also appears slightly hazier than the other films, which is confirmed by slightly lower
direct and diffuse transmission values (Figure 6.3e-f). This is likely due to the increased
scattering caused by the slightly larger biobased-NPs compared to the sunscreen-NPs,
especially considering that the thickness and root-mean-square (rms) surface roughness for
both films are very similar to each other, where the thickness is 9.5 ± 0.4 µm and 9.6 ± 0.3
µm (Figure A6.6a-b), and the rms surface roughness is 67 nm and 68 nm for the films
functionalized with sunscreen-NPs and biobased-NPs respectively (Figure A6.7). Improving
the transparency of films can be achieved with more advanced nanopaper preparation
methods and techniques. For example, post-processing techniques such as polishing1, heat
pressing3, and irreversible collapsing by capillary action by the evaporation of water during
pressing1, 32 are all known to result in far greater transparency. We therefore believe that the
transparency/haziness of these nanopapers could be improved further by such postprocessing techniques. Despite this, we find that our films are highly transparent (direct
transmission 51 %, 57 %, and 39 % and total transmission 95 %, 94 %, and 89 % at λ=600
nm for nanopaper, nanopaper with sunscreen-NPs, and nanopaper with biobased-NPs
respectively), with far greater transparency values than UV blocking films containing
lignin15, 17. Moreover, the haze (HT) values of these nanopaper (47 %, 39 %, and 56 %
respectively at λ=600 nm) are lower than haze values for typical nanopaper (>60 % at λ=600
nm)7, 33, as determined by:7
HT = 100 ×

(Total Transmission − Direct Transmission)
Total Transmission
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Figure 6.3: (a, b) Photos of nanopaper functionalized with (a) sunscreen-NPs, and (b)
biobased-NPs, 1 cm away from underlying text. (c, d) SEM images of the surface of the
nanopaper (a) and (b) respectively, in which sunscreen-NPs and biobased-NPs are visible on
the respective surfaces. Both scale bars 500 nm. (e) Spectral transmission measurements for
the three films. (f) Total transmission measurements for the three films.
The presence of the NPs in both the resultant UV-blocking nanopaper is supported by
SEM imaging of the surface (Figure 6.3c and Figure 6.3d) and cross section (Figure A6.6c).
In order to achieve complete UV-blockage, we used a mass ratio of 44:56 [NPs:nanofibrils]
for the preparation of the films. We did find that some particles were lost upon preparing the
films via vacuum filtration, but this was only a small amount: ~95 % of both the added
sunscreen-NPs and biobased-NPs were retained in the resultant films respectively (meaning
the other 5 % passed through the filter), which we determined from the absorbance of the
filtrate. Improving the transparency of the nanopaper (e.g. with post-processing techniques)
may result in more NPs required for complete UV blockage than what we use, because more
transparent films will typically have greater transmission of UV light too, therefore requiring
more NPs in order to fully block UV radiation. In this case, both: i) the amount of NPs
embedded in the film, as well as ii) the loading of the UV-absorbing molecules into the NPs,
can simply be tuned either by varying the amount of NPs used in the for the nanopaper
preparation or by varying the amount of UV-absorbing material in the NP preparation (a.k.a.
antisolvent precipitation) process, in order to provide the desired UV protection. As a visual
demonstration of the UV blocking ability of the fully-biobased UV-blocking nanopaper, we
show that the fluorescence of CdSe quantum dots – which fluoresce on exposure to a λ=375
nm UV laser – is significantly suppressed when the UV laser is shone through our UVblocking nanopaper film, as compared to the non-functionalized nanopaper film (Figure 6.4).
Moreover, we demonstrate the flexibility and ability to print text onto the fully-biobased UVblocking nanopaper in Figure 6.4c. We observed no obvious difference in the mechanical
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properties of the UV-blocking films compared to the non-functionalized film, where all films
are flexible and can be repeatedly bent without damage.

Figure 6.4: (a, b) Photos of a glass vial containing 2 nm CdSe quantum dots which fluoresce
as a result of stimulation by a λ=375 nm laser light. In (a) the UV laser light is shone through
the non-functionalized nanopaper (from Figure 6.2- shown in the inset) and the quantum dots
are strongly fluorescing, whereas in (b) the UV laser is shone through the nanopaper
functionalized with biobased-NPs (from Figure 6.3b- shown in the inset) and the
fluorescence is significantly suppressed. (c) Photograph of nanopaper functionalized with
biobased-NPs with text printed on, being bent to demonstrate flexibility.
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Figure 6.5: (a, b, c) Photos and (d) transmission measurements of the three films from
Figure 6.2 after 5 months of sunlight exposure. (a) nanopaper, (b) nanopaper with embedded
sunscreen-NPs, (c) fully-biobased nanopaper with embedded biobased-NPs.
The UV-blocking films demonstrate effective stability as a function of time, maintaining
identical appearance (Figure 6.5a-c) and transparency (Figure 6.5d, transmission of visible
light λ=400-700 nm is almost identical to Figure 6.3e) when exposed to sunlight over a period
of 5 months on a windowsill. This duration and intensity of sunlight exposure can be
compared, for example, to many food packaging materials in supermarkets. The UVblocking ability of both the nanopaper with sunscreen-NPs and nanopaper with biobasedNPs remained effective but did degrade slightly, in which the films show average direct
transmission values of 10 % and 9 % respectively (between λ=290-380 nm) as opposed to
<1 % before sunlight exposure. Despite this, even after the extensive sunlight exposure these
values are still much lower than the non-functionalized nanopaper which transmits 36 %
(Figure 6.5d). Since the UV absorption is defined by the degradation of the compounds
encapsulated inside the NPs14, 31, the photostability of both films could be vastly improved
simply by loading the films with more NPs or loading the NPs with more UV-absorbing
compounds, so that the films maintain full UV blockage despite degradation of the UVabsorbing compounds. Additionally, the UV-blocking films also demonstrated thermal
stability very similar to typical nanopaper (Figure A6.8).
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6.4 Conclusion
In conclusion, we prepared highly-transparent UV-blocking composite nanopaper from a
waste citrus source of cellulose nanofibrils and embedded UV-absorbing NPs from ethyl
cellulose, via a completely upscalable technique. The effect of nanofibril properties and NP
loading amounts on the resulting optical characteristics of the nanopaper was also
demonstrated. Significantly, we prepare UV-blocking nanopaper with an entirely biobased
composition using ethyl cellulose NPs with encapsulated plant-based UV-absorbing
compounds. The films blocked UV light completely (<1 % direct transmission between
λ=290-380 nm) whilst exhibiting high transparency (57 % and 39 % direct transmission at
λ=600 nm), low haze (39 % and 56% at λ=600 nm), and good thermal and photostability
(still <10 % direct transmission between λ=290-380 nm after 5 months of sunlight exposure).
These fully-biobased UV-blocking nanopaper have strong potential as replacements for
petroleum-derived plastics in many applications. Crucially, the embedded ethyl cellulose
NPs are potential vehicles for a huge range of organic molecules – with a wide range of
functionality. This system therefore is highly promising for the innovation of novel and
advanced sustainable functional materials for many applications.
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6.6 Appendix
Note 6.1: Ethyl Cellulose Nanoparticles (NPs) Characterization
Both the sunscreen-NPs and biobased-NPs were characterized with Dynamic Light
Scattering (DLS), Scanning Electron Microscopy (SEM) imaging, and absorbance
measurements. The DLS measurements show an average particle diameter of 70 nm for the
sunscreen NPs and 90 nm for the biobased-NPs (Figure A6.1).
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Figure A6.1: Size distributions as determined by DLS showing the sunscreen-NPs with an
average size of 70 nm and the biobased-NPs with an average size of 90 nm.
The SEM imaging shows that both sets of NPs are spherical with sizes consistent with the
DLS measurements (Figure A6.2).

Figure A6.2: SEM images of (a) sunscreen-NPs and (b) biobased-NPs. Scale bars 200 nm.
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The absorbance measurements show that both the sunscreen-NPs and the biobased-NPs
demonstrate absorbance over the entire UV spectrum, and the biobased-NPs also absorb up
to 450 nm (Figure A6.3).

Figure A6.3: Absorption spectra for (a) sunscreen-NPs and (b) biobased-NPs, both measured
at a concentration of 1x10-1 g L-1.
The photograph of both NP dispersions in Figure A6.4 shows that the biobased-NPs are
yellow compared to the colourless sunscreen-NPs (slightly blue-tinged due to the Tyndall
effect).

Figure A6.4: Photograph showing dispersions of (a) sunscreen-NPs, and (b) biobased-NPs.
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Note 6.2: Citrus cellulose films characterization
When too few sunscreen-NPs or biobased-NPs are used to prepare the films, the films do not
completely block UV radiation (Figure A6.5).

Figure A6.5: Transmission measurements for the nanopaper prepared with (a) sunscreenNPs, and (b) biobased-NPs, showing that when too few NPs are used there is transmission of
UV radiation. Concentration of particles used for nanopaper is always 10 g L -1 for both the
sunscreen-NPs and biobased-NPs.
The film thicknesses for the nanopaper functionalized with the sunscreen-NPs and the
biobased-NPs (shown in Figure 6.2) were 9.6 ± 0.3 µm and 9.5 ± 0.4 µm respectively,
determined by measuring the thickness at ten points across the SEM images of the cross
sections of both films in Figure A6.6a-b. Additionally, from SEM imaging of the cross
section of another area of the nanopaper film with embedded sunscreen-NPs we found that
the NPs are not just distributed on the surface of the films as seen in Figure 6.2, but also
between the layers (Figure A6.6c).

Figure A6.6: (a-b) SEM images of the cross sections of the functionalized nanopaper from
Figure 6.2, in which (a) is an image of the nanopaper film functionalized with sunscreen-NPs
and (b) is an image of the nanopaper film functionalized with biobased-NPs. Both scale bars
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10 µm. (c) SEM image of the cross section of a nanopaper film functionalized with
sunscreen-NPs from Figure A6.2 showing that sunscreen-NPs are visible between the layers.
Scale bar 500 nm.
The surface roughness values of the prepared films were determined by Atomic Force
Microscopy (AFM) from height profiles over a 25 µm2 area, shown in Figure A6.7. The
surface roughness values are presented as rootmean-square (rms) values. The root mean
square (rms) roughness values were measured as 42 nm, 26 nm, 67 nm, and 68 nm for: i)
pure bacterial cellulose nanopaper (from Figure 6.2b) ii) pure citrus cellulose nanopaper
(from Figure 6.2d), iii) citrus cellulose nanopaper functionalized with sunscreen-NPs (from
Figure 6.3a), and iv) citrus cellulose nanopaper functionalized with biobased-NPs
respectively (from Figure 6.3b). These values are all typical for nanopaper 34 which is much
smaller than typical values for regular paper (rms values ~5-6 microns35).

Figure A6.7: AFM height profiles for: (a) pure bacterial cellulose nanopaper (b) pure citrus
cellulose nanopaper, (c) citrus cellulose nanopaper functionalized with sunscreen-NPs, and
(d) citrus cellulose nanopaper functionalized with biobased-NPs.
The thermal stability of the films was investigated using Thermal Gravimetric Analysis
(TGA). We found that the films were stable until 180-220 oC, where they decomposed
significantly up to 450 oC (Figure A6.8). This decomposition can be attributed to the
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decomposition of cellulose which has been previously observed in the TGA of nanopaper. 36
Interestingly, we find second degradation peaks at ~400 oC for two of the films, which we
cannot explain. Although interesting, the films have already heavily degraded by this
temperature, therefore we emphasize that the important information from this data is that all
the films are stable until 180-220 oC.

Figure A6.8: TGA profiles for the pure nanopaper (from Figure 6.2d), nanopaper with
sunscreen-NPs (from Figure 6.3a), and nanopaper with biobased-NPs (from Figure 6.3b),
indicating their thermal stability under an air atmosphere. (a) Weight loss as a function of
temperature. (b) Temperature first derivative weight loss profiles (dW/dT) of the samples.
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Note 6.3: Bacterial cellulose films characterization
We found that nanopaper from bacterial cellulose could also be prepared and functionalized
in the same way as with citrus cellulose (Figure A6.9). Fewer NPs were required in order to
achieve full UV blockage here – 0.1 mL sunscreen-NPs at 10 g L-1 – because the transparency
was much lower anyway).

Figure A6.9: (a-b) Photographs of a nanopaper film using cellulose nanofibrils from a
bacterial source (1 mL at 5 g L-1) functionalized with sunscreen-NPs (0.1 mL at 10 g L-1). (c)
SEM image of the surface of the nanopaper film clearly showing the large nanofibrils and
the particles embedded. Scale bar 500 nm. (d) Direct and (e) total transmission measurements
of both the pure bacterial cellulose nanopaper film (the film shown in Figure 6.2b) and the
bacterial cellulose nanopaper film functionalized with the sunscreen-NPs.
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Summary

Cellulose microfibrils (CMFs) are a unique class of shape anisotropic bio-based colloidal
materials, already finding many applications in diverse fields owing to their advantageous
material properties and abundant availability. With a growing need for sustainable production
and utilization of materials from environmentally friendly sources, CMFs are placed as ideal
candidates, as building blocks for the fabrication of functional materials. However, there are
many challenges that need to be addressed in order to facilitate the efficient design and
production of CMF-based materials systems. The most crucial and fundamental challenge is
due to the complex behaviour of CMFs which arises from the interplay between their
interactions, network structure, polydispersity and processing methods. These factors need
to be deconstructed and analyzed in order to translate their excellent single fibril
characteristics to functional materials and products.
In the first part of this thesis, we take a step towards understanding the structure,
interactions and properties of CMFs and their networks. We then focus on studying the
properties of CMF based composites in the second part of the thesis. We use CMFs produced
by bacteria which are ribbon shaped with an average width of ~90 nm and a typical length
of 10-20 μm as a model system in this thesis.
The mesoscale spatial organization of CMFs in the form of networks plays a crucial role
in determining its macroscopic properties. We start with an investigation into the structure
of CMFs formed as a result of the commonly applied deagglomeration process by high
pressure homogenization, in Chapter 2. This process is used to disrupt the native network
structure of fibrils as well as their aggregates and to disperse the CMFs by subjecting to a
complex flow through a narrow channel at very high shear rates. The ensuing network
structure of CMFs is influenced by their inter-fibril interactions. In order to visualize the
three-dimensional (3D) network structure of the fibrils using confocal fluorescence
microscopy, we covalently attached a fluorescent dye to the fibril surface. The 3D network
structure of CMFs was quantified using an open source image analysis algorithm. We found
that CMFs form a heterogeneous network structure marked by a broad distribution in the
mesh size. A power law relationship with an exponent of -0.32 was established for the
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decrease in mesh size with increase in volume fraction of the networks, which deviates from
the theoretically predicted exponent value of -0.5 for homogeneous fiber networks. We
therefore bridged the gap in studying in situ the morphology of CMF networks without
artifacts at an intermediate scale between that of transmission electron microscopy and widefield optical microscopy. Interestingly, we also observed the characteristic twisting of CMFs
from confocal microscopy images. The average fibril segment length between twists in the
dispersed state were smaller in comparison to the dried state, which is probably due to the
gradual twisting of the fibrils in the dispersed state in contrast to the sharp and segmented
twists that were observed in the dried state. Furthermore, the fractal dimension of CMFs was
found to be close to unity, which confirmed the rod-like nature of these particles.
The ability to tailor the interactions between colloidal particles has opened many
possibilities and applications, including the self-assembly of colloidal particles into ordered
structures. The ordered structures of CMFs found in nature exhibit interesting optical
characteristics due to their intrinsic anisotropic shape and birefringence. However, recreating
such ordered structures after their production process is challenging since CMFs assemble
into an aggregated and isotropic network when dispersed in water due to the attractive Van
der Waals (vdW) interactions. In Chapter 3, we discuss and quantify the major interactions
between CMFs with an aim to effect the formation of ordered phases by lowering their
attractive interactions. As a first step, we computed the inter-fibrillar interactions taking into
account their intrinsic cross-sectional shape and twists. We adopted two different approaches
to minimize the attractive interactions of CMFs: by reducing the dielectric contrast of CMFs
with the dispersion media and by chemically modifying the fibril surface to increase repulsive
electrostatic forces. On lowering the vdW interactions approximately four times by
dispersing the CMFs in DMSO, we did not observe any signs of ordering in the system. Our
attempts to further lower the vdW interactions by this approach were not successful due to
experimental constraints. A significant change in the network structure was observed on
introducing charged groups on the fibril surface. The formation of locally ordered regions
was observed at high fibril concentrations. On concentrating oxidized CMF dispersions in
situ, nematic liquid crystalline structures were formed characterized by a high 2D
orientational order parameter. Therefore, surface modification of the fibrils to augment
electrostatic interactions is proven as an effective strategy to create ordered structures of
CMFs.
One of the most interesting characteristics of CMFs is their mechanical behaviour. With
a large aspect ratio (=length/width) and a remarkably high elastic modulus, CMFs possess
unique mechanical characteristics that play a crucial role in providing strength and
reinforcement to the cell walls in plants. Owing to the complex nature of this system, the
mechanical properties, especially in the non-linear regime are under-studied and not wellunderstood in comparison to other biopolymer networks. In Chapter 4, we explore the rich
non-linear mechanical behaviour of the networks formed by CMFs. Using a parallel plate
rheometer, we systematically probed their rheological response by applying a series of cyclic
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stress/strain protocols. In order to minimize the occurrence of commonly encountered
problems such as wall-slip and shear banding while measuring such heterogeneous
structures, we used the relatively less heterogeneous system of CMFs dispersed in DMSO.
A marked inelastic response was observed in the non-linear regime, wherein the networks
transition from a predominantly elastic to a plastic deformation with increasing shear stress.
The networks exhibited stress-softening behaviour and both the stiffness and plasticity of the
networks were dependent on the loading rate. The CMF networks demonstrated remarkable
resilience and did not show any symptoms of failure to the applied load, which can be
attributed to the reformation of cross-links in the network. Interestingly, we also found that
the networks were quickly able to regain their original viscoelastic properties after a
deformation event, revealing a reversible stress softening phenomenon. These results
highlight the sensitivity of CMF networks to shear forces and show how weak physical
interactions can play an important role in shaping the nonlinear rheological response.
In order to enable the efficient design of CMF-based material systems with specific as
well as tunable properties, it is important to understand how the presence and the structure
of CMF networks influence the other component and the properties of the composite system
as a whole. In Chapter 5, we study the properties of a composite model system obtained on
combining CMFs with another commonly used bio-based polymer, agarose. We therefore
obtain a versatile composite system since their properties can be tuned by varying the
proportion of the constituent networks as well as by using temperature, due to the thermoreversible nature of agarose. The relative proportions of each network in the composite were
systematically varied to study the effect of one network over the other on the ensuing
rheological response. We observed a significant change in the microstructure of CMF
networks with increase in agarose concentration. The composite gel showed a synergistic
enhancement in stiffness greater than the sum of the individual stiffness of both the networks
depending on the relative proportions and the microstructure of the CMF network. At
disproportionate compositions, the rheological response was dominated by the network that
comprises the major proportion in the composite.
In Chapter 6, we provide a template for the fabrication of CMFs- based functional films.
The films comprise thin cellulose microfibrils and ethyl cellulose nanoparticles (NPs) as
encapsulants for carrying functional molecules, in this case UV-absorbing agents. We
fabricated the films by a simple and up scalable method involving vacuum filtration followed
by gentle heating and pressing. CMFs from two different sources, bacteria and primary cell
walls of plants (citrus waste) were used to prepare the films. The fibrils from both the sources
were subject to a similar oxidation and mechanical treatment in order to obtain stable
individual fibrils with a uniform width. We were able to defibrillate CMFs from citrus source
to much thinner widths, close to that of elementary fibrils and the films prepared from these
fibrils exhibited high transparency. Significantly, we prepared UV-blocking films with an
entirely bio-based composition using ethyl cellulose NPs with encapsulated plant-based UVabsorbing compounds. These films showed effective UV-blocking ability and good photo
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stability even after five months of sunlight exposure. Furthermore, we demonstrated that the
films can easily be printed onto and also possess good thermal stability. With such multifunctional and tailorable characteristics, these fully bio-based material systems have
significant potential as sustainable alternatives for petroleum-based plastics in many
applications.
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Microvezels van cellulose (cellulose microvezels, CMV’s) zijn een anisotroop, colloïdaal
materiaal van biologische oorsprong. Door de unieke materiaaleigenschappen en hoge mate
van beschikbaarheid wordt dit materiaal reeds gebruikt in veel verschillende producten. Een
grote drijfveer voor het gebruik van CMV’s is de behoefte aan duurzame grondstoffen. Er
zijn echter nog een aantal problemen die opgelost moeten worden om het efficiënt ontwerpen
en produceren van materialen van CMV’s mogelijk te maken. Een aa
ntal factoren maken het
verwerken van CMV’s lastig: de onderlinge interacties tussen vezels, de structuren van de
netwerken gevormd door meerdere vezels en de polydispersiteit van CMV’s. Om de unieke
eigenschappen van individuele CMV’s te vertalen naar functionele materialen en producten,
moeten deze factoren geanalyseerd worden.
In het eerste deel van dit proefschrift bestuderen we de structuur, interacties en
eigenschappen van CMV’s en netwerken van CMV’s. In het tweede gedeelte ligt de nadruk
op het bestuderen van de eigenschappen composiete materialen, gevormd uit CMV’s. Als
modelsysteem bestuderen wij CMV’s van bacteriële oorsprong; deze vezels hebben de vorm
van een lint, met een gemiddelde breedte van ~90 nm en een lengte van circa 10-20 μm.
CMV’s organiseren zichzelf op de mesoschaal in de vorm van vezelnetwerken. Deze
netwerken zijn bepalend voor de macroscopische eigenschappen van CMV-materialen. In
Hoofdstuk 2 bestuderen we allereerst de netwerken die CMV’s vormen onder invloed van
een homogeniseringsmethode bij hoge druk. Dit veelgebruikte deagglomeratieproces breekt
het intrinsieke vezelnetwerk en aggregaten van vezels af en dispergeert de CMV’s. Hiertoe
wordt het materiaal blootgesteld aan een complexe stroom door een nauw kanaal bij erg hoge
afschuifsnelheid. Het hierna gevormde CMV-netwerk wordt bepaald door interacties tussen
individuele vezels. Wij hebben deze netwerken in drie dimensies (3D) bestudeerd met
confocale fluorescentiemicroscopie. Hiertoe hebben wij een fluorescente kleurstof chemisch
aan het CMV-oppervlak gebonden. De 3D-netwerkstructuur werd vervolgens
gekwantificeerd door middel van een open source beelverwerkingsalgoritme. Hieruit bleek
dat CMV’s een heterogeen netwerk vormen, welke wordt gekenmerkt door een brede
distributie van maasgroottes. De afname van de maasgrootte met toenemende volume fractie
kan beschreven worden met een machtsfunctie; uit onze gegevens vonden wij een hierbij
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horend exponent van -0.32. Deze exponent wijkt af van de theoretisch voorspelde waarde
voor homogene netwerken van -0.5. Interessant genoeg konden wij met confocale
fluorescentiemicroscopie ook de karakteristieke draaiingen van de CMV’s waarnemen. De
gemiddelde segmentlengte tussen draaiingen was kleiner in gedispergeerde CMV’s,
vergeleken met CMV’s in droge toestand. Dit komt waarschijnlijk doordat gedispergeerde
vezels geleidelijke draaiingen vertonen, terwijl de draaiingen van CMV’s in meer stapsgewijs
verlopen. Daarnaast maten wij een fractale dimensie van één voor de CMV’s, wat bevestigt
dat deze deeltjes zich als staafjes gedragen.
De mogelijkheid om de interacties tussen colloïdale deeltjes te controleren heeft veel
nieuwe toepassingen mogelijk gemaakt, waaronder het zelfassembleren van colloïdale
deetjes tot geordende structuren. De geordende structuren, gevormd door CMV’s, die in de
natuur voorkomen, vertonen interessante optische eigenschappen, door hun intrinsieke
anisotrope vorm en dubbele breking van licht. Het is echter lastig om dergelijke geordende
structuren na te bootsen, beginnende met CNV’s. Dit komt doordat CNV’s door
aantrekkende Van der Waals (VdW) interacties een geaggregreerd en anisotroop network
vormen wanneer ze in water gedispergeerd worden. In Hoofdstuk 3 bediscussiëren en
kwantificeren we de voornaamste interacties tussen CNV’s, met als doel het mogelijk maken
van geordende structuren van CNV’s, door de attractieve interacties te beperken. Als eerste
stap hebben we de inter-vezel interacties berekend, daarbij de intrinsieke vorm en draaiingen
inachtnemend. We hebben vervolgens op twee verschillende manieren de attractieve
interacties tussen CNV’s geminimaliseerd: door het dielectrisch contrast tussen de CNV’s en
het medium te verminderen en door het vezeloppervlak chemisch aan te passen, waardoor
afstotende elektrostatische krachten toenamen. Na het dispergeren van de CNV’s in DMSO,
waardoor de VdW-interacties afnamen met ongeveer een factor vier, zagen wij geen extra
orde in het systeem. Verdere pogingen om de VdW-interacties nog meer te verminderen
werden verhinderd door experimentele beperkingen. Na het introduceren van geladen
groepen op het vezeloppervlak werd een significante verandering in de netwerkstructuur
waargenomen. Bij hoge vezelconcentraties vormden lokaal geordende regio’s in het systeem.
Nematische vloeibare kristallijne structuren werden gevormd wanneer geoxideerde CNVdispersies in situ werden geconcentreerd. Deze structuren werden gekenmerkt door een hoge
waarde van de 2D oriëntatieordeparameter. Hiermee is aangetoond dat het verstreken van
elektrostatische interacties, door het modificeren van het vezeloppervlak, een goede strategie
is om geordende structuren te vormen van CNV’s.
De mechanische eigenschappen van CNV’s zijn misschien wel het meest interessa
nt.
Door hun grote aspectratio (=lengte/breedte) en opmerkelijk grote elastieke modulus,
beschikken CNV’s over unieke mechanische eigenschappen, die ene cruciale rol spelen in
het verstevigen van celwanden in planten en bomen. De mechanische eigenschappen van dit
systeem, voornamelijk in het niet-lineaire regime, zijn door zijn complexiteit weinig
onderzocht. In vergelijking met netwerken van biopolymeren is er daardoor nog weinig
bekend over netwerken van CNV’s. In Hoofdstuk 4 onderzoeken we het niet-lineaire
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mechanische gedrag van netwerken bestaande uit CNV’s. We gebruikten een parallelle-plaat
rheometer om met een serie cyclische spanning/deformatie protocollen de rheologische
respons van deze netwerken systematisch te onderzoeken. We bestudeerden het minder
heterogene systeem van CNV’s gedispergeerd in DMSO, om wall-slip en shear banding te
voorkomen. We namen een opmerkelijke inelastische respons waar in het niet-lineaire
regime, waarbij de netwerken bij toenemende schuifspanning overgingen van een
voornamelijke elastische naar een plastische deformatie. De netwerken vertoonden spanningverzachtingsgedrag en zowel de stijfheid als de plasticiteit van de netwerken was afhankelijk
van de spanning snelheid. De CNV-netwerken beleven heel onder de toegepaste spanning,
wat kan worden verklaard door het opnieuw vormen van verknopingen in het netwerk. We
namen ook waar dat de netwerken in staat waren om snel weer hun originele viscoelastische
eigenschappen te herstellen na een deformatiegebeurtenis; een reversibel spanningverzachtingsfenomeen. Deze resultaten laten zien dat CNV-netwerken gevoelig zijn voor
schuifspanningskrachten en hoe zwakke fysische interacties een grote rol kunnen spelen bij
het de niet-lineaire rheologische respons.
Om materialen te kunnen maken op basis van CNV’s is het belangrijk om te begrijpen
hoe de aanwezigheid en structuur van CNV-netwerken de eigenschappen van andere
componenten, en het composiete systeem als geheel, beïnvloeden. In Hoofdstuk 5
bestuderen we de eigenschappen van van een composiet modelsysteem, verkregen door
CNV’s te combineren met agarose, een veelgebruikt biopolymeer. Deze aanpak leidt tot een
veelzijdig composietsysteem, doordat de eigenschappen van het systeem aangepast kunnen
worden door de verhouding van de twee netwerken te variëren, alsmede door het variëren
van de temperatuur, door de thermo-reversibele aard van agarose. De verhouding tussen de
twee netwerken werd systematisch gevarieerd, om de invloed hiervan op de rheologische
respons te bestuderen. We namen waar dat de microstructuur van de CNV-netwerken
significant veranderde met toenemende agarose concentratie. De composietgel vertoonde een
synergetische toename in de stijfheid, groter dan de som van de individuele stijfheden van
beide netwerken, welke afhankelijk was van de de verhouding tussen de twee netwerken en
de microstructuur van het CNV-netwerk. Bij verhoudingen waarbij één van de twee
netwerken in overmaat aanwezig was, werd de rheologische respons gedomineerd door het
netwerk dat het grootste deel van de composiet vormde.
In Hoofdstuk 6 geven wij een modelsjabloon voor de fabricatie van functionele films,
gebaseerd op CNV’s. Deze films bestaan uit uit dunne CNV’s en nanodeeltjes van ethyl
cellulose. Deze nanodeeltjes bevatten functionele moleculen, in dit geval UV-absorberende
stoffen. De films werden gefabriceerd door een eenvoudige methode, waarvan de schaal
makkelijk vergroot kan worden. Deze methode bestond uit vacuümfiltratie, gevolgd door
verwarmen en samenpersen van het materiaal. Films werden gemaakt uit CNV’s afkomstig
uit bacteriën en de celwanden van planten. Om stabiele, individuele vezels van uniforme
breedte te verkrijgen, werden de vezels op eenzelfde manier geoxideerd en mechanisch
behandeld. Het lukte ons om plantaardige CNV’s te defibrilleren tot veel dunnere breedtes,
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waarbij bijna de breedte van de elementaire vezels bereikt werd. De hieruit gevormde films
waren erg transparant. We hebben uiteindelijk UV-blokkerende films gemaakt bestaande uit
enkel biomaterialen, gebruikmakend van ethyl cellulose nanodeeltjes welke plantaardige
UV-absorberende moleculen bevatten. Deze films vertonen uitstekend UV-blokkerend
vermogen en een goede fotostabiliteit, zelfs wanneer ze vijf maanden lang aan zonlicht
worden blootgesteld. Verder laten we zien dat het makkelijk is om op de films te printen, en
dat ze een uitstekende thermische stabiliteit hebben. Met zulke multi-functionele en
aanpasbaren eigenschappen zijn deze volledig biobased materialen een aantrekkelijke
kandidaat om andere materialen, gemaakt uit aardolie, te vervangen.
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