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Abstract
Current demand for donor organs and tissues for transplantation vastly surpasses
availability. To address this, tissue engineering is a rapidly advancing field, with
much research directed towards the production of new biomaterial scaffolds, from
sustainable and economically viable sources, with tailored properties to generate
functional tissue for specific applications. Herein, a family of diverse cellulose
scaffolds, with novel decorated surfaces, were developed through simple, robust
and scalable chemical modifications, with the aim to facilitate cellular attachment
and further tune, or regulate, cell response in tissue culture applications.
Two-component systems (cell and scaffold) were achieved using 2D cellulose films
derivitised with glycidyl trimethylammonium chloride, introducing a positive surface
charge, which facilitated cellular attachment comparable to tissue culture plastic,
without the addition of foetal bovine serum or other ligands. Surface properties
were characterised and scaffold-cell interactions revealed that initial attachment
was governed by electrostatic interactions between cellulose bearing a positive
charge and the negatively charge phospholipid bilayer of the cell membrane.
Micropatterned surfaces with cationic cellulose ‘islands’ were produced using
reactive inkjet printing and cells shown to preferentially attach to these islands, thus
demonstrating directed cell attachment. Crosslinking with glyoxal had the dual effect
of enhancing cellular response, by increasing the cell microenvironment stiffness,
and scaffold robustness, enabling more complex 3D structures to be produced.
Applying this chemical modification to cellulose fibres resulted in dispersible cationic
cellulose nanofibrils (CCNF), which led to the formation of hydrogels. The
fundamental form and dimensions of the CCNF were probed and interfibrillar
interactions, leading to gelation, investigated. Directionally freezing these hydrogels,
followed by lyophilisation, produced 3D porous foams. Internal architectures were
produced ranging from aligned smooth walled micro-channels, mimicking
vascularised tissue, to pumice-like wall textures, reminiscent of porous bone. These
exquisitely structured, yet robust foams, could provide biomaterial scaffolds suitable
for industrial applications that require 3D cell culturing.
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PhD Aims & Objectives
Overarching aims and objectives are presented to provide context for the published
work which follows as chapters.

Aim
In this PhD project the aim was to use simple, robust and scalable chemical
modifications to develop novel decorated cellulose surfaces, which could be utilised
to produce functional scaffolds. Functionality would include facilitation of cellular
attachment and further tuning, or regulation of, cell response in tissue culture
applications. This aim would be achieved through research reported in the following
chapters. Each focused on a specific objective from fundamental understanding of
cationic cellulose surface chemistry and nanofibril structure to the production of
three dimensional (3D) materials for application as a sustainably sourced material
for tissue engineering scaffolds. This thesis is formed from a portfolio of research
publications which follow the narrative established by the PhD objectives and will
each be preceded by a commentary to critique and link the papers.

Objectives
Chapter 1: In this chapter the objectives were, to: introduce the field of tissue
engineering, outlining the key principles of used to culture cells and tissue; define
the important properties needed for a suitable scaffold; survey types of biomaterials
currently used; introduce cellulose as a sustainably sourced material and state the
case for its use in tissue engineering; identify potential limiting properties of
cellulose materials which need to be addressed and to review of the recent
literature in modified cellulose scaffold for tissue engineering applications.
Chapter 2: The objectives of the work described in this chapter were, to: identify a
cell-scaffold two-component system for tissue engineering, i.e. not requiring
immobilised matrix proteins, through surface modification to change scaffold
surface charge; test the hypothesis of ionic charge facilitated cell attachment,
bacterial cellulose membranes would be modified to introduce a positive or negative
charge to the surface; develop methods for identifying and quantifying the presence
of charged groups on the scaffolds and to characterise how modifications affects
scaffold properties and cellular response to the scaffold.
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Chapter 3: In this chapter the objectives were, to: investigate the response of MG-63
cells on the modified scaffolds, to understand how the presence of quaternary
ammonium moieties influenced cell response (attachment, adhesion strength,
morphology and proliferation); explore whether cell morphology can be further
tuned, or regulated, by changing the elastic moduli of the scaffolds through
crosslinking chemistry ; determine the minimum levels of cationisation required to
facilitate cell attachment in a protein free system and to develop a methodology to
quantify the crosslinking modification and characterise effect on both surface and
bulk properties.
Chapter 4: The objectives of the work described in this chapter were, to: develop
and optimise a process that enabled controlled and directed cell attachment on
cellulose scaffolds; utilise reactive inkjet printing to deposit micro-droplets of
reagents (e.g. GTMAC) onto cellulose film surfaces to form micro-patterns of <100
µm in diameter; develop protocols to image and characterise the cationic cellulose
features present on the scaffold surface; investigate whether MG-63 cells
preferentially attached to the positively charged micro-patterns and to determine
whether the cell spreading was confined only to the micro-patterns and if this
influences cellular alignment.
Chapter 5: In this chapter the objectives were, to: prepare cationic cellulose
nanofibrils (CCNF), characterise fibril structure and behaviour of dispersed CCNF
suspensions; utilise a combination of small angle neutron scattering, NMR
spectroscopy and rheology to probe the fundamental form and dimensions of the
CCNF and to reveal interfibrillar interactions leading to gelation and to investigate
the relationship between degree of modification with fibrillar form and stiffness.
Chapter 6: The objectives of the work described in this chapter were, to: develop 3D
scaffolds from cationic cellulose hydrogels with a range of structures including
variable form, internal architecture and robustness via a “bottom-up approach;
determine whether fabrication procedure influenced scaffold internal structure and
porosity using scanning electron microscopy, NMR cryoporometry and NMR
relaxometry; develop a method to increase the robustness of the 3D scaffold and
characterise the mechanical properties and to monitor cell activity on the scaffold
using a metabolic assay and investigate whether scaffold properties can be tuned to
enhance cell metabolism.
2

Chapter 1

1 Paper 1: Recent Advances in Modified Cellulose for
Tissue Culture Applications
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1.0 Publication Commentary
Humankind has always been plagued by illness and injury. The fundamental desire
to overcome this to live a fulfilled and healthy life through regeneration is deeply
embedded in cultures across the world and has been expressed throughout history.
There are examples of this in mythology and literature: from the torment of
Prometheus in Greek mythology, to the creation of Eve in Genesis and the gothic
tale of Frankenstein.1,2 It is clearly evident that these themes of creating and
restoring life have passed through the ages and are still rooted in human culture.
Not until the development of scientific understanding of germ theory and human
biology over the last century, could this be translated into reality.3
Currently the practice with medical treatments, when it is not possible to repair a
damaged organ, is to seek a healthy donor replacement. However, with an ever
growing and aging population, we face a global organ shortage. In the UK alone in
2017 over 6,000 people required an organ transplant, however less than half of
these were treated with donor organs. This shortage arises from the source of donor
organs, which, in most cases, comes from deceased donors. With demand exceeding
supply, there are now lengthy waiting lists and the UK National Health Service (NHS)
estimates that three people will die a day whilst waiting for donors.4
Is there an alternative to relying on donor organs? Can we generate new tissue or
even functioning organs from cell cultures using existing technology?
Tissue engineering strives to answer this question. One of the best descriptions of
tissue engineering is by two pioneering scientists in the field, Langer and Vacanti,
who in 1993 described it as:
“An interdisciplinary field that applies the principles of engineering and life science
toward the development of biological substitutes that restore, maintain, or improve
the function of tissue or a whole organ.”5
This definition highlights how tissue engineering requires many different disciplines
to achieve the goals. The principle components of tissue engineering can be divided
into three sections: cell source, biomolecules and scaffold. Therefore, aspects of
biology, chemistry, material science and engineering are frequently used to develop
new engineered tissue. More recently, given the use of tissue engineering as a
4
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therapy in regenerative medicine, its scope has been broadened to incorporate the
regenerative aspect of the discipline by Mason & Dunnill, 2008 who defined it as:
“The process of replacing or regenerating human cells, tissues or organs to restore or
establish normal function.”6
The main difference between tissue engineering and regenerative medicine relates
to the cell type used. Tissue engineering describes the culturing of cells into tissue
from a wide range of cell types, whereas regenerative medicine focuses mainly on
the use of a patient’s own cells, commonly stem cells or progenitor cells, to
regenerate their tissue.
Along with engineering new tissue for regenerative medicine, tissue engineering is
also applied to create cell culture for in vitro drug screening and modelling. In these
cases the cell types used are commonly from animal sources, such as mouse cells.
Another interesting application of tissue engineering technology, which is not used
for biomedical applications, is the newly emergent field of cellular agriculture. In
1931 Winston Churchill predicted:
“Fifty years hence, we shall escape the absurdity of growing a whole chicken in order
to eat the breast or wing by growing these parts separately under a suitable
medium”7
This area, which has arisen in the last 10 years, focuses on the production of
agricultural products from cell culture, obviates the need to slaughter the animal,
i.e. culturing beef from bovine muscle cells, pork from porcine muscle cells and
chicken from chicken muscle cells for consumption as food.8 In addition, milk and
eggs can be produced from fermentation-based cellular agriculture.8 This field is
growing rapidly and could revolutionise the supply chain of animal products
providing affordable and sustainable food, with a lower environmental impact, to an
ever increasing population.
The purpose of the first chapter is to provide an introduction to the field of tissue
engineering and outline the principles required to generate new tissue from cell
culture. The role of the scaffold is described and properties beneficial for enhancing
cell attachment and growth on scaffolds are identified. Specifically, this chapter will
present the case for cellulose as a suitable material for the production of sustainable
5
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scaffolds for tissue engineering and review the use of modified cellulose scaffolds for
cell culture applications. As will be discussed in detail in the paper, cellulose is a
polysaccharide which offers many beneficial properties for tissue engineering,
including biocompatibility, tuneable chemical and physical properties and
abundance as a renewable material. Although there is a plethora of chemical
modifications which could be performed on cellulose, commonly to the primary OH
group exposed on its surface, the introduced chemical groups must not pose toxicity
issues to the cells if it is to remain a biocompatible material.
A point of consideration addressed in this chapter is that the enzyme cellulase,
which degrades cellulose, is not present in the human body. Thus cellulose scaffolds
will not biodegrade in vivo in the same way that they do enzymatically in the
environment. However, this can be overcome through suitable chemical
modifications to render the scaffolds bioresorbable. Furthermore, for cell culturing
applications in vitro, this is not an issue.
Thus, the development and application of cellulose in tissue engineering could have
significant impact in tackling global healthcare challenges including: providing
platforms for high throughput drug screening, offering clinical tissue models to
mitigate vivisection, leading to new regenerative treatments and providing the
means for sustainable food production.
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1.2 Abstract
Tissue engineering is a rapidly advancing field in regenerative medicine, with much
research directed towards the production of new biomaterial scaffolds with tailored
properties to generate functional tissue for specific applications. Recently, principles
of sustainability, eco-efficiency and green chemistry have begun to guide the
development of a new generation of materials, such as cellulose, as an alternative to
conventional polymers based on conversion of fossil carbon (e.g., oil) and finding
technologies to reduce the use of animal and human derived biomolecules (e.g.,
foetal bovine serum). Much of this focus on cellulose is due to it possessing the
necessary properties for tissue engineering scaffolds, including biocompatibility, and
the relative ease with which its characteristics can be tuned through chemical
modification to adjust mechanical properties and to introduce various surface
modifications. In addition, the sustainability of producing and manufacturing
materials from cellulose, as well as its modest cost, makes cellulose an economically
viable feedstock. This review focuses specifically on the use of modified cellulose
materials for tissue culturing applications. We will investigate recent techniques
used to promote scaffold function through physical, biochemical and chemical
scaffold modifications, and describe how these have been utilised to reduce reliance
on the addition of matrix ligands such as foetal bovine serum.
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1.3 Introduction
Organ failure is one of the most frequent, devastating and costly problems in human
healthcare. Tissue engineering is an interdisciplinary field, enlisting expertise from
engineering and life sciences towards the development of new biological
substituents, through the regeneration of human cells, tissues or organs, in order to
repair or replace and restore function to damaged tissue or organs 6,9. This desire to
heal those ill or wounded is a concept recounted in literature and religion
throughout history 1, and pioneering practical research is now making tissue
engineering a reality 3.
The first attempts to repair damaged organs often relied upon primitive
biomaterials, such as ceramics, wood and metals used as implants or prosthetics 10.
Modern surgery and the scientific understanding of germ theory, sterilisation and
anaesthesia, catalysed technical advancements leading to the introduction of skin
grafts and reconstructive surgery founded in an understanding of cellular biology 1,3.
By the 20th century advances in science and medical practices made whole organ
transplants feasible and the first human heart transplantation was conducted in
1967 by the South African surgeon Christian Bernard. Receiving much media interest
at the time, it also sparked controversy over the ethical issues of transplantation.
One major concern is that the host immune system might reject the transplant, thus
voiding the purpose of the procedure 3.
Pioneering research by Green in 1977 investigated seeding a chondrocyte culture
onto bone scaffolds and implanting these into mice to generate new cartilage

2,11

.

Despite being unsuccessful, this work identified the process of culturing tissue by
seeding cells onto an appropriate scaffold. Building on this, Burke and Constant, in
1982, attempted to generate a tissue engineered skin substitute using a collagen
matrix to support the growth of dermal fibroblasts
keratinocytes to treat burn patents

13

12

. Others used sheets of

and developed scaffolds from a collagen gel 14.

Limitations of using naturally sourced biomaterials (such as collagen) include their
limited range of physical and chemical properties as well as source variability. To
overcome these limitations, researchers turned to synthetic polymeric scaffold
materials. The first synthetically produced polymeric scaffolds were used by Vacanti
and Langer in 1993, who generated new tissue that could be implanted back into the
9
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body 5. Their findings catapulted tissue engineering into the forefront of the public
awareness after they published the image showing the now infamous
“Auriculosaurus”—a mouse with a human ear. This demonstrated that tissue
constructs could be further grown in vivo 5.
The first human to receive a tissue engineered implant was a young patient with
Poland Syndrome in 1991. The implant was composed of a synthetic PLGA polymer
scaffold seeded with chondrocytes and was intended to replace the patients absent
sternum 2. In 2008, the first transplantation of a tissue engineered trachea was
conducted. This novel procedure used a decellularised trachea, from a human
donor, which was seeded with cartilage cells derived from the patient’s own stem
cells, as well as epithelial cells taken from a healthy part of their trachea 15. Whether
the scaffold functioned largely as a support for the airways, or actually induced
regeneration of the epithelial lining within the tracheal implant, has been debated
16

. In 2014, to treat a patient with a severed spinal cord, surgeons seeded cells taken

from the patient’s olfactory bulb onto strips of nerve fibres from the patient’s ankle,
to form a bridge for the cells to grow across 17.

1.4 Principles of Tissue Engineering
The basic principles of cell culture for tissue engineering commonly involve the use
of living cells to repair or regrow tissue or an organ damaged by disease, or trauma,
as described below and illustrated in Figure 1.1. The steps involved may include:
1. Desired cells are extracted from the patient;
2. The isolated cells are cultured and expanded in vitro on a 2D scaffold;
3. The cell culture is seeded into a 3D scaffold support and additional
biomolecules, such as matrix ligands, are added to promote growth;
4. A bioreactor is often used to develop the cell/scaffold construct into
functioning tissue; and
5. Once the functional tissue graft is generated, this is implanted onto the
damaged site where it becomes integrated into the surrounding tissue,
restoring tissue function 9,18.
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Figure 1.1 The key steps of tissue engineering: (a) cell isolation, (b) cultivation in 2D, (c)
seeding in 3D porous scaffold, (d) tissue organisation and (e) engineering tissue
transplantation. Figure reproduced from Dvir et al., 2011, Copyright © 2010, Springer Nature
19
.

To engineer tissue, there are traditionally three components: Cells, biomolecules,
and a scaffold. Different cell lines can be used depending on where they are isolated
from and the end application. Both allogenic and autologous cells can be used, but
the later are obtained from the patient itself and therefore do not elicit an immune
response from the recipient, thus mitigating the risk of implant rejection

18

. Stem

cells may also be used as these can differentiate into various cell lines. Stem cells
isolated from adult or embryonic tissues are the main types of human stem cells
used for tissue engineering. Embryonic stem cells are pluripotent in nature, i.e.,
show unlimited proliferative capacity and potentially differentiate into all body cells,
which is beneficial for culturing new tissue

20,21

. However, there are some ethical

concerns associated with the use of embryonic stem cells, which are harvested from
“excess” human embryos created for implantation following in vitro fertilisation.
Adult stem cells are becoming more commonly used and are harvested from
umbilical cord blood, bone marrow and even discarded fat tissue from liposuction
procedures, which will reduce the need to use embryonic stem cells. However, the
major limitations of adult stem cells are: (i) that they are multipotent, not
pluripotent (there are fewer cell types that can be differentiated from adult stem
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cells than from embryonic stem cells) 22 and (ii) fewer population doublings occur in
adult stem cells with fewer numbers of cell passages possible, leading to a slower
doubling rate 23.
Biological molecules, including proteins, matrix ligands and growth factors, are often
added to cell cultures to facilitate adhesion and enhance cell proliferation and
differentiation, thus promoting tissue formation

18

. Growth factors are large

biomolecules that consist of smaller proteins that act as signalling molecules for the
cell. A common reagent used in cell culture is foetal bovine serum (FBS) derived
from the blood of bovine foetuses, which contains bovine serum albumin, numerous
adhesion proteins and a cocktail of other components

24

. However, despite its

widespread use, there are serious concerns about the use of FBS in clinical
applications, due to its high cost, batch reproducibility and issues associated with
animal welfare. Therefore, there is currently a drive to reduce the reliance on FBS in
tissue engineering through achieving the effect of FBS via scaffold modifications or
serum substitutes, Figure 1.2 25.

Figure 1.2 The traditional three-component system of tissue engineering vs. a twocomponent system, whereby the scaffolds have been functionalised to reduce the reliance
on additional biomolecules such as FBS.

Scaffolds provide the 3D framework and support for seeded cells to attach, spread,
proliferate and eventually form into tissue

26

. The porous nature of the scaffold

allows for high mass transfer and waste removal 19. A wide range of scaffolds have
been produced from synthetic materials, such as polymers and composites, as well
as naturally sourced materials and decellularised human/animal tissue 27,28. Scaffolds
fabricated from natural biomaterials possess the chemical structures that can mimic
native tissue, aiding biocompatibility, and can be recognised by the body, however
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they often lack the requisite mechanical strength and their origin can lead to
complications such as premature scaffold degradation, particularly production in
large quantities at a commercial scale from limitations due to raw material
availability or lot-to-lot (or batch-to-batch) variations

29,30

. In contrast, synthetic

materials have well-defined chemical compositions which allows for precise control
over mechanical properties and degradation rates, as well as production in almost
unlimited quantities 31. However, these may require addition of growth factors to
initiate cell adhesion and may have issues around biocompatibility as they often lack
the necessary binding site for cell recognition 32,33. Hence, the type of scaffold used
in culturing tissue is not only paramount for the successful generation of tissue, but
can also govern the applications accessible.
Recent advances in cell culture include applications other than regenerative
medicine, such as “cellular agriculture”, whereby cells are cultured in a scaffold to
form meat fit for human consumption—an alternative to livestock meat production
34

. This emerging application of tissue engineering has potentially beneficial

environmental implications, as a more efficient, non-methane producing means to
produce meat 35. Another application of tissue culture is the production of functional
tissue analogues used in the pharmaceutical industry for drug screening to reduce
this industry’s reliance on vivisection (particularly early in the drug screening
process) 36.

1.5 Cellulose as a Sustainable Scaffold for Tissue Engineering
Recently, principles of sustainability, eco-efficiency and green chemistry have begun
to guide the development of a new generation of materials as an alternative to
conventional polymers based on conversion of fossil carbon (e.g., oil) 37,38. There are
a wide range of biomaterials currently used in tissue engineering such as proteins,
polysaccharides and biodegradable polymers. Protein and polysaccharide based
biomaterials have been reviewed previously as nanoparticle scaffolds for tissue
engineering
reviewed

40

39

. Biodegradable and biocompatible polymer scaffolds have been

and an overview of hydrogels based on natural polymers and their

various applications in the field of tissue engineering was published in 2011 41. For
completeness, the reader is also referred to the review of decellularised wholeorgan scaffolds by Peloso et al.

29

, although, as such scaffolds are derived from
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(deceased) human donors, supply is limited and some of the concerns associated
with animal derived scaffolds apply.
The most common natural biomaterials are polymeric in nature and either proteinbased, such as collagen, elastin, gelatin and silk, or polysaccharide-based, such as
chitosan, alginate, hyaluronic acid and cellulose

42

. One of the most promising of

these natural biomaterials, which has received much attention, is the polysaccharide
cellulose. Much of this focus on cellulose is due to it possessing the necessary
scaffold properties for tissue engineering, such as its biocompatibility, and relative
readiness to be tuned through chemical modification to adjust mechanical
properties and introduce various surface modifications. In addition, the
sustainability of producing and manufacturing materials from cellulose, as well as its
modest cost, makes cellulose an economically viable feedstock 43–47. Cellulose can be
sourced from a range of natural materials, most commonly from the cell wall of
plants, where it is the major component. Other sources include tunicates and
cellulose synthesised by bacteria, such as Gluconacetobacter xylinum (Figure 1.3). As
the most abundant biopolymer on the planet 48, cellulose is considered an almost
inexhaustible source of raw sustainable material, with an estimated 28.2 billion
tonnes produced via biomass annually 43.

Figure 1.3 Cellulose can be obtained from various sources: (a) beech tree; (b) bamboo; (c)
cotton; (d) sisal; (e) tunicine; and (f) Gluconacetobacter xylinus.

Regardless of origin, the chemical structure of cellulose is the same: Anhydroglucose
units connected by β-1,4 glycosidic bonds between the C1 and C4 positions 42. Unlike
its monomer, glucose, cellulose is insoluble in water and many organic solvents. The
14
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lack of solubility arises due to the presence of intramolecular bonding and strong
hydrogen-bonding between cellulose polymer chains, which extend to interfibril
interactions. This lack of solubility makes solution processing challenging and, as
cellulose is not a thermoplastic material (it does not melt), it cannot be formed using
typical melt extrusion techniques. This can result in processing challenges, but
recently it has been demonstrated that cellulose dissolved in ionic liquid solutions
may be processed into the desired structure and form by: Electrospinning, casting or
moulding, before being regenerated in an anti-solvent, such as water and ethanol 49.
The degree of polymerisation (number of monomeric units in the polymer chain, DP)
of the cellulose backbone is dependent on where it is sourced from, as well as how it
is processed, which, in turn, affects its material properties. For example, bacterial
cellulose has a DP of 800–10,000 repeat units, whilst the DP of cellulose from wood
pulp is only 300–1700 43. Differences in the DP can affect the viscosity of cellulose
solutions, as well as the mechanical properties of the final processed product.
There are many different types of cellulose particles that can be obtained
(summarised in Table 1.1), including bacterial cellulose (BNC), microfibrillated
cellulose (MFC), nanocrystalline cellulose (NCC), regenerated cellulose and
decellularised plant tissue

50

. These have been widely investigated as potential

materials for tissue engineering, due to their biocompatibility, biodegradability, and
low cytotoxicity as well as tuneable chemical and physical properties

51,52

. Bacterial

cellulose is formed as the Acetobacter bacterium extrudes pellicles of very pure
cellulose fibrils and can be produced sustainably on scale using bioreactors 53. When
growing bacterial cellulose, the pellicles rise to the surface of the reactor and
agglomerate, forming a membrane. Due to the high purity of cellulose these can be
used as dense hydrogels, processed into nanofibrils, or solubilised or dispersed for
further processing into formed materials. Membranes of bacterial cellulose are
already used clinically as dressings to treat burn wounds as they have a high water
content, do not adhere to healing skin and can be sterilised 54.
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Table 1.1 A summary of the different types of nanocellulose, origin, formation and sizes. The
55
table was reproduced from Klemm et al., 2011 . Copyright © 2011 WILEY‐VCH Verlag GmbH
& Co. KGaA, Weinheim.

Type of
Nanocellulose

Selected
References and

Typical Sources

Synonyms

Formation and
Average Size
Delamination of wood
pulp by mechanical

Microfibrillated
cellulose (MFC)

Microfibrillated
cellulose 56,
nanofibrils and
microfibrils 38,
nanofibrillated
cellulose 57

Wood, sugar beet,
potato tuber,
hemp, flax
delamination

pressure before
and/or after chemical
or enzymatic
treatment
Diameter: 5–60 nm
Length: several
micrometres
Acid hydrolysis of
cellulose from many

Cellulose
nanocrystals,
Nanocrystalline

crystallites 58,

cellulose (NCC)

whiskers 59,
rod-like cellulose
microcrystals60

Wood, cotton,

sources

hemp, flax, wheat

Diameter: 5–70 nm

straw, mulberry

Length: 100–250 nm

bark, ramie, Avicel,

(from plant

tunicin, cellulose

celluloses); 100 nm to

from algae and

several micrometres

bacteria

(from celluloses of
tunicates, algae,
bacteria)

Bacterial cellulose
Bacterial

43

Low-molecular-

nanocellulose

microbial

weight sugars and

(BNC)

cellulose 52,

alcohols

,

biocellulose 61

Bacterial synthesis
Diameter: 20–100 nm;
different types of
nanofiber networks

Other forms of cellulose nanofibres include MFC fibres, mainly sourced from wood
pulp 56. The wood pulp is delaminated by mechanical pressure before being treated
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chemically, or enzymatically, to produce nanofibres 5–60 nm wide and several
microns long. NCC is produced by treating wood pulp (or other cellulose sources)
with concentrated sulfuric acid, to dissolve the non-crystalline domains of the fibres,
followed by high pressure homogenisation to fully disintegrate the nanoparticles 62.
These nanocrystals are the smallest type of cellulose particle, have a cross-sectional
diameter as low as 5 nm and are 100s of nm in length, whereas MFC and BNC are
several microns in length

50

. Although cellulose is considered to be a highly

sustainable material it is important to note that the mechanical disintegration of the
wood pulp fibres can be very energy intensive at scale

63

. However, a more

environmentally friendly process to produce cellulose nanofibrils (CNF) has been
identified. This relies on an oxidative chemical modification using 2,2,6,6tetramethylpiperidine-1-oxyl (TEMPO) and an oxidant after the acid hydrolysis step,
which significantly reduces the energy requirement of the homogenisation process
from 20,000—30,000 kWh/tonne to 1000 kWh/tonne 64.
Another key advantage with using cellulose is that it can be processed into an array
of materials. Cellulose nanocrystals can be dispersed to form delicate hydrogels 65,
cellulose solutions can be electrospun into nanofibres 66 or regenerated as films 47 as
well as formed into porous 3D structures 67. Each of these has different mechanical
and physical properties beneficial for specific tissue culture applications. Complex
tissue formation requires a level of vascularity in scaffolds to allow mass transfer of
nutrients and waste. Some plant tissue has vascular structures similar to human
tissue and scaffolds can be prepared by decellularising the plant tissue

68

. This

process is a convenient way to obtain complex structures without the need for
multiple processing stages 69.
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Scheme 1.1 The chemical structure of the anhydroglucose unit in cellulose and examples of
some chemical modifications possible by reaction of the hydroxyl groups exposed on the
surface of CNF: (a) sulfonation; (b) 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) mediated
oxidation; (c) ester formation by reaction with acid chlorides; (d) grafting of tetraalkylammonium groups by reaction with glycidyltrimethylammonium chloride (GTMAC); (e)
grafting via ester linkages generated by reaction with acid anhydrides; (f) formation of
urethanes by reaction with isocyanates; and (g) silylation. Reproduced with permission from
70
Courtenay et al., 2018, published by The Royal Society of Chemistry .

Not only does cellulose have tuneable mechanical and structural properties, but it
also can be readily functionalised due to the exposed hydroxyl groups on the surface
of the fibrils, summarised in Scheme 1.1. Common modifications include the TEMPO
oxidation of the hydroxyl group to a carboxylic acid 71, cationisation by grafting of
glycidyl trimethylammonium chloride to the surface to introduce a positive charge
70

, sulfuric acid hydrolysis leading to sulfate half esters

72

and derivitisation to

produce a range of cellulose esters and ethers 73. Although different modifications of
cellulose materials have been widely reviewed

48,74,75

and exploited for other

applications such as water purification 76, drug delivery 77 and rheology modification
78

, reports of use in tissue engineering applications are more recent. This review

focuses specifically on the use of modified cellulose materials for tissue culturing
applications, including modifications and tissue culture applications summarised in
Table 1.2.
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Table 1.2 A summary of the recent literature on modified cellulose for tissue culture
applications.

Cellulose Type

Modification

Scaffold Form

Mannosylated

Membranes

Tissue Culture
Application
Enhanced
fibroblast growth
79

Cationisation and
oxidation

Membranes
Lyophilised
membranes
Hydrogel with
hydroxyapatite
and crosslinked
by glutaraldehyde

Silanisation
TEMPO-mediated
oxidation

Bone tissue 81

Membranes

Engineering blood
vessels 82

Modified with heparin

3D porous
scaffold loaded
with vascular
endothelial
growth factor
(VEGF)

Tissue
regeneration 83

Peptides fused to a
carbohydrate-binding
module (CBM3)

Membranes

Promoting
neuronal and
mesenchymal
stem cell (MSC)
adhesion 84

Tri-calcium phosphate
and hydroxyapatite
blend

Hydrogel

Bone tissue
implants 85

Collagen and
hydroxyapatite blend

Hydrogel
crosslinked by
procyanidins

Bone tissue 86

Hydroxyapatite and
glycosaminoglycan
blends

Layered scaffolds

Repair of
osteochondral
defects 87

Alginate blend

Porous scaffold
crosslinked with
Ca2+

Biocompatibility
and porous 88

Dialdehyde cellulose
crosslinked with
collagen

3D porous
scaffold

Acetate esterification

Interconnected
highly porous
scaffold

Phosphorylation

Thin films
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Wound dressing 80

RGD and xyloglucanpeptide grafting

Bacterial
Cellulose

Nanocrystalline
Cellulose

Protein free cell
attachment 79

Dielectric
behaviour relevant
to neural tissue
engineering 89
Hydrophobic and
lipophilic scaffolds
90

In vitro cell culture
and in vivo tissue
regeneration 91

Oxidised cellulose
grafted with soybean
protein isolate
Copolymer dispersed
with cellulose
nanocrystals
CNC and reduced
graphene oxide
blended in PLA matrix
Nanocellulose blended
with nanochitin

Cellulose-chitosan
infusions
Oxidation followed by
sulfonation
Decellularisation
followed by
glutaraldehyde
crosslinking

3D
nanocomposites

Biomedical and
tissue engineering
applications 93

Nanocomposite
film

Antibacterial
activity 94

CAD generated
porous structure

Biomimetic tissue
engineering 67
Tailoring scaffold
properties to
regulate cell
response 95

Hydrogels

Cell attachment 96

Electrospun fibre
meshes

Bone tissue 97

3D cellulose
scaffolds

Dopamine coated
Polyurethane coated in
a CNF dispersion
Hydroxypropyl cellulose
(HPC) crosslinked by
methyl acrylate

Cellulose
Derivatives

Biomimetic
calcium phosphate
mineralisation 92

Regenerated
modified
cellulose films

Cationisation and
glyoxalation

Microfibrillated
Cellulose

Scaffold soaked in
doubly
concentrated
simulated body
fluid

Electrospun
PLA/CNF
composite
nanofibres
Electrospun
nanofibres
Biocompatible
and hydrolytically
degradable
scaffold

Ethyl hydroxyethyl
cellulose (EHEC)
crosslinked with citric
acid

Electrospun
nanofibres

HPC modified with
methacrylic anhydride

3D hydrogel
constructed with
interconnecting
pores

Crosslinked
gelatin/carboxymethyl
cellulose (CMC) blend

In vitro culture of
mammalian cells
in a 3D
environment 69

Enhance cell
biocompatibility 98
Tissue engineering
99

Long term cell
culture 100
Drug delivery and
as scaffolds in
tissue engineering
101

Hydrogel with
perfusable
vascular networks

Adipose tissue 102
Engineering
vascularised and
cell-dense 3D
tissues and organs
103
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CMC/MFC/pectin blend
Cellulose acetate with
polymer graft and
polydopamine (PDA)
coating
Cellulose acetate
blended with PLA or
PDO

Lyophilised
hydrogels

Biocompatible
composite
scaffolds 104

Electrospun
nanofibre mats

Antifouling surface

Electrospun
nanofibre mats

Biomineralisation

105

106

1.6 Methods of Scaffold Modification
Modifications applied to cellulose materials to be used as tissue scaffolds can be
divided into three main categories following trends in the recent literature:
1. Physical modifications—composites and blends;
2. Biochemical modifications—grafting of biomolecules onto the surface;
3. Chemical modifications—introducing new functional groups.

1.6.1

Physical Modifications

Composite scaffolds can be prepared through blending a cellulose powder,
dispersion or solution which another material, often a polymer or an inorganic
component. The benefits of blending cellulose with other materials are the ability to
modulate or introduce new properties beneficial to the application in question, for
instance introducing a charge 67, altering topography

107

, or varying the mechanical

properties 108,109. This allows the creation of a family of cellulose composites.
Bacterial cellulose offers certain advantages for tissue engineering as it possesses
high purity and an ultrafine fibrous network structure with variable porosity.
Furthermore, it can be produced into different shapes and moulded into 3D
structures during in vitro cultures

110

. Hydroxyapatite is commonly added to

cellulose scaffolds as it is biocompatible, increases the tensile properties and
promotes calcium phosphate mineralisation, which is valuable for bone tissue
generation

111

. Scaffolds with pores in the micrometre and nanometre range have

been prepared by blending bacterial cellulose with tri-calcium phosphate and
hydroxyapatite and such scaffolds could be used to form implants for bone tissue
21
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engineering as mineralisation occurs on the hydroxyapatite 85. By forming layers of
bacterial cellulose, harvested from the floating pellicles at the air-liquid interface,
with hydroxyapatite or glycosaminoglycans, a nanocomposite scaffold could be
fabricated that was biocompatible and mimicked the nanoscale fibrous structure of
bone and cartilage ECM, respectively, resulting in tissue constructs that could
regenerate osteochondral defects when implanted into the body

87

. Furthermore,

hydrogels have been formed by gelation of bacterial cellulose nanofibres, stabilised
by procyanidins, and blended with collagen and hydroxyapatite. Once lyophilised,
these scaffolds supported the growth of human bone marrow stromal cells and
osteoblastic differentiation was observed after 10 days by detecting the level of
alkaline phosphatase expressed

86

. Compared with pure bacterial cellulose, the

addition of both gelatin and hydroxyapatite improved the osteoinductivity of the
scaffolds, vital for application for the culturing of bone tissue.
Cellulose can also be blended with other polysaccharides such as chitin, chitosan and
alginate, to produce novel biomaterials. Chitin and chitosan are similar in structure
to cellulose, being comprised of anhydroglucosamine units—N-acetylated in the
case of chitin. Chitosan is not as robust as cellulose, as it is solubilised in weak acidic
solutions, however it does exhibit a slightly positive charge when protonated and
will absorb to cellulose surfaces, which are weakly negatively charged in aqueous
media

112

. Chitosan-cellulose scaffolds have been developed by regenerating

cellulose in an anti-solvent solution of chitosan and used to support MG-63 cell
attachment and spreading 96.
Complex 3D scaffolds made from a gel composed of nanocellulose and nanochitin
were fabricated using sacrificial templating of a methacrylate and acrylamide resin.
Computer aided design enabled a 3D template to be printed with features of ~50
µm, which was filled with the nanocellulose-nanochitin gel. The scaffold template
was removed in an alkaline solution leaving a highly porous interconnected
biomimetic scaffold, which provided a stiff microenvironment necessary to facilitate
the differentiation of human mesenchymal stem cells (hMSCs)

67

. Alginate, in

comparison, is an anionic polysaccharide and can be easily fabricated by crosslinking
with Ca2+ ions 88. Scaffolds have been produced by mixing bacterial cellulose with
alginate hydrogels and directionally freeze-drying to create a composite material
with an open porous structure that supports the growth of L929 mouse fibroblast
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cells 88. The advantage of blending chitin, chitosan or alginate into the scaffolds is
they are all degradable in vivo

113

, whereas cellulosic materials are biodurable and

are absorbed into the tissue, but can be degraded into glucose in the presence of
added cellulase enzymes in vivo 114.
Cellulose is often used as a matrix to support other materials beneficial for cell
culture. Pectin is used in tissue engineering as cells can be embedded into the
structure, however, it has poor mechanical properties. To overcome this, pectin has
been blended with a water soluble cellulose derivative, Carboxymethyl cellulose
(CMC) and further reinforced with MFC. Lyophilised CMC/MFC/pectin composite
hydrogels have been shown to support viable cells of the NIH3T3 fibroblast cell line
104

. The solubility of CMC in water means that it can be easily mixed with gelatin to

form hydrogels. To improve the stability, hydrazide-modified gelatin and aldehydemodified CMC, which readily crosslink to form stronger hydrogels, have been used.
The fabrication of micro-channels in the hydrogel mimic the vascular networks in
healthy tissue and cells can be embedded within these channels as a step towards
engineering vascularised and cell-dense 3D tissues 103.
Other popular scaffolds produced from cellulose include electrospun nanofibres.
This is a relatively simple technique to produce mats of entangled nanofibres with a
high surface area, open porous structure and high tensile strength. This method
requires the dissolution of cellulose and it is often first converted to cellulose
acetate via a mercerisation-acetylation method, to improve its electrospinnability
106

. Once in solution other polymer additives are commonly added; for example

poly(lactic acid) (PLA) and poly(dioxanone) (PDO) are both biodegradable polymers
which will influence mechanics and degradation rate of the scaffold in vivo

106

. The

electrospun mats formed supported L929 mouse fibroblast proliferation and cell
infiltration into the scaffold, as well as biomineralisation of nano-hydroxyapatite
deposits on the fibres 106.
Cellulose nanocrystals have been added to polymer solutions to reinforce the
resultant extruded fibres. A copolymer of maleic anhydride modified poly(butylene
adipate-co-terephthalate) was dispersed with cellulose nanocrystals by extruding
the copolymer solution into the cellulose dispersion

93

. The addition of cellulose

nanocrystals increased the elastic modulus and tensile strength of the fibres, as well
as improving the low thermal stability and raising the glass transition temperature,
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Tg, of the composite. As little as 9% cellulose nanocrystals in the composite
significantly enhanced L929 mouse fibroblast cell adhesion 93. Nanocrystal cellulose
has been used as a nanofiller additive, along with reduced graphene oxide, to make
thin films of PLA 94. The presence of cellulose nanocrystals significantly increased the
tensile strength of the film up to 23% and improved the ductile properties. The
nanocomposite films produced by this method showed antibacterial activity and in
vitro cell based cytotoxicity assays confirmed biocompatibility with the fibroblast cell
line NIH-3T3.
Fabricating composite scaffolds from blends of cellulose nanofibres can be
considered more environmentally friendly than scaffolds made from regenerated
cellulose because this removes the need for using ionic liquids in manufacturing.
Solubilising cellulose in ionic liquids can add to the processing costs and ionic liquids
can be toxic to cells if left in the material, so rigorous cleaning procedures need to
be included to ensure that no ionic liquid remains 115. Nonetheless, ionic liquid aided
processing facilitates formation of a range of materials by solution casting and phase
inversion methods 116 and use of a range of co-solvents can facilitate co-dissolution
of other components

117,118

. Variation of anti-solvents in phase inversion directly

impacts on the porous nature of the materials 119.
1.6.2

Biochemical Modifications

Despite having many beneficial properties for a tissue scaffold, one potential
limitation of using cellulose is its hydrophilic nature and low non-specific protein
binding affinity, which means that mammalian cells do not readily absorb onto
cellulose surfaces 120–122. This can be overcome by the introduction of biomolecules,
such as matrix ligands, growth factors, or FBS either contained in the cell growth
media, or functionalised onto the scaffold surface, to facilitate initial cell attachment
123

.

RGD (Arg-Gly-Asp) is commonly used to facilitate cellular adhesion onto scaffolds as
it is the minimal fragment of the active site of cell adhesive proteins such as
fibronectin

124

. Bacterial cellulose hydrogels have been modified with xyloglucan-

RGD conjugates to enhance the attachment and proliferation of human endothelial
cells

82

. Carbohydrate-binding modules (CBM) are protein domains present in

cellulose-degrading enzymes and have an affinity to cellulose surfaces. These have
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been used as intermediaries to attach biological molecules, which would not readily
bind to native cellulose, onto cellulose surfaces

119

. The recombinant protein IKVAV

(Ile-Lys-Val-Ala-Val), is another cell adhesion motif found in the ECM which has been
attached onto the surface of a bacterial cellulose scaffold using CBM3, resulting in
an appropriate environment for promoting neural and MSC adhesion 84.
To direct the development of vascularised structures, angiogenesis, growth factors
such as VEGF are required. However, it is necessary to incorporate VEGF into the
scaffold matrix as it has a short half-life and can readily diffuse into the media in vivo
125

. 3D porous scaffolds from bacterial cellulose/gelatin composites were surface

modified with heparin, via a condensation reaction, in order to bind VEGF onto the
surface through electrostatic interactions between negatively charged N- and Osulfated groups of heparin and the basic lysine and arginine residues of VEGF. By
fixing VEGF onto the scaffold surfaces, the sustained delivery of VEGF, required to
facilitate the production of new blood vessels in the tissue construct, was enabled 83.
The addition of biological molecules onto the scaffold surface can also enhance the
biocompatibility of the biomaterial. Biomimetic scaffolds have been produced from
electrospun PLA/CNF composite nanofibres coated in a dopamine solution, to form a
layer of poly(dopamine) (PDA) on the surface

98

. The addition of PDA onto the

surface of the scaffold increases the adhesion of hMSCs, due to the large amount of
amine and hydroxyl groups present. CNF have also been electrospun with poly(2methacryloyloxyethyl phosphorylcholine) before being coated with PDA

105

. This

formed a zwitterionic polymer coating, limiting the fouling on the nanofibre
membranes necessary for biomaterials for wound healing or tissue engineering,
where antibacterial scaffolds are required. However, a disadvantage to the
technique is the deposition of dopamine, which is a very time-consuming process,
taking up to several days 98.
Along with animal based proteins, there are several types of proteins derived from
plants that can be used to enhance the biomimetic nature of the scaffold

126

. In

particular, soy protein isolates (SPI) have been grafted onto oxidised cellulose in
order to absorb growth factors necessary for in vitro biomineralisation. When the
scaffolds were soaked in a doubly concentrated simulated body fluid solution,
biomimetic

calcium

phosphate

mineralisation
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was

initiated,

producing

hydroxyapatite rod-like nanocrystals, a perquisite for bone tissue engineering

92

.

However, a disadvantage of using SPI is its solubility in acidic or basic media.
1.6.3

Chemical Modifications

The three primary alcohol groups present in the anhydroglucose unit makes
cellulose very amenable to functionalisation as these are exposed at surfaces, e.g.,
of nanofibrils, sheets, or nanocrystals. This enables new chemical and physical
scaffold properties to be introduced or further tuned. Oxidation of CNF is an
attractive modification method as it changes the behaviour of the nanofibrils,
rendering these readily dispersible in water. This allows for cellulose to be processed
in a viscous liquid form without requiring ionic liquid solvents 78. Surface hydroxyl
groups on bacterial CNF were oxidised by TEMPO to carboxylic acid groups and used
to disperse hydroxyapatite nanoparticles. Upon addition of gelatin, a hydrogel was
formed and crosslinked by glutaraldehyde, producing a scaffold which showed
potential for engineering bone tissue 81. Oxidation using acidified sodium periodate
forms dialdehyde cellulose (DAC) and scaffolds have been fabricated by blending
DAC with collagen, followed by crosslinking to form a 3D porous sponge that
demonstrated dielectric behaviour, indicating a material that could be suitable for
neural tissue engineering focused on the regeneration of the nervous system 89.
Cellulose nanocrystals can also be modified to become water dispersible (often
described as “water-soluble”, although clearly the crystals are not dissolved).
Scaffolds of highly esterified acetate cellulose nanocrystals (ACNC) were prepared
through an environmental friendly single step esterification method resulting in
materials with a degree of substitution of 2.18, making these hydrophobic,
oleophilic and lipophilic. Ice-templating and freeze drying yielded interconnected,
highly porous scaffolds, creating a microenvironment suitable for tissue engineering
90

.

Furthermore,

the

chemical

modification

of microcrystalline

cellulose

by

phosphorylation, using a molten phosphorous acid-urea reaction mixture, resulted
in a water soluble material which could be cast into pellets. Normal human dermal
fibroblast were viable on the phosphorylated surface, which was said to mimic the
glucosaminoglycans of in vivo cartilage tissue
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91

. Cellulose phosphate is more

hydrophilic than native cellulose, but it is beneficial for bone tissue generation as
calcium can easily be mineralised 127.
Electrospun scaffolds are often used due to their good tensile mechanical strength
and as mimics of the fibrous structure of the ECM. However, native cellulose is a
poor candidate for electrospinning due to its poor solubility on most organic
solvents. Cellulose is often converted to cellulose acetate to be electrospun into
fibres. Further modifications have been applied to the nanofibres including oxidation
followed by sulfonation to form water-stable sulfated cellulose

97

. These fibrous

meshes have demonstrated potential for bone tissue engineering as the sulfate
groups are able to retain the osteogenic growth factor, human recombinant bone
morphogenetic protein-2 (rhBMP-2), which supports the growth of bone marrow
stromal cells on a bone tissue scaffold 97.
Attempts have been made to utilise the existing structure of plants for tissue
engineering. Given that cellulose is a major component of the plant cell wall, plant
tissues can be decellularised and used as scaffolds. The mechanical structure of
cellulose can be modified using chemical cross-linkers such as glyoxal or
glutaraldehyde to stiffen the scaffold

128

. Scaffolds derived from apple hypanthium

tissue were decellularised, coated with collagen and crosslinked with glutaraldehyde
to stiffen the material 69. Apple tissue was used as a promising candidate for in vitro
culture of mammalian cells in a 3D environment because its internal structure
consists of connected pores and air pockets needed to transfer nutrients and waste
produced in 3D tissue 69. These scaffolds supported a range of cell lines as well as
being easily produced, inexpensive and originating from a renewable, sustainable
source.
It has been reported that the contractility of fibroblast cells on a native bacterial
cellulose scaffold surface is much lower than between other fibroblast cells

129

. This

is detrimental for cell attachment and proliferation on these scaffolds, as the seeded
cells would tend to round up instead of elongate
functionalised

with

organosilanes,

by

129

. Bacterial cellulose has been

grafting

methyl

terminated

octadecyltrichlorosilane or amine terminated 3-aminopropyltriethoxysilane 80. These
modifications increased both hydrophobic and electrostatic interactions with
fibroblast cells, beneficial to promote cell growth for wound dressing applications 80.
The growth of fibroblast cells was enhanced on the mannosylated surface of
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bacterial cellulose membranes, achieved by grafting aryl monosaccharides into
succinylated bacterial cellulose 79. The covalent attachment of carbohydrates onto
the surface was made viable through the succinic crosslink and was reported to be
beneficial to the stimulation of fibroblast growth, as it is a monosaccharide motif
used in cellular recognition. Furthermore, the cells have a higher affinity for the
succinylated bacterial cellulose due to a higher charge on the carboxylated surface.

Figure 1.4 Cationisation of cellulose film by GTMAC introduced a positive charge to the
surface facilitating MG-63 cell attachment, in a matrix ligand free system, whereas only
minimal attachment was observed on unmodified cellulose surfaces. Electric force
microscopy revealed the cationic cellulose had a positive surface charge compared to the
negatively charged native cellulose. Interestingly only a low level of ~1.4% degree of
substitution was required to induce this effect. After 24 h incubation at 37 °C in 5% CO2
greater cell elongation occurred in on the cationic scaffolds compared to the unmodified
95
cellulose. Reproduced with permission from Courtenay et al., 2017 , Copyright © 2016,
Springer Nature.

Cellulose surfaces bear a slight negative charge in aqueous media

112

and, to

overcome this, the epoxide, glycidyltrimethylammonium chloride (GTMAC), has
been used to introduce a positive charge onto the surface via introduction of
quaternary ammonium moieties. Unlike chitosan, these cationised CNF have a
permanent charge and can be dispersed in water to form stable hydrogels if the
degree of GTMAC substitution along the nanofibril is high enough to charge stabilise
the dispersed particles

70

. Bacterial cellulose films were chemically modified with

GTMAC facilitating the attachment of MG-63 osteoblast cells through electrostatic
interactions between the phosphate-lipid bilayer of the cell membrane and the
positively charged quaternary ammonium group (Figure 1.4 25). Importantly, this was
28
Publication 1

achieved in the absence of matrix ligands needed for cell attachment—no FBS was
present in the culture medium during attachment. Reducing the reliance on growth
factors, or proteins, for cell culture is important for industrial application as these
are very costly, can exhibit batch variability and are derived from animals or
humans. In addition to modification of the surface charge, the structural properties
of the scaffolds could be tuned by crosslinking with glyoxal to increase stiffness and
further regulate cellular response

95

. These modifications use simple yet robust

chemistries that can be applied to any form of cellulose and are amenable to scaling
up for industrial applications.
Other derivatives of cellulose have been chemically modified to produce novel
scaffolds and are often used as biomaterials due to their solubility in water and most
organic solvents, low cost and commercial availability in a range of molecular
weights

102

. HPC was photo crosslinked with methyl methacrylate to form a photo-

patterned and biodegradable hybrid paper substrate which could be used for cell
culture. Using lithographic techniques enables patterns of modified cellulose to be
produced, which could be used to form arrays of discrete cell clusters for cell assays
such as toxicity or population dynamics

100

. EHEC and hydrophobically modified

EHEC were blended with PVA and electrospun into fibres. These fibres were crosslinked with citric acid and supported the growth of L929 mouse fibroblast cells,
showing potential for cell culture applications 101. Soft, interconnected microporous
scaffolds were prepared by modifying HPC with methacrylic anhydride, improving
the biodegradability

102

. These 3D hydrogel scaffolds were used to culture human

adipose-derived stem cells (ASCs) due to the interconnecting pores aiding nutrient
transfer 102.
1.6.4

Cellulose Bioresorbability and Biodegradability In Vivo

An important factor when considering cellulose as a scaffold material for tissue
engineering applications is its biodegradation in vivo. Cellulose is commonly referred
to as biodegradable, as it is degraded by microorganisms, however the resorption of
cellulose in vivo does not occur as animals and humans do not synthesise cellulases
77

130

. A long-term study by Martson et al.

, described cellulose-based implants as

biodurable as cellulose sponge scaffolds only underwent very slow degradation in
rat subcutaneous tissue after 60 days

130

. Whilst this may be a potential limitation
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for the success of cellulose scaffolds to be used for in vivo tissue engineering; it is
not the case for in vitro culture or cellular agriculture applications.
Regenerated cellulose fibres when treated with N2O4 to produce oxidised cellulose
have been shown to bioresorb in vivo

131,132

. Several Johnson and Johnson Medical

Inc. patents exist, covering the preparation and use of oxidised cellulose for use as
surgical haemostats and gauzes (SURGICEL®) to prevent post-operative adhesions
133,134

. Periodate oxidation to introduce aldehyde groups on the cellulose chain has

been shown to promote degradation of the cellulose at physiological pH

45,77,135

.

However limited advancements have been made since. Another more recent
approach involved dosing cellulosic scaffolds with cellulase prior to implantation to
stimulate in vivo degradation

45,114

. Moreover, including hyaluronic acid into

cellulose structures introduces area of the scaffold that are enzyme degradable 45.
Sannino et al. demonstrated that carbodiimide could be used as a crosslinker
between hyaluronic acid and cellulose derivatives

136

. This process introduces ester

bonds amongst the cellulose networks, which can be digested via hydrolysis

45,136

.

Furthermore, cellulose can be functionalised with several biomolecules, through
carbodiimide crosslinking, such as cell function promoting polypeptides

137,138

.

Despite limited progress in the last decade to make cellulose degrade in vivo, this
has not deterred the breadth of recent literature investigating modified cellulose
scaffolds for cell culture.

1.7 Conclusions
It is clearly apparent that there is much potential for cellulose based materials as
scaffolds in tissue engineering. These are attractive from both a sustainability point
of view as well as industrial applications as there are a range of readily accessed
fabrication methods possible. Cellulose is a cost effective and sustainably source
biomaterial amenable to an array of modifications that unlock new properties and
applications. Whilst there are a vast range of chemistries at hand that can be applied
to cellulose, only those that are robust, scalable and amenable to manufacturing are
likely to have longevity in tissue engineering beyond the laboratory.
It is very beneficial for the scaffold modifications, either chemical or biochemical, to
reduce the reliance of matrix ligands for cell attachment, which is important as
currently the majority of matrix ligands are provided by foetal bovine serum, which
is not a sustainable source for industrial scale due to high cost, batch variation and
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ethical considerations arising from to its origin. Moreover, developing scaffolds with
complex vascular-like structural features will be important for transitioning cell
culture from simple constructs to functional tissues. Sourcing cellulose from
decellularised plant tissue can reduce the cost and complexity of processing of the
scaffold whilst introducing vascularity onto the scaffold. Furthermore, there are
many opportunities to blend cellulose with other biomaterials to obtain a scaffold
with the desired properties for specific applications.
Thus, modified cellulose meets the demand for a new biomaterial with suitable
properties for tissue engineering: Derived from a sustainable source and requiring
minimal chemical processing, or added growth factors, to culture cells for industrial
applications.
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Chapter 2

2 Paper 2: Surface Modified Cellulose Scaffolds for Tissue
Engineering
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2.0 Publication Commentary
Despite being an economically viable, sustainable and biocompatible scaffold
material, with many beneficial properties, cellulose has a major drawback that
needs to be tackled to convert it into a suitable material for tissue culture. The
surface of cellulose materials have inherently low non-specific protein absorption
and lack the binding sites necessary for enabling mammalian cells to attach. This can
be improved by coating scaffolds with serum such as foetal bovine serum (FBS) or
matrix ligands such as the peptide Arg-Gly-Asp (RGD), fibronectin or collagen.
However, these components can be costly, and in the case of FBS, can have ethical
implications and increase risk of contamination due to its origin. The literature
review, presented in the previous chapter, outlines a range of chemical and
biochemical modifications that have been developed to facilitate cell attachment.
The membranes of mammalian cells comprise of a phospholipid bilayer which
possesses an overall negative surface charge. Cellulose also bears a slightly negative
surface charge which could also be a factor hindering initial cell attachment. It was
hypothesised that introducing a positive surface charge to the cellulose scaffold
would facilitate cellular attachment through electrostatic interactions, without the
need for pre-treatment of the scaffolds with FBS.
In this paper we used MG-63 cells, which are a mammalian cancer osteosarcoma cell
line, in all cell studies. The rational for using this cell line was its reliability, suitable
doubling rate and robustness for cell culturing. Given that the aim of the research
reported in this paper was to investigate cell-scaffold interaction, it would not have
been appropriate to use a primary cell lines such as rat skeletal muscle cells
(RSkMC), human vascular smooth muscle cells (VSMCs), mouse myoblast cells
(C2C12) or stem cells, which are commonly used in cell studies for specific
applications. These cells can be very delicate, require a cocktail of growth factors to
culture and are prone to senescence if left to 100 % confluence.
Bacterial cellulose scaffolds were prepared by culturing Acetobacter xylinum, which
produces cellulose of high purity, requiring minimal processing, as pellicles of
cellulose are extruded by the bacteria to form flat membranes. These can be used
directly as 2D scaffolds thus negating the need to dissolve cellulose, for example in
ionic liquids, and to form films by casting and antisolvent regeneration. Although
regeneration of cellulose solutions enables much finer control of the film
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Publication 2

membranes obtained compared to bacterial cellulose, allowing tuning effectors such
as thickness and cellulose content, it introduces added processing steps as the ionic
liquids used for dissolution must be fully removed to avoid contamination of the
scaffolds to the growing cells.
In this paper a preliminary study to test this hypothesis is reported. Scaffolds were
to be chemically modified to introduce a surface charge and the modification
investigated is the nucleophilic substitution of GTMAC onto primary OH groups to
introduce a positive charge. This chemistry was chosen following indications that
chitosan-cellulose composites supported cell attachment. Unlike chitosan, which
bears a primary amine group and thus a positively charge ammonium group at pH
below 6.3, the quaternary ammonium group has a permanent charge which is
independent of pH. The TEMPO-mediated oxidation of the cellulose primary OH
groups to a carboxylic acid was also investigated to allow testing of the hypothesis of
charge induced attachment. The carboxylate groups on the oxidised cellulose will
have a negative charge at the pH and thus potentially yield minimal cell attachment.
One of the main aims of this paper was to develop a FBS free two-component (cell
and scaffold) system for tissue engineering, thus cell growth media were prepared
with and without FBS present, which was a novel undertaking, to determine
whether charge alone is facilitating attachment. Furthermore, the absorption of RGD
onto the charged scaffolds will be investigated as a means of further enhancing
attachment.
In this chapter several methodologies for identifying and quantifying the presence of
charged groups on the cellulose surface will be described and characterisation of
how the modifications affect the scaffold properties and cellular response through
attachment, adhesion and morphology studies assessed.
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2.2 Abstract
We report the ability of cellulose to support cells without the use of matrix ligands
on the surface of the material, thus creating a two-component system for tissue
engineering of cells and materials. Sheets of bacterial cellulose, grown from a
culture medium containing Acetobacter organism were chemically modified with
glycidyltrimethylammonium chloride or by oxidation with sodium hypochlorite in
the presence of sodium bromide and 2,2,6,6-tetramethylpipiridine 1-oxyl (TEMPO)
to introduce a positive, or negative, charge, respectively. This modification process
did not degrade the mechanical properties of the bulk material, but grafting of a
positively charged moiety to the cellulose surface (cationic cellulose) increased cell
attachment by 70 % compared to unmodified cellulose, while negatively charged,
oxidised cellulose films (anionic cellulose), showed low levels of cell attachment
comparable to those seen for unmodified cellulose. Only a minimal level of cationic
surface derivitisation (ca 3 % degree of substitution) was required for increased cell
attachment and no mediating proteins were required. Cell adhesion studies
exhibited the same trends as the attachment studies, while the mean cell area and
aspect ratio was highest on the cationic surfaces. Overall, we demonstrated the
utility of positively charged bacterial cellulose in tissue engineering in the absence of
proteins for cell attachment.
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2.3 Introduction
Damaged tissues and organs are a costly problem in healthcare, which, in some
cases, cannot be addressed using traditional medical intervention.1 Tissue
engineering approaches to rectify damaged tissue and organs are proving to be a
viable alternative to transplantation, prosthetics, and surgical intervention. These
approaches entail culturing cells on scaffolds that are placed into the injury site.2
The scaffold serves as a support for the cells and provides a 3D framework for the
cells to proliferate, produce extracellular matrix and generate tissue.3 . Scaffolds can
be constructed from synthetic or natural biomaterials, but should be biocompatible,
promote cell attachment and growth, and degrade over time.4,5
Scaffolds derived from synthetic polymeric materials may offer advantages over
natural biomaterials, such as reproducibility; their well-defined chemical
composition can allow for precise control over mechanical properties and
degradation rates.6 However, synthetic biomaterials suffer from a major
disadvantage as they often lack sites for cell adhesion, therefore, many need to be
modified to introduce the cell attachment cues, such as matrix ligands, for adhesion
7

. The addition of ligands or peptides may be achieved by passive adsorption

(simplest method)8, or more complex routes such as incorporation into the polymer
backbone,9 at the ends of the polymer chains,10 or functionalised on the material
surfaces

11

. In general, these approaches involve complex chemistries, or costly

crosslinking reagents that are unstable after a short period of time, adding cost and
complexity to production. Furthermore, some are poorly biocompatible and may
cause inflammation or immune responses when implanted or upon degradation in
vivo (the degradation products can also be deleterious).12 Natural scaffolds are often
biocompatible with the implant tissue 13,14, but the origin of the scaffold material can
be lead to complications: many are from animal sources, which may offend some
religious sensitivities and personal beliefs. In addition, concerns may arise pertaining
to transmission of pathogens, such as including prions.
Common synthetic polymers used in tissue engineering include poly(lactic-coglycolic acid), PLGA, and poly(ethylene glycol), PEG. PLGA is a biocompatible,
polyester copolymer of lactic and glycolic acid, which degrades in vivo. Due to its
tuneable mechanical properties, it has been used to prepare biodegradable scaffolds
for a range of applications including: bone grafts;15 to generate adipose tissue for
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reconstructive surgery,16 and spun into fibres for seeding cells.17 However, when
PLGA degrades in vivo the acidic metabolites can have a detrimental effect on the
local pH of the extracellular matrix (ECM), which can cause inflammation and an
immune response, or even cell and tissue necrosis.12,18 Hydrogels prepared from PEG
are able to resist protein adsorption due to the non-ionic hydrophilic nature of the
polymer19 and have been used to engineer a wide range of tissue from bone20 and
cartilage21 to nerve tissue.22 However, like PGLA, PEG scaffolds often need to be
functionalised with matrix ligands or peptides to facilitate cell attachment.
In spite of the potential variability in composition of natural biomaterials, protein
derived scaffold materials, such as collagen, fibrin and glycosaminoglycan23 often
possess the chemical structures that can mimic native tissue, thereby aiding
biocompatibility.5 For example, collagen type I (a key component of the ECM), can
be reconstructed into a fibrillar matrix beneficial for cell attachment and has been
formed into hydrogel sponges used for bone and tissue repair.24 Decellularised
tissue and organs have also been used in a variety of tissue engineering
applications.1,25 However, the risk of immunogenicity and disease transmission can
remain after treatment. Cells are removed from donor tissue to prevent recognition
by the host, avoiding an inflammatory response, or an immune-mediated rejection
of the tissue.26 The remaining tissue is a complete ECM, which can closely match the
damaged tissue.27 However, as the source of material is a deceased donor (for most
organs), this is not a sustainable supply. Aging of donor tissue leading to biochemical
and mechanical changes

28

and variation in properties with origin as well as

alteration in the decellularisation process, may also render this scaffold type less
useful.26
There is a need for a new biomaterial with suitable properties for tissue engineering,
derived from a sustainable source, and which requires minimal processing to
achieve cell viability for industrial application. Cellulose has the potential to fulfil
these requirements, as it is: the most abundant biopolymer on earth, found in plant
cell walls and produced by certain bacteria such as Acetobacter29; chemically
homogeneous, being constructed from anhydroglucose units connected by β-1,4
glycosidic bonds5; biocompatible30; has tuneable tensile strength

31

; and can be

readily functionalised as it bears three accessible OH groups per repeat unit, which
are available for a vast range of modifications.5,32–34
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Scaffolds prepared from cellulose have been considered previously for tissue
engineering. However, as cellulose is a hydrophilic material with low non-specific
protein adsorption (which is why mammalian cells do not readily adsorb to cellulose
surfaces)35–38, these scaffolds required the addition of a matrix ligands, to facilitate
cell attachment to their surfaces.39–42 In 1993 Watanabe et al. demonstrated by
introducing an ionic charge to cellulose membranes collagen could be adsorbed to
the membrane surface to promote cellular adhesion.43
Here we investigate whether the introduction of a surface charge on cellulose films,
through simple chemical derivitisation, will increase cell attachment, without the
use

of

matrix

ligands.

To

introduce

a

positive

charge

the

epoxide

glycidyltrimethylammonium chloride (GTMAC) was grafted onto cellulose through
the nucleophilic addition to the alkali-activated cellulose hydroxyl groups.44 The
radical 2,2,6,6-tetramethylpipiridine 1-oxyl (TEMPO) was used to mediate the
oxidation of the primary alcohols to introduce a negative charge.32 This methodology
identified novel application of using surface modified cellulose films by
derivitisation.
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2.4 Experimental Procedures
2.4.1

Materials and methods

To produce bacterial cellulose the Acetobacter organism was sourced from Happy
Kombucha (UK). Glucose, yeast extract, peptone, anhydrous disodium phosphate
and citric acid monohydride were all purchased from Sigma-Aldrich (UK) and used as
received.
For

surface

modifications,

sodium

hydroxide

pellets

(≥98

%),

glycidyltrimethylammonium chloride (GTMAC) (≥90 %), 0.1 M AgNO3 aqueous
solution (≥95 %), 2,2,6,6-tetramethylpipiridine 1-oxyl radical (TEMPO) powder, NaBr
powder, NaOCl 5.00 vol. % solution, HCl (reagent grade) were purchased from
Sigma-Aldrich. Aqueous solutions of AgNO3, NaOH and HCl were made up to the
required concentrations with deionised (DI) water.
For cell investigations Dulbecco’s Modified Eagle Medium (DMEM) (GlutaMAX™),
non-essential amino acids (NEAA), sodium pyruvate (NaPyr), trypsin (0.05 %) and
trypan blue (0.4 %) were purchased from Gibco® and stored at 4 °C. Foetal bovine
serum (FBS) (non-USA origin), MG-63 cells, RGD-peptide and formaldehyde (37 % in
10-15 % methanol H2O solution) were purchased from Sigma-Aldrich®. Phosphate
buffer solution (PBS) was purchased from HyClone® (0.1 μm sterile filtered), 6diamidino-2-phenylindole (DAPI), phalloidin-FITC and penicillin streptomycin
(PenStrep) from Life Technologies. Norland optical adhesive 63 was purchased from
Norland Products. All materials were used as received.
Polystyrene latex beads (0.3 µm) were purchased from Sigma-Aldrich and used as
tracer particles for zeta-potential measurements.
2.4.2

Preparation of Bacterial cellulose films

Sheets of bacterial cellulose (30 cm x 50 cm) were produced under culture
conditions following ref 45.45 The cellulose sheets were sterilised (and bleached) by
treatment for 2 h in 2 L of 5 % sodium hypochlorite in DI water, followed by
thorough washing in 2 L aliquots of DI water. The cleaned sheets were stored in 2 L
of 20 % methanol in DI water solution to prevent fungal growth. Cellulose sheets
were cut into 5 cm2 squares, placed on glass petri dishes and dried under vacuum at
50 C for 24 h (yielding <2 % of the original wet mass). The remaining moisture
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content was determined by thermogravimetric analysis and dried cellulose sheets
were stored in sealed polyethylene bags.
2.4.3

Surface modification by derivitisation and oxidation

Cationic-cellulose: following the semi dry procedure described by Zaman et al. 2012.
5 wt. % NaOH (relative to corrected film mass) dissolved in 5 mL of DI water, was
added to the cellulose films contained in polyethylene bags. Accurately weighed
GTMAC (0.60-1.05 g) in molar ratios of 0.5 – 3.0, relative to anhydroglucose units
(AGUs) of the weighed cellulose, was added drop wise and the sample kneaded to
achieve homogenisation, prior to reaction at 65 oC (water bath) for 75 min. Modified
cellulose films were washed thoroughly in DI water before being dried under
vacuum at 50 oC for 24 h. These GTMAC modified films will be referred to as
“cationic–cellulose” in this paper.
The degree of substitution was determined by conductometric titration of chloride
ions (trimethylammonium chloride groups) with AgNO3(aq). Squares of film (2 x 2 cm,
10-50 mg) were accurately weighed and immersed in 20 mL of DI water for 5 min.
Titrant (0.837 mM AgNO3) was added in 0.50 mL aliquots and the conductivity was
monitored using a SevenMulti Mettler Toledo conductivity probe. The degree of
substitution is calculated using Eq. 1:
*

+

(Eq. 1)

Where C is the concentration of AgNO3 solution (M), V is the volume of AgNO3
solution (in dm3), and w is the weight of the dried cationic cellulose sample (g),
162.15 is the Mw of the AGU and 151.63 is the difference in Mw between the AGU
and cationised AGU with trimethylammonium chloride group. Triplicate samples
were analysed for each material and an average reported.
Anionic-cellulose: TEMPO (0.016 g, 0.1 mmol) and NaBr (0.1 g, 1.0 mmol) was added
to 200 mL DI water in an ice bath. Accurately weighed dry bacterial cellulose films
(1-2 g) were submerged in the solution for 10 min. The pH of 5 vol. % NaOCl solution
was adjusted to 10 with 0.1 M HCl and a quantity equivalent to 0.05 – 0.30 mole
equivalents, relative to AGU, added drop wise to the film containing solution, under
constant stirring, the pH was maintained at 10 by drop wise addition of 0.5 M NaOH
(aq)

when required. Ethanol (10 mL) was added to quench the reaction and the films
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were washed thoroughly in DI water and dried. These modified films will be referred
to as “anionic–cellulose” in this paper.
The carboxylate content of the anionic-cellulose films was determined by
conductometric titration; 50 mg anionic cellulose samples (accurately weighed)
were immersed in 15 mL of 10.00 mM HCl standard solution for 10 min. Titrant
(10.00 mM NaOH) of was added in 0.50 mL aliquots and conductivity monitored
using a SevenMulti Mettler Toledo conductivity probe. The degree of oxidation is
calculated using Equation 2:
*

+

(Eq. 2)

Where C is the concentration of NaOH solution (M), V is the volume of NaOH
solution (in dm3), w is the weight of the dried anionic cellulose sample (g), 162.15 is
the Mw of the AGU and 35.97 is the difference in Mw of AGU and sodium salt of the
glucoronic acid group (Zaman et al. 2012). Triplicate samples were analysed for each
material and an average reported.
Characterisation: 1H-13C CP/MAS NMR was performed on unmodified, cationic (DS =
3.0 ±0.0 %) and anionic (DO = 7.6± 1.0 %) cellulose powders (freeze dried). Spectra
were acquired at 25 oC, an MAS rate of 10 kHz and a contact time of 2000 µs. FTIR
spectra for unmodified, cationic (DS = 3.0 ±0.0 %) and anionic (DO = 7.6± 1.0 %)
cellulose powders were obtained on a Perkin Elmer Spectrum 100 with a universal
ATR sampling accessory; 10 scans were acquired in the range 4000 – 600 cm-1.
The presence of quaternary ammonium, or carboxylic acid, functional groups was
confirmed by both FTIR and solid-state
-3

13

C NMR measurements. FTIR: prominent

-3

bands at 1440 cm and 1483 cm were attributed to the CH2 bending mode and
methyl groups of the cationic cellulose substituents in accordance with data
published by Zaman et al. 2012)13C solid-state NMR: signals between 66 ppm and
105 ppm referred to the anhydroglucose, while a signal at 175 ppm appeared upon
oxidation, due to the carboxylic acid group,46 and a signal at 56 ppm due to the
methyl groups on the quaternary ammonium was detected in the cationic cellulose
sample47 (Figure A.1 & 2, Appendix A).
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2.4.4

Scaffold characterisation

Zeta potential measurements: The surface ζ-potentials of unmodified, cationic and
anionic bacterial cellulose films were measured at 25 oC using a Malvern Zetasizer
Surface ζ-Potential Cell. Films were cut into 4 x 4 mm squares, adhered to the
sample plate and placed between the electrodes of the measurement cell. The
position of the sample plate was aligned to the laser height. An aqueous suspension
of 0.3 μm polystyrene latex tracer particles was prepared and 1.50 mL added to a 3
mL cuvette. The measurement cell was inserted into the cuvette ensuring no air
bubble was trapped underneath the film. The application of an electric field via the
electrodes initiated electrophoresis of the particles and electro-osmosis close to the
surface.
The measured electrophoretic mobility of the tracer particles will vary as a function
of distance from the sample surface. By plotting the reported mobility (ζ-potential)
as a function of displacement from the surface, the relationship can be extrapolated
back to the intercept (zero displacement). Therefore, the surface ζ-potential can be
defined by Equation 3.
(Eq. 3)

Triplicate samples were analysed for each material, the measurement repeated
fifteen times per sample, and an average reported.
Scanning probe microscopy: Topography and capacitance gradient (dC/dz) images
of unmodified, cationic and anionic cellulose films were obtained using a Park NX-10
Atomic Force Microscope (Gouveia et al. 2009; Ferreira et al. 2015). PPP-EFM probes
(NanoWorld) with spring constant of 2.8 N m−1 and resonance frequency within 75
kHz were used for measurements. Topography and electrical images were acquired
in air by single pass scanning at room temperature and humidity between 74.5-75.5
%. Topography was measured using intermittent contact mode setup, slightly below
the frequency of resonance. Kelvin force and capacitance coupling measurements
were conducted in parallel by applying an electric AC signal at 17 kHz to the metalcoated cantilever. The electric potential of the sample is deduced by the DC
potential applied to the cantilever to nullify the AC signal at 17 kHz. Furthermore,
the second harmonic of the AC signal (34 kHz), which is shown to be proportional to
the capacitance gradient (dC/dz), or capacitance coupling, of the tip to the sample,
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was monitored. Analysis and processing of the AFM images were carried out with
Gwyddion (Necas et al. 2012). The capacitance coupling signal distribution was
calculated using the 1D height analysis function of the programme.
Mechanical testing: The Young’s modulus and tensile strength of the scaffolds were
determined using an Instron 3343 electromechanical test machine. The samples
used were unmodified, cationic (3.6±0.3 % degree of substitution) and anionic
(6.7±0.6 % degree of oxidation) cellulose films. The films were cut into strips ≥1.50
cm in length by 0.30 or 0.50 cm width and the thickness recorded with a steel digital
vernier micrometer calliper. The film strips were glued onto card mounts and the
adhesive was allowed to set, which prevented damage to the films prior to
characterisation. The mounts were gripped between the vices and a 1000 N cell was
used to deliver strain to the films until deformation or failure. Five samples were
tested for each film and an average reported.
2.4.5

Cell adhesion

Preparation of scaffolds: Films (unmodified or modified) were cut to a size that fit
into a well plate and washed with DI water. The films were placed into a well plate
(Costar®, Tissue culture-treated well plates, which were used as the control
substrate throughout) and sterilised in a Hoefer UVC 500 cross linker for 15 min.
After this time the films were turned over with sterilised tweezers and the sterilised
side adhered to well plate with a single drop of Norland optical adhesive 63. The
well plate and contents were resterilised (15 min irradiation), PBS (1 mL) was added
to each well and the plate stored at 4 °C.
Under sterile conditions, the PBS was removed from the films and 300 μL of DMEM
medium either alone or with pure FBS, or RGD solution (10 μL / mL), as appropriate
was added to the wells and left to hydrate for 24 h at 4 °C prior to cell attachment
studies.
Cell attachment: once the films had been hydrated with the relevant medium for 24
h, the medium was removed under sterile conditions and the scaffolds were seeded
at a seeding density of 20,000 cells / cm2 from a suspension of MG-63 cell culture of
a known concentration. An empty well plate was seeded as a control. Growth
medium (500 μL) was added to each well, which was then sealed and placed in a CO2
incubator for 1 h. The samples were tested in triplicate.
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Cell fixation and DAPI staining: the medium (and unattached cells) was aspirated
from the cells and scaffolds and cells fixed: 2 x wash with 1 mL PBS; treatment with
1-2 mL of 3.7 % formalin (1 mL formaldehyde solution diluted to 9 mL with PBS) for
15 min at RT; followed by 2 x wash with 1 mL PBS; then stained under low light level
conditions: 2 x wash with 1 mL PBS; 15 min staining with DAPI solution (300 μL of
DAPI in PBS, 1 μL in 50 mL); 2 x wash with 1 mL PBS. A final 1 mL PBS was added to
the scaffold, the plate wrapped in aluminium foil and stored at 4 °C.
Analysis of cell attachment: under low light levels, the films were removed from the
well plate and placed cell side down on glass microscope slides for viewing with an
EVOS optical microscope using blue light. Six independent images of the film surface
were obtained using a 10x objective and cells counted using the “cell count”
function in ImageJ, normalised to the area of field of view. The average count from
the six images was used to determine the percentage cell attachment, using Eq. 4.
(Eq. 4)

Cell Adhesion: Scaffolds were prepared as described for cell attachment
experiments. After 1 h incubation the seeded scaffolds were centrifuged at 200 rpm
(8 g) for 10 min, following which the cells were fixed and stained with DAPI.
Attachment was determined as described above.
Cell Morphology: PBS was removed from hydrated films, which were seeded at
2,500 cells / cm2 in serum free medium and incubated for 1 h. Following which the
medium was removed and replaced with FBS containing medium (performed gently
with a pipette, ensuring the attached cells were not disturbed during the process).
Cells were fixed, permeabilised, and stained with 200 μL of dilute Phalloidin-FITC
solution (100 μL in 10 mL PBS) for 40 min at RT, followed by washing with two 1 mL
aliquots of PBS solution. A final 1 mL PBS was added to the scaffold, the plate
wrapped in aluminium foil and stored at 4°C. Cells were visualised as above, with the
exception that Phalloidin-FITC stains the polymeric F actin in the cell membranes,
thus providing an image of the outline of the cell. The degree of cell spreading was
inferred from measurement of area and aspect ratio. Six independent images of the
film surface were taken at 10x objective and the average value reported.
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Images were analysed using ImageJ following the method described by Fardin et al.
2010.51 Projected cell area and aspect ratio were used in combination to quantify
changes in cell morphology over 24 h.
2.4.6

Statistical analysis

Triplicate data were analysed using IBM SPSS Statistics Data Editor. A one-way
analysis of variance (ANOVA) was used to determine whether there were any
statistical differences between the means of two or more independent
measurements, assuming equal variance. The differences were considered
significant at the level of p < 0.001 (***), p < 0.01 (**) and p < 0.05(*).
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2.5 Results
2.5.1

Surface modification and characterisation

Cellulose surfaces were rendered positively charged by nucleophilic substitution of
alkali activated 1o alcohol groups with an epoxide bearing a quaternary ammonium
group (GTMAC), or negatively charged by controlled oxidation using the well-studied
TEMPO/NaOCl/NaBr system, (Scheme 2.1).

Scheme 2.1 Cationisation of cellulose films with GTMAC following activation of cellulose
o
alcohol functionality by treatment with NaOH (top). Oxidation of C6 1 alcohol groups to C6
carboxylate groups pH 10-11 (bottom). In both cases the reaction is primarily with primary
OH groups accessible on the film surface and the degree of substitution, or oxidation, is
controlled by modulating the quantity of reagent (GTMAC) or oxidant (NaOCl) added.

The degree of surface modification was controlled by modulating the quantity of
reagent (GTMAC), or oxidant (NaOCl), and the degree of substitution (DS), or
oxidation (DO), of cellulose films assessed using conductometric titration (Figure
A3). While, in both cases, the extent of introduction of charged groups increased
with increased molar ratio of reagent, or oxidant, to AGU (Figure 2.1), it is clear that
the oxidation reaction is significantly more efficient than the derivatisation. The
former yielded oxidation levels between 3 and 4 % at an NaOCl:AGU ratio <0.1,
while a ratio of 3:1 GTMAC:AGU was required to achieve a similar level of
substitution.
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a)

b)

Figure 2.1 a) DS and b) DO per anhydrous glucose repeat unit for the modified bacterial
cellulose films determined by conductometric titration. The average of three values was
reported with the standard deviation shown as error bars.

GTMAC was successfully grafted onto the surface hydroxyl groups of α-cellulose
producing cationic cellulose. The cellulose films were functionalised with a DS value
between 3.2 – 5.8 % and a DO of 2.7 – 6.7 %. This showed that the degree of
modification on the surface could be controlled.
2.5.2

Mechanical properties

Bulk mechanical properties of the unmodified and modified bacterial cellulose films
were compared to discern if modification of surface chemistry was likely to
compromise the integrity of the films. It is known that oxidation of fibrous cellulose
leads to some loss of material (presumably by dissolution) and individualisation of
fibrils, thus a film of relatively high DO was selected for comparison.52
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a)

b)

Figure 2.2 a) Young’s modulus and b) tensile strength of unmodified, cationic (3.6 ±0.3 % DS)
and anionic (6.7 ±0.6 % DO) cellulose films, n=5. The average of five values was reported with
the standard deviation shown as error bars.

The Young’s modulus for the unmodified cellulose films was 2 ± 0.8 MPa
(comparable with previously reported value of 1.6 MPa
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) and did not change

significantly upon modification (Figure 2.2a). Tensile strength appeared to increase
significantly upon modification (Figure 2.2b), providing confidence that, even at the
highest DS and DO values tested, film strength was not compromised. It was
postulated that the strengthening of the modified films was due to increased density
of packed fibrils within the films, as the modified films exhibited thickness of only 60
– 80 % that of unmodified films, reflecting previous reports that films made from
modified cellulose fibrils possess higher tensile strengths than native cellulose.54
2.5.3

Surface ζ-potential and capacitance

To discern the effect of modification on surface charge, the surface ζ-potential was
measured for each of the modified films (Figure 2.3).
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Figure 2.3 The ζ-potential measurements on modified cellulose films confirmed that the
cationic surfaces were indeed positive and anionic negative, n=3. The average of three values
was reported with the standard error shown as error bars.

The measured ζ-potential for unmodified cellulose films was -20 ±4 mV, indicating
that, prior to alteration of surface chemistry, the cellulose films bear some surface
functionality that imparts anionic character to the materials (in agreement with
previous reports, where a value of -8 mV was reported 55). When derivatised with
GTMAC, the ζ-potential increased to 25 ±9 mV due to the introduction of the
positively charged trimethylammonium groups.

Oxidised cellulose exhibited a

negative value, as expected, but this was not significantly different from
underivatised cellulose.
To compare films, both with respect to surface charge and charge distribution
(homogeneity), electric force microscopy was employed to characterise changes in
capacitive coupling (proportionally to the mobility of charge) of the tip to the film
surface, dC/dz (Figure 2.4).

Clearly, unmodified and anionic cellulose surfaces

exhibit similar capacitance coupling (mirroring the ζ-potential measurements), while
the cationic material exhibits a significantly greater capacitive coupling, dC/dz,
across the entire sample. This is reflected in Figure 2.5 showing distribution of
capacitive coupling over a larger area: both unmodified and oxidised surfaces exhibit
similar surface capacitance coupling values of 2.6 arbitrary units (AU), while that of
the cationised surface is 5.9 AU.
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Figure 2.4 Capacitance gradient (dC/dz) images of unmodified, cationic and anionic cellulose
2
films were obtained over a 1 µm sample. The capacitance coupling of the tip to the sample
was measured and determined by the capacitance of the probed sample volume. The scale is
in mV as a signal is generated that is linearly proportional to dC/dz. The black/white scale
indicates the magnitude of dC/dz signal of the sample, whereby black = 0 & white = 10 mV.
The cationic cellulose surface is a lighter shade which reflects a higher capacitive coupling
dC/dz.

Figure 2.5 The capacitive coupling distribution between the tip and surface was generated by
a 1D statistical analysis of images depicted in Figure 2.4, for the unmodified, anionic and
2
cationic cellulose films. Capacitance coupling was measured across a 10 µm sample surface
area. The peak at 5.9 AU indicates that the cationic cellulose has a higher capacitive coupling,
dC/dz.
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Figure 2.6 Tip amplitude image (error image) of the topography obtained of the surface over
2
a 1 µm sample for unmodified, anionic and cationic cellulose films. The fibril network does
not appear to have been degraded by the surface modification. Scale bar is 400 nm in length.

The surface topography of the samples is reflected in the tip amplitude image of
each film surface (Figure 2.6) and only very minor differences noted. Unmodified
films show the typical overlapping fibrillar structure of bacterial cellulose and this is
reflected in both modified films; there is no significant change in the fibril
dimensions.
2.5.4

Cell attachment

Human osteoblast cancer cells, MG-63, were selected for their fibroblast phenotype
and cell adhesion was tested in both the presence and absence of FBS and RGD to
discern whether cell attachment could proceed without the need for added growth
factors or matrix ligands. A two component scaffold system reduces the cost of
processing scaffolds and mitigates the implications of using animal derived ligands.
After one hour there was significantly greater cell attachment on the positively
charged surfaces of cationic cellulose compared to the unmodified and anionic
surfaces (Figure 2.7). This difference was clearest in the absence of any added
proteins and this is the first instance that direct cell attachment has been reported
for modified cellulose scaffolds without mediation of FBS or RGD.
In the absence of mediating proteins, FBS and RGD, cell attachment to anionic
cellulose was negligible, but some adhesion was recovered when scaffolds were preincubated with FBS, suggesting that surface charge is not the only important factor
and surface chemistry may play a role in cell adhesion. Remarkably, the degree of
substitution did not appear to have a significant affect with similar levels of cell
attachment detected for all cationic cellulose films, regardless of DS (Figure 2.8).
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o

Figure 2.7 MG-63 cell attachment on cellulose films after 1 h incubation at 37 C under 5 %
CO2, n=3 & error bars show standard error. Films were immersed for 24 h prior to seeding in
DMEM medium alone or DMEM medium containing FBS or RGD as appropriate. Significant
cell attachment on cationic cellulose films was achieved without the need for FBS or RGD
growth factors. Values significantly different from unmodified cellulose films were indicated
*
**
***
by the confidence values p < 0.05, p < 0.01 and p < 0.001. To indicate significant
•
differences between two values the symbol was used to refer to the p value.

Figure 2.8 Influence of degree of substitution on MG-63 cell attachment on cationic cellulose
o
films after 1 h incubation at 37 C in 5 % CO2, n=3 and error bars show standard error. Films
were immersed for 24 h in DMEM medium, prior to seeding. Only a minimal level of
modification with GTMAC was required for significant enhancement of cell attachment on
cationic cellulose surface versus unmodified cellulose. Values significantly different from
*
**
unmodified cellulose films were indicated by the confidence values p < 0.05, p < 0.01 and
***
p < 0.001.

Cell adhesion strength was assessed by counting the percentage of cells remaining
after centrifugation with and without FBS in the media (Figure. 2.9).
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Figure 2.9 The percent of MG-63 cells attached on cellulose films after exposure to shear
stress (centrifugation at 8 g), n=3 & error bars show standard error. Films were seeded in
DMEM medium alone or DMEM medium containing FBS. Values significantly different from
*
**
unmodified cellulose films were indicated by the confidence values p < 0.05, p < 0.01 and
***
p < 0.001.

To determine the cells response to the substrate, the degree of cell spreading and
morphology was characterised by the change in projected cell area and aspect ratio
after 24 h incubation, (Figure 2.10). An increase in cell aspect ratio, through
elongation, and cell area was noted on cationic cellulose, but minimal spreading was
observed on the native and anionic cellulose scaffolds.
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a) Cell area

b) Cell aspect ratio

Figure 2.10 Change in MG-63 cell morphology; cell area and aspect ratio on cationic, anionic
o
and unmodified bacterial cellulose scaffolds after 1 and 24 h incubation at 37 C in 5 % CO2, n
= 17 - 53 cells measured and error bars show standard error. Cell images were analysed using
ImageJ to calculate the average cell aspect ratio and area. The control was tissue culture
plastic (TCP). Values significantly different from unmodified cellulose films were indicated by
*
**
***
the confidence values p < 0.05, p < 0.01 and p < 0.001.
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2.6 Discussion
This is the first report of modulation of cell attachment on cellulose scaffolds
induced by simple changes in surface chemistry of the cellulose scaffolds without
mediation by added proteins. Cellulose in its natural form only permits minimal cell
attachment, but when modified to have a positive charge, cell attachment increases
to levels comparable to tissue culture plastic. Thus, we have established a minimally
processed material for tissue engineering.

The oxidation and derivatisation

reactions employed are well known and thus easy to implement, offering
opportunities to enhance, or indeed reduce, cell attachment simply by very minor
alterations to (largely) the primary C6 hydroxyl groups exposed on the surface of
cellulose scaffolds. Measurement of Young’s modulus and tensile strength suggest
that these chemical modifications do not compromise the mechanical strength, or
integrity, of the cellulose scaffold material and analysis by electrostatic force
microscopy reveals that alteration of surface charge is reasonably homogeneous
across the surface and that no significant changes in fibrillar morphology result.
Together, these results suggest that oxidation, or derivatisation with GTMAC, at the
low levels used here, result in modification of surface, rather than bulk, chemistry of
the materials. While demonstrated here for bacterial cellulose, the chemistry of
cellulose (a linear homopolymer of glucose with β 1-4 glycosidic linkages) is
invariable between cellulose sources and this methodology would be expected to be
extendable to a wide range of cellulose scaffolds.
Importantly, measurement of cell attachment values indicates that pre-treatment of
the scaffolds ligands, in this case FBS (a protein serum supplement), prior to cell
seeding, was not necessary for cell attachment to occur on the cationic cellulose
scaffolds. (While attachment did occur in the presence of FBS, the results were
somewhat more variable and no significant improvement in attachment was noted.)
In a three-component system (cell, biomolecule, materials), containing FBS, matrix
ligands will be dominant in mediating cell attachment, as their presence facilitates
integrin binding and focal adhesion formation. FBS contains a cocktail of growth
factors and proteins that will adsorb both to cationic and anionic cellulose surfaces.
The influence of RGD, a simple peptide often used to enhance cell attachment, was
also minimal. There are few direct studies of the influence of surface charge on cell
attachment in the absence of, or without pre-treatment with, matrix ligands.56,57
Thus, for the first time, we demonstrate that simply modifying the surface charge of
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a cellulose scaffold, by derivatisation using chemistry developed for the cloth dying
industry, promotes attachment of cells (70 % increase over unmodified cellulose
scaffolds). This is significant as it reduces the cost of processing and preparing
scaffolds and the implications of using animal derived proteins or synthetic peptides.
This methodology allows a move away from the traditional three component tissue
engineering approach of scaffold / biomolecule attachment mediators / cells to a
simpler, two component system of only the scaffold plus cells. As the chemical
modification can be conducted immediately after scaffold fabrication, this provides
longer shelf life and simplifies the process at point of use (tissue culture), facilitating
scale-up and potentially reducing cost.
The proposed mechanism for cell attachment is suggested to be through ionic
interactions between the quaternary ammonium functional groups on the surface
and oppositely charged phosphate groups present in the phospholipid bilayer of the
cell membrane.58,59 The lack of cell attachment on the negatively charged anionic
cellulose films supports the suggestion that ionic interactions between scaffold and
phospholipid bilayer is an important factor in cell attachment. On cationic cellulose,
cells appeared to be homogenously distributed across the surface with evidence of
significant spreading, demonstrating cell viability on the films, while minimal
spreading was observed on the unmodified and anionic cellulose films (reflecting
attachment data). Furthermore, trends in cell attachment, after exposure to
centrifugal force were the same as that observed in attachment studies: cells bound
to cationic cellulose were least affected by centrifugation, whereas minimal cells
remained attached on unmodified and anionic cellulose. In the case of anionic
cellulose, the presence of FBS was required to retain even 20 % cell attachment.
The Young’s modulus (E) defines the elongation stiffness of an elastic material and is
the ratio of stress to strain. In tissue engineering it is important that the scaffold has
a similar E to the surrounding tissue so that it can cope with mechanical wear and
also to guide stem cell differentiation.60 The value of E ≈ 2 MPa measured for these
cationic cellulose films suggests potential for application in scaffolds for soft tissues
or non-weight bearing bone. 53
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2.7 Conclusion
Cationic bacterial cellulose films, prepared by grafting with GTMAC, showed
significantly increased cell attachment and spreading compared to either
unmodified, or oxidised (anionic), bacterial cellulose films. An increase of 70% cell
attachment occurred even in the absence of any surface-presented proteins. The
modification did not degrade the mechanical properties of the films and only a
minimal degree of modification and processing was required to improve cell
attachment, which is beneficial, reducing processing steps at the point of tissue
culture and obviating the use of animal derived products such as FBS. This novel
application of using cationically surface functionalised cellulose for tissue
engineering provides a range of opportunities in the development of new scaffolds.
While we have focussed on films, as 2D scaffolds, useful for rapid cell viability
screening and, by extension for measuring cell kinetics, proliferation and
morphology, the methodology would be readily applied to 3D scaffolds and will
enhance the application of new technology for forming cellulose structures, e.g. by
advanced 3D printing techniques.
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Chapter 3

3

Paper 3: Modulating cell response on cellulose
surfaces; tunable attachment and scaffold mechanics
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3.0 Publication Commentary
In the previous chapter it was demonstrated that cationic modification of cellulose
with GTMAC introduced a positive surface charge, thus facilitating cell attachment
even in the absence of FBS. In this next chapter scaffold properties are more deeply
probed providing insight about how these can be tuned through further chemical
modifications.
The main focus of this chapter is to combine cationisation (for cell attachment) with
glyoxalisation to modulate scaffold stiffness. The mechanical properties the cells
experience can influence behaviour, such as cell proliferation, by up-regulating the
cell cycle. The crosslinker glyoxal was used to increase the scaffold stiffness, as it
forms acetal and hemiacetal groups between the OH groups on the cellulose. The
effect of modifications on both surface and bulk properties were investigated using
a combination of atomic and electric force microscopy techniques, along with
mechanical testing of the scaffolds. It was considered important to determine the
extent these modifications change the scaffold properties and whether these can be
used to further regulate cell behaviour. Potential applications of this investigation
are to provide a method to produce scaffolds with the same mechanical properties
as the desired tissue, such as stiff bone-like substances or softer muscle-like tissue.
Furthermore it could unlock a way to direct the differentiation of stem cells through
scaffold microenvironment cues, rather that biochemical cues.
A challenge that presented itself in the previous paper was the visualisation of
stained cells on the bacterial cellulose membranes using a transmitted light
microscope. This proved difficult for two reasons: i) the membranes were
translucent but not transparent, which reduced the amount of light that could pass
through the scaffold and ii) cellulose auto-fluoresces at the specific wavelengths
needed to visualise the stains, thus making it hard to distinguish the cell outline
from background. The membranes used in this paper were derived from cellulose
dialysis tubing which has same chemical structure to bacterial cellulose (indeed all
cellulose materials have the same chemical structure, but different bulk physical
structures) but is much thinner (<100 µm), transparent and very uniform, thus
allowing much clearer fluorescent images to be obtained. Also, homogeneity of the
films meant that changes in scaffold properties could be attributed to the
modification and not to variations in film thickness, for example.
70
Publication 3

Interestingly, the surface charge of the dialysis tubing was much more negative than
anticipated particularly in comparison with bacterial cellulose. Initial studies were
first conducted using the scanning probe microscope at LNnano in Brazil, to measure
the surface capacitance coupling, dC/dz. These values for unmodified cellulose were
very similar to that of cationic cellulose with a high DS. This surface charge arises
from the production method for cellulose dialysis tubing, which is either
regenerated cellulose acetate or via a xanathate method. When compared with zeta
potential data it was apparent that dC/dz represents the extent of surface charge,
i.e. |z|, but not whether it is positive or negative and when combined with zeta
potential data, reveals how increasing the number of quaternary ammonium groups
gradually makes the surface positively charged.
One of the important aims in this work was to determine the lowest degree of
substitution required to facilitate cell adhesion in FBS free systems. When producing
larger quantities of cationic cellulose it is beneficial to use the minimum amount of
GTMAC required from an economical and waste reduction point of view. This also
reduces the potential for compromising mechanical properties, given that
cationisation enhances fibrillar dispersion.
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3.2 Abstract
Combining surface chemical modification of cellulose to introduce positively charged
trimethylammonium groups by reaction with glycidyltrimethylammonium chloride
(GTMAC) allowed for direct attachment of mammalian MG-63 cells, without addition
of protein modifiers, or ligands. Very small increases in the surface charge resulted
in significant increases in cell attachment: at a degree of substitution (DS) of only
1.4%, MG-63 cell attachment was > 90% compared to tissue culture plastic, whereas
minimal attachment occurred on unmodified cellulose. Cell attachment plateaued
above DS of ca. 1.85% reflecting a similar trend in surface charge, as determined
from ζ-potential measurements and capacitance coupling (electric force
microscopy). Cellulose film stiffness was modulated by cross linking with glyoxal
(0.3–2.6% degree of crosslinking) to produce a range of materials with surface shear
moduli from 76 to 448 kPa (measured using atomic force microscopy). Cell
morphology on these materials could be regulated by tuning the stiffness of the
scaffolds. Thus, we report tailored functionalised biomaterials based on cationic
cellulose that can be tuned through surface reaction and glyoxal crosslinking, to
influence the attachment and morphology of cells. These scaffolds are the first steps
towards materials designed to support cells and to regulate cell morphology on
implanted biomaterials using only scaffold and cells, i.e. without added adhesion
promoters.
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3.3 Introduction
The development of functional substitutes for damaged tissue and organs is an aim
of tissue engineering.1 This approach involves isolating healthy cells from the patient
and expanding them in vitro, to increase their numbers.2 Traditionally, the cultured
cells are seeded onto a ligand-functionalised scaffold, with the ligands facilitating
cell attachment.3 Scaffolds provide a 3D support, often mimicking the natural
extracellular matrix (ECM) of the cell, thus influencing cell behaviour and
encouraging cell proliferation, differentiation and migration.4 The ECM is a structural
support network that provides the ‘glue’ to bind cells together in tissue and consists
of diverse proteins, sugars and other components.
Whether scaffolds are constructed from synthetic, or natural, biomaterials, they
should be biocompatible, promote cell attachment and specialised cell functions,
and, if to be implanted, be bioresorbable.5,6 Furthermore, a key challenge of tissue
engineering is to design scaffolds that direct cells to attach or perform their
phenotypic functions, which promotes tissue functionality. Cellular responses to the
substratum (attachment, proliferation and differentiation) are influenced by many
factors including: surface charge,7–9 surface roughness,10–12 topology,13,14 the
presence of matrix proteins,15–17 and porosity,18–20 as well as the mechanical
properties of the scaffold, such as Young’s modulus.21–23
Cell affinity to a biomaterial is governed by cell/matrix interactions, which result
from specific recognition among cell surface adhesion receptors, i.e. integrins, and
extracellular matrix (ECM) proteins (e.g. fibronectin, vitronectin, and collagen) that
have a cell-binding domain containing the Arg-Gly-Asp (RGD), or similar, sequence.24
A traditional technique used to improve and regulate the degree of cell attachment
to a synthetic scaffold, lacking such binding sites, is to coat with cell adhesive
proteins, such as collagen and fibronectin.25–27 However, this method of modification
has potential disadvantages, such as control over isolation and purification components of the modifying medium may elicit an inflammatory response and the
proteins degrade over time.17 Synthetic peptides have been developed to replace
cell-binding proteins and the most commonly used peptide is RGD, which promotes
integrin-cell adhesion on synthetic surfaces.17 This can be a very effective way to
facilitate cell attachment to synthetic surfaces; however, stable linking of RGD
peptides to the surface is essential. In addition to proteins/peptides on surfaces, the
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mechanical properties of the scaffold surface govern cell-scaffold interactions. Thus,
while the properties of the bulk scaffold material define the mechanical integrity of
the scaffold, the mechanical properties of the material surface, to a depth of less
than 1 nm, influence cell response.28 Surface modifications of the biomaterial allow
tailoring of surface properties without impact on bulk material properties. Thus,
through surface modification, the native surfaces of biomaterials can be physically,
or chemically, transformed with the primary goal of engineering desired surface
chemistry,29 topology,30 reactivity,31 biocompatibility,32 hydrophilicity,24 and/or
charge.7
Cell function on the scaffold can be directly influenced by: cell and ECM interactions
modulated via transmembrane receptors,33 soluble growth factors,34 and the
mechanical properties of the biomaterial.35 At the cellular level, once attached to
the scaffold cells probe its elasticity as they anchor and pull on their surroundings,
receiving mechanical feedback from the ECM or substrate.36 This process is known
by the term mechanotransduction and is one of the mechanism by which cells
convert bio-mechanical stimuli from the scaffolds to chemical cues which direct cell
responses.37 Thus, when constructing a scaffold for tissue engineering, the
mechanical properties of the biomaterial are critical in regulating and guiding cell
response. This has important implications in clinical application, for example,
directing the differentiation of mesenchymal stem cell (MSCs) to generate specific
tissue using scaffolds with elasticity matching that of the desired tissue type.38
Cellulose has previously been investigated as a potential scaffold material for tissue
engineering as it is biocompatible and has tunable chemical and mechanical
properties.39–42 Furthermore, cellulose nanocrystals have been incorporated into a
range of composite materials as reinforcements to produce hybrid scaffolds with
stiffer mechanical properties.43–45 While native cellulose requires the presence of
matrix ligands to facilitate cell attachment due to the lack of integrin binding sites on
the substrate,46–48 chemical modification may be employed to alter surface
chemistry, allowing cell attachment.7 Scaffolds produced from cellulose can range
from hard composites blended with hydroxyapatite,49 to soft hydrogels,50 as well as
variably cross-linked materials: oxidised cellulose crosslinked with diamines,51 or
other crosslinking such as glyoxal, glutaraldehyde or diisocyanates.52,53 It is
hypothesised that changing the elastic modulus of cellulose scaffolds can influence
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how cells respond and spread on the surface through mechanotransduction. This
can be achieved through chemical crosslinking to increase the elastic modulus.51
Herein we describe the modulation and regulation of cellular responses through a
dual approach of tuning both the chemical and mechanical properties of the
scaffolds. Previously, we have demonstrated that surface modification, to introduce
a positive surface charge to cellulose (Scheme 3.1), allows cell attachment in the
absence of matrix ligands.7 Here we demonstrate the minimal level of surface
modification required and combine this with modulation of the mechanical
properties of the scaffold material, achieved by cross-linking with glyoxal,54 which
results in formation of acetal and hemeacetal linkages upon curing (Scheme 3.2),55
yielding films with increased elastic moduli depending on degree of cross-linking.52

Scheme 3.1 Surface derivatisation of cellulose films via the cationisation of primary OH
groups accessible on the film surface by GTMAC. Cationisation results in a positive surface
charge on the films.

Scheme 3.2 Structural modification of cellulose films through acetal, or hemiacetal, linkages
formed by reaction of glyoxal with the hydroxyl groups of the cellulose, leading to increased
film stiffness.
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Scaffold surfaces are probed using capacitance coupling and ζ-potential
measurements to provide a sound basis for the proposed mechanism of enhanced
cell attachment through complementary ionic interactions. Furthermore, changes in
elastic modulus upon cross-linking are characterized for both the bulk material and
the scaffold surface and the effect of the latter on cell morphology ascertained. Key
surface and structural properties: surface charge and surface shear modulus are
demonstrated to modulate cell attachment and cell spreading respectively, thus,
enhancing understanding of the influence of scaffold surface properties on cell
responses.
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3.4 Experimental Procedures
3.4.1

Materials and methods

Cellulose dialysis tubing (regenerated cellulose, MWCO 12400 Da) from Sigma
Aldrich was used a scaffold substrate for cell studies. For surface modifications,
sodium hydroxide pellets (≥98 %), glycidyltrimethylammonium chloride (GTMAC)
(≥90 %), 0.1 M AgNO3 aqueous solution (≥95 %), indigo carmine powder (≥98 %), and
5(6)-carboxyfluorescein (≥95 %) were purchased from Sigma-Aldrich and used as
received. For crosslinking modifications, glyoxal 40 % w/w aqueous solution was
purchased from Alfa Aesar and made up to required concentrations with deionised
(DI) water. Aqueous solutions of AgNO3, NaOH and HCl, purchased from SigmaAldrich, were made up to the required concentrations with deionised (DI) water.
Polystyrene latex beads (0.3 µm) were purchased from Sigma-Aldrich for use as
tracer particles in ζ-potential measurements.
For cell studies Dulbecco’s Modified Eagle Medium (DMEM, GlutaMAX™), nonessential amino acids, sodium pyruvate, trypsin (0.05 %) and trypan blue (0.4 %)
were purchased from Gibco and stored at 4 °C. Foetal bovine serum (FBS, non-USA
origin), MG-63 cells, Pluronic F127 and formaldehyde (37 % in 10-15 % methanol in
H2O solution) were purchased from Sigma-Aldrich. Phosphate buffer solution (PBS,
0.1 µm sterile filtered) was purchased from HyClone, and 6-diamidino-2phenylindole (DAPI), phalloidin-FITC and penicillin streptomycin from Life
Technologies. Norland optical adhesive 63 was purchased from Norland Products. All
materials were used as received.
3.4.2

Surface modification by derivitisation

Following the semi dry procedure described for modification of cellulose powder by
Zaman et al.,56 cellulose films were cationically modified with GTMAC. These GTMAC
modified films are referred to as “cationic–cellulose”.
Fourier Transform Infrared spectroscopy (FTIR), Perkin Elmer Spectrum 100 FTIR
spectrometer, was used to confirm the presence of quaternary ammonium
functional groups on cationic cellulose films, FTIR measurements were previously
substantiated by 1H-13C cross polarization / magic angle spinning NMR spectroscopy7
(Figure B.1 – B.2, Appendix B). The degree of substitution (DS) was determined by
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conductometric titration (Figure B.3) against AgNO3(aq) solutions, conducted in
triplicate.
3.4.3

Structural modification by crosslinking

Cellulose dialysis membrane films, ~1 g, were washed thoroughly in DI water and
soaked in 50 mL glyoxal solution (0.5, 1, 3, 6, or 12 wt. % as required) for 3 h. The
still-wet films were heated at 160 oC for 1 h and washed with copious quantities of
DI water. Following this reaction, the films were cationised using the same method
as previously reported7 with a GTMAC:anhydroglucose unit (AGU) ratio of 2:1 and
the resultant degree of substitution determined as above.
The degree of crosslinking (DXL) was determined by HPLC analysis following a
method adapted from Schramm et al.55 Briefly, dry crosslinked cellulose films (0.2 –
0.4 g), accurately weighed, in 20 mL 4 M NaOH were heated at 100 oC for 15 min to
hydrolyse crosslinks, generating glycolic acid. The resultant solutions were filtered
(PTFE, 0.45 μm disposable filter) and the concentration of glycolic acid in each
solution was determined by HPLC analysis: aminex organic acid analysis column
(HPX-87H, 300 mm × 7.8 mm, 50 °C), mobile phase 0.01 M H2SO4 (0.6 mL/min), and
UV detector λ = 210 nm (Figure B.4 & B.5.).
Once the mass of glyoxal present in the cross linked films was determined (using a
calibration curve, Figure B.4-6) the degree of crosslinking (DXL) was calculated using
the following equation:
*
Where

+

(Eqn. 1)

is the amount of glyoxal detected by HPCL (mol),

is

the amount of crosslinked cellulose present (mol) and w is the weight of the dried
crosslinked cellulose sample (g), 162.15 is the Mw of the AGU and 58.04 is the
difference in Mw between the AGU and crosslinked AGU bearing a glyoxal group.
Triplicate samples were analysed for each material and an average reported.
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Figure 3.1 a) DS per anhydroglucose repeat unit for the modified cellulose films determined
by conductometric titration. Varying DS is achieved by using different GTMAC molar ratios
and volume of water in reaction (n=3; error bars show standard error). 3.1 b) Degree of
2
2
crosslinking (mol. %) in unmodified (R = 0.994) and cationic cellulose (R = 0.994) films
determined by HPLC. (n = 3, error bars show standard error)

3.4.4

Scaffold surface characterisation

Zeta potential measurements The surface ζ-potentials of unmodified and cationic
cellulose films were measured at 25 oC using a Malvern Zetasizer surface ζ-potential
cell. Samples were cut to the appropriate size, mounted onto the sample plate and
aligned with the laser. The measured electrophoretic mobility of 300 nm tracer
particles in dispersion was recorded at varying distances from the sample surface to
determine the surface ζ-potentials. Triplicate film samples were analysed for each
material, the measurement repeated fifteen times per sample and an average
reported.
Scanning probe microscopy Scanning probe microscopy was employed to obtain
topography and capacitance gradient (dC/dz) images of unmodified, and cationic,
cellulose films using a Park NX-10 Atomic Force Microscope.57,58 Kelvin force and
capacitance coupling measurements were conducted in parallel by applying an
electric AC signal at 17 kHz to the metal-coated cantilever - the DC potential was
applied to the cantilever to nullify the AC signal at 17 kHz to determine the electric
potential of the sample. The capacitance gradient (dC/dz), or capacitance coupling,
of the tip to the sample was proportional to the second harmonic of the AC signal
(34 kHz). The AFM images were processed and analysed using Gwyddion software59
and the “1D height analysis” function of the programme used to calculate the
capacitance coupling signal distribution on the film.

80
Publication 3

Confocal microscopy: The degree of penetration of the GTMAC reagent solution and
hence the depth of penetration of modification into the bulk cellulose was evaluated
by confocal florescence microscopy. Cationic films with DS of 0.6, 2.4, 4.7 and 9.2%
were cut into 0.5 x 1 cm strips, washed and hydrated in 100 mL DI H2O, then stained
by immersion in a 100 µM solution of 5(6)-carboxyfluorescein for 30 s, followed by
thorough washing in DI H2O to remove excess dye. The films were secured to a glass
slide and viewed using a LSM 510 META confocal laser scanning microscope with an
EC-Plan-Neofluor 20x/0.5 PH2M27 lens. An argon laser, λ = 488 nm, was used to
excite the dyed films. Multiple images acquired at 0.5 µm steps in depth were
combined in a z-stack to determine the depth of dye penetration into the bulk of the
film.
3.4.5

Scaffold Structural Characterisation

Mechanical properties: The bulk elastic modulus of the scaffolds was determined
using a Dynamic Materials Analyser (DMA1 STARe System, Mettler Toledo). The
samples used were unmodified and cationic (DS = 4.7 ±0.3 %) cellulose films, with a
range of cross-linking in both sets (DXL = 0 – 2.6 %). The films (dried at 50 oC for 24
h) were cut into strips ≥1.50 cm in length by 0.50 cm width and the thickness
recorded with a steel digital vernier micrometer calliper. The film strips were
gripped between titanium tension clamp sample holders and a preload force of 1 N
was applied to the sample. An offset of 10 µm was set at a frequency of 1 Hz and the
elastic moduli were recorded over 5 min. To replicate “hydrated” conditions the
relative humidity was set to 80 % using a humidity chamber (MHG, modular
humidity generator) and samples equilibrated for 10 mins. Five samples were tested
for each film and an average reported.
Atomic force microscopy (AFM) was used to characterise the surface shear moduli of
films as previously described by Bae et al.60,61 In brief, to measure shear modulus,
films were first pre-soaked in PBS overnight at room temperature. After removing
PBS, cyanoacrylate adhesive was applied to glue each end of the films to the 35 mm
tissue culture dish and the films re-immersed in PBS. Shear modulus was measured
in force mode using a Bruker DAFM-2X BioScope AFM system. A silicon nitride probe
(spring constant, 0.06 N m-1) with a conical tip (40 nm in diameter) was used to
indent the films with 15 measurements of each film were collected per sample. To
calculate the shear modulus, the first 600 nm of tip deflection from the horizontal
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was fit with the Hertz model for a cone for each measurement.62 The data were
analyzed utilizing custom MATLAB scripts kindly provided by Professor Paul Janmey.
3.4.6

Cell response

Cellulose films, modified as described above, were cut into square shapes to fit a
Costar® tissue culture well plate, washed, and placed into wells. Loaded plates were
sterilised in a Hoefer UVC 500 cross linker for 15 min, a drop of Norland optical
adhesive placed atop the sterilised films, and the films inverted and re-sterilised.
Films were hydrated by adding PBS and stored at 4 oC before cell experiments.
To measure cell attachment, films were incubated with the appropriate cell culture
medium for 24 h at 4 oC, the medium was removed, films seeded with MG-63 cells at
a density of 10000 cells cm-2 and incubated for 1 h at 37 oC. As a positive control,
cells were seeded in empty tissue culture wells. At the 1 h time point, the medium
was removed; cells were washed with two aliquots of PBS to remove unattached
cells; remaining cells were fixed with 3.7% formaldehyde for 15 min at room
temperature; washed twice with PBS; stained with DAPI for 15 min at room
temperature (DAPI stains the nuclei enabling cell counts); washed with PBS and
stored in PBS at 4 oC prior to image acquisition.
Cellulose films were removed from the well plate and inverted on glass microscope
slides. Six independent, non-overlapping, fluorescence images of each film were
acquired with a 10X objective on an EVOS optical microscope. Cell numbers were
counted using ImageJ software and normalised to the area of the image. Average
cell counts from the images were used to determine cell attachment by normalising
to the initial seeding density, Equation 2:
(Eqn. 2)
To measure cell adhesion, seeded scaffolds incubated for 1 h were centrifuged at
200 rpm (8 g) for 10 min, cells were fixed, stained with DAPI and attachment
determined as described above.
To measure cell morphology, films were seeded with MG-63 cells at 2500 cells cm-2
in serum free DMEM for 1 h to allow cells to attach without the aid of serumcontaining cues. A low cell density was used to reduce cell aggregates on the surface
so that individual cell morphologies could be analysed. Control experiments were
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performed by incubating cells in empty tissue culture well plates. The medium was
then removed and replaced with serum containing medium, which is necessary for
cell survival. After 24 h, cells were washed twice with PBS, fixed with formaldehyde
for 15 min at room temperature, washed, permeabilised by treatment with 0.1%
Triton-X for 15 min at room temperature, and washed again with PBS. Cells were
stained with FITC-phalloidin (diluted 1:100) by incubating for 40 min at room
temperature, washed with PBS, then stored in PBS at 4 oC prior to image acquisition.
Images were acquired on as described above and analysis to quantify cell area and
aspect ratio was conducted using ImageJ software, as described by Fardin.63
3.4.7

Statistical analysis

An IBM SPSS Statistics Data Editor was used to perform a one-way analysis of
variance (ANOVA) on data sets to determine statistically significant differences
between samples at confidence levels of p < 0.001 (***), p < 0.01 (**) and p < 0.05
(*). Cell morphology data was presented as a box and whisker plot to convey the
wide spread of cell aspect ratio and cell area.
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3.5 Results and Discussion
Working towards the development of easily manufactured tissue engineering
scaffold materials that are tunable to specific applications, we have demonstrated
that chemical surface modification of cellulose materials, to impart positive surface
charge, yielded scaffold materials that allowed ligand free attachment of cells.7 Here
we examine the minimum level of modification required to promote cell attachment
and describe the influence of scaffold surface chemistry and mechanics on the
adhesion and growth of a human osteosarcoma cancer cell line, MG-63. A dual
approach, utilizing two easily applied chemical modifications was used to modulate
the scaffold properties:


surface charge was regulated by reaction with GTMAC to produce cationic
cellulose scaffolds and



mechanical properties of the bulk and the surface were varied by cross
linking cellulose with glyoxal.

Cellulose films, with DS ranging from 0.2 to 9.2 % (determined by conductometric
titration) and DXL ranging from 0.3 to 2.6 % (determined by HPLC analysis), were
prepared as 2D scaffolds and MG-63 cell attachment and spreading compared to
unmodified films and to tissue culture polystyrene. Understanding how these facilely
modified properties influence cell response aids the development of scaffolds that
can promote specific, or specialized, cell function needed for proper tissue
functionality and morphogenesis.29
3.5.1

Influence of chemical modification on cell response - cell adhesion

Modulation of surface charge substantially enhanced cell attachment, while crosslinking had little effect (Figure B.7). Cell attachment increases with increasing DS,
reaching a value of 90 % (relative to tissue culture polystyrene) at DS of only ca. 1.4
% - a maximum is reached between DS of 1.4 and 2 % and no further enhancement
in attachment follows (Figure 3.2a). As expected, cells showed little affinity for
unmodified cellulose, yet this very low degree of surface modification led to an
amplification of cell attachment by almost 3000 times, even in the absence of any
matrix proteins, such as foetal bovine serum (FBS), added to the medium.
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Figure 3.2 a) The effect of varying degree of substitution on MG-63 cell attachment (after 1 h
incubation at 37 °C in 5 % CO2) on cationically modified cellulose films, with no added ligands
adsorbed on the surface (n=3; error bars show standard error). Minimal surface chemical
modification resulted in significant cell attachment to cationic cellulose. Samples marked ***
and ** were significantly different from unmodified cellulose with a p < 0.001 and p < 0.01
respectively. b) The percentage of MG-63 cells attached to modified cellulose films after
centrifugation at 8g (n=3 and error bars show standard error). There was no statistical
difference between the cell attachment values before and post centrifugation for the
modified films. The trend in increasing attachment onto films with up to ca 1.4 % DS,
followed by a plateau was mirrored after the seeded scaffolds are subjected to shear,
indicating good cell adhesion.

To test cell adhesion, seeded scaffolds were subjected to centrifugation after the
initial cell attachment (1 h). Centrifugation exposes cells to shear stress, and
normalising the cell counts post-centrifugation to the original seeding density yields
the percentage of cells remaining (Figure 3.2b). Cell counts post-centrifugation were
consistent with cell attachment observations, suggesting that attachment was not
an artefact of transient charge/charge interactions, as cells were well adhered to the
positively charged cellulose, and that modified scaffolds would support adherent
dependent cell behaviour, such as cell spreading and protein secretion.
Previously native cellulose has been described as requiring the addition of growth
factors, or matrix ligands, functionalised to the cellulose surface, to facilitate cell
attachment,46–48 however, we demonstrate that a simplified two-component system
(cell and biomaterial) can supersede the usual three-component system (cell,
biomolecule and material) required for tissue engineering. This reduces the need to
use animal, or even human, derived growth factors, potentially enabling scaffold
manufacture, transport and storage and obviating some of the concerns that can
arise from use of materials derived from mammalian sources, other than the
intended recipient of the engineered tissue.
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3.5.2

Influence of chemical modification on cell response - cell
morphology

Cell spreading (morphology) is an important measure of the cellular response to a
given scaffold. In general, changes in cell shape from spherical to a more flattened
disc-like form reflects cells encountering a scaffold surface upon which they can
thrive.64

Figure 3.3 a) Optical microscopy images of MG-63 cells spreading on cationic cellulose (9.19
o
% DS) after incubation at 37 C in 5 % CO2 for 1 h (left) and 24 h (right). Attached cells were
stained with DAPI (blue) and FITC-phalloidin (green) to highlight the cell nuclei and
membranes respectively (scale bar = 400 µm). b) A schematic illustrating the measurements
used to determine cell aspect ratio from fluorescence images, using ImageJ software. c-d)
o
The change in cell area and aspect ratio after 24 h incubation at 37 C in 5 % CO2, (n= 24 435; error bars show standard error) demonstrated spreading and expansion of MG-63
occurred on the cationic cellulose scaffolds. The control scaffold was treated tissue culture
2
plastic and cells on this surface exhibited an average area of 1725 ±129 µm and an aspect
ratio of 2.68 ±0.17. Samples marked ***, ** and * are significantly different from unmodified
cellulose with p < 0.001, p < 0.01 and p < 0.05 respectively. This data has also been presented
in a bar graph in Figure B.13.

Changes in cell spreading were monitored by comparison of the projected cell area
and elongation on cationised and unmodified cellulose surfaces, visualized using a
fluorescent FITC-phalloidin green stain (Figure 3.3a-b). For all cationised films, a
significant increase in cell area (from 505 – 755 µm2 to 1186 – 1529 µm2) and aspect
ratio (from 1.2 – 1.4 to 1.7 – 2.1) was observed after 24 h incubation at 37 oC in 5 %
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CO2 (Figure 3.3c-d). However, this increase was not statistically different from the
cell area and aspect ratio of the very few attached cells on unmodified cellulose. This
confirmed that MG-63 cells not only attached to, but also began to spread on, the
cationic surface, whereas only a minimal change was observed on the unmodified
cellulose scaffolds. After an initial increase in cell area due to cells flattening on the
surface, the area will not necessarily increase further as cells spread out (Figure
B.12). Therefore, the change in cell aspect ratio was considered to be a more
relevant measure of spreading as it reflects the elongation, not the flattening, of
attached cells. Interestingly, the level of cationisation of the surface did not appear
to influence the cell morphology, suggesting that changes to the structural
properties of the scaffold are required to further modulate spreading. This was
achieved by crosslinking and we return to this discussion later. Cell area initially
increases upon attachment due to the flattening of the cells, however.
3.5.3

Modulation of scaffold properties - cationisation

It is hypothesised that enhanced cell attachment arose, at least in part, from a
change in surface charge from negative to positive upon derivatisation and
introduction of tetra-alkylammonium groups. To test this hypothesis, and to gain an
understanding of the criteria for cell attachment, materials were characterised with
respect to surface charge and capacitance using ζ-potential and electric force
microscopy measurements. (Changes in bulk elastic modulus and surface roughness
had been discounted, as no significant differences were measured between
modified and unmodified materials, Figure B9-10).
The measured ζ-potential for unmodified cellulose films was -36 ±4 mV, similar to
values reported previously,56,65 but, upon the addition of quaternary ammonium
moieties, the surface ζ-potential became less negative, continuing to increase and
becoming positive, 9 ±2 mV, at 1.85 % DS (Figure 3.4a). Further derivatisation led to
further increase in positive surface charge measured by ζ-potential, but values
plateaued at 23 ±4 mV at only 2.42 % DS (reflecting values reported previously for
cellulose nanocrystals

66,67

), suggesting complete saturation of available surface

reactive groups. A novel observation here is that this trend is reflected in the affinity
of MG-63 cells for the surface, with no further increase in numbers of cells adhered
to the scaffold surface above DS of between ca. 1.8 and 2.4 %.
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Figure 3.4 a) ζ-potential and capacitance coupling measurements on cationic cellulose films
indicated that, initially, increasing DS was correlated to increasing positive charge on the film
surface, but a plateau in the surface charge properties was observed after 2.4 % DS.
Capacitive coupling between an EFM tip and cationic cellulose surface was generated by a 1D
statistical height analysis across a 10 µm2 sample surface area (n=3-5; error bars show
standard error). b) The depth of derivitisation by GTMAC was determined by staining the
cationic cellulose with 5(6)-carboxyfluorescein. Constructing a z-stack from confocal
microscopy images of films with varying DS revealed that the cationic derivatisation
penetrates into the bulk of the cellulose after surface saturation is reached.

The change in surface capacitance coupling, dC/dz, measured by electric force
microscopy, supported the surface ζ-potential findings, reflecting the observed
trend. This property, dC/dz, is proportional to the electric constant at the surface,
however, the value measured by electric force microscopy (EFM) is independent of
sign, as the instrument measures the force between the charged tip and the
electrical field emanating from the sample. Therefore, surfaces of similar absolute
charge density (negative or positive) would yield similar dC/dz. Unmodified cellulose
has a dC/dz of 6.4 ±0.25 AU, which, upon introduction of quaternary ammonium
groups, decreases to a minimum of 3.0 ±0.2 AU at 1.39 % DS. ζ-potential shows a
charge inversion (from negative to positive), which is reflected in the dC/dz values
beyond this % DS. With further increased DS measured dC/dz rises and ζ-potential
continues to increase reaching 5.5 ±0.1 AU and 23 ±2 mV at 2.42 % DS whereafter
both values plateau (in agreement with the value of 5.9 AU that we previously
measured for cationic bacterial cellulose7). Thus, it appears that, once reactive
groups on the surface of the films are reacted, i.e. surface saturation is achieved,
increases in measured DS reflect penetration of the GTMAC reagent into the film to
greater depth, as illustrated in the confocal microscopy images (Figure 3.4b).
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It is instructive to consider the mechanism by which MG-63 cells adhere and the
evidence suggests that favourable ionic interactions between positively charged
scaffolds and the net negatively charged phospholipid groups present in the
mammalian cancerous cell membrane

67

are responsible for the initial “attraction”

and attachment of cancer cells to the surfaces. Furthermore, using Pluronic F127 as
a blocker of non-specific cell/substrate binding interactions had negligible impact on
the levels of cell attachment on cationic cellulose, whereas it did reduce it on tissue
culture plastic, (Figure B.8). Moreover, MG-63 cells have been reported previously to
attach onto chitosan scaffolds, which can be a positively charged polymer at some
pHs.68 This supports the hypothesis that cell attachment on cationic cellulose
scaffolds is “surface charge driven”.69,70 Importantly, this response should be general
(not restricted cancerous cells or pathological state of the cell), as many cell types
exhibit the same net negative charge on their plasma membranes from the
phospholipids constituting the plasma membrane, so would be expected to adhere,
attaching to the positively charged cellulose substrate. Studies with various cell
types and pathological state are currently being investigated to explore this further.
3.5.4

Modulation of scaffold properties - crosslinking

Glyoxal was chosen in this study as a chemical crosslinker due to its low toxicity to
mammalian cells and ability to finely regulate the elastic moduli of the scaffolds.54,71
Both unmodified and cationic cellulose films were cured in glyoxal solutions (1 – 12
wt. %) to achieve films with a range of crosslinking determined by HPLC (Figure B46). Quantifying the glyoxylic acid concentration post base hydrolysis enabled the
degree of crosslinking (DXL) to be calculated. The DXL ranged from 0.3 – 2.6 %
(controlled by initial glyoxal concentration), with minimal difference between the
starting cationic or unmodified cellulose films.
Crosslinking of cationic cellulose films increased both bulk elastic modulus and
surface shear modulus (Figure 3.5a). The effect on the surface shear modulus was
greater, which is significant, as the surface shear modulus more closely reflects the
scaffold property defining the micro-environment at the cell-scaffold interface. The
mechanical properties of the scaffolds could be tuned to further regulate cell
response on the cationic scaffolds (Figure 3.5b).
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Figure 3.5 a) Crosslinking of cationic (and unmodified) cellulose films lead to an increase in
the bulk elastic modulus (measured on samples equilibrated at 80 % relative humidity, n=5,
2
error bars show standard error, cationic cellulose, R = 0.907) and surface shear modulus
2
(n=4; error bars show standard error, cationic cellulose, R = 0.989 for data fitted to a
logarithmic expression). b) Modulating the structural properties of the scaffolds through
glyoxal crosslinking had minimal effect on cell attachment, but a significant influence on the
degree of cell spreading observed after 24 h incubation. Change in MG-63 cell aspect ratio on
cationic cellulose scaffolds (DS 4.7 %) with increasing surface shear modulus, after 24 h
o
incubation at 37 C in 5 % CO2 (n= 51 – 116, error bars show standard error). Untreated
cellulose scaffolds had an average cell aspect ratio of 1.86 ±0.1, which increased significantly
increased upon crosslinking. MG-63 cells, incubated on tissue culture polystyrene, were used
2
as the control: average cell area 1725 ±129 cm and aspect ratio 2.68. Samples marked ***
were significantly different from non-crosslinked cationic cellulose with p < 0.001.

The bulk elastic modulus for the unmodified cellulose film (Figure B.10) was 2677
±195 MPa which rose to 4775 ±182 MPa at a DXL of 2.6 mol % (comparable with
values of 3917 MPa for cross-linked cellulosic materials previously reported.72,73
Prior to crosslinking, cationic cellulose films exhibited elastic moduli very similar to
that of unmodified cellulose, indicating that the integrity of the bulk films was not
compromised by the cationisation reaction. As expected, crosslinking stiffens the
cellulose films (and reduces swelling when exposed to moisture 52), but, notably (and
unexpectedly) the influence of crosslinking on the surface shear moduli was
significantly greater than the effect on the bulk. An almost tenfold increase in
surface shear modulus occurred upon crosslinking unmodified films (Figure B.11);
from 38 ±2 kPa to 332 ±37 kPa and this trend was reflected for cationised films,
although the shear modulus values differed at higher degrees of crosslinking, 448
±35 kPa vs. 332 ±37 kPa. It is postulated that the chemical surface modification
enhances crosslinking efficiency at the surface, either by more efficient reaction
(with the introduced secondary alcohol beta to an ether and quaternary ammonium
group), or by enhanced swelling, in the aqueous glyoxal solution, of the modified
surface layer.
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Cell attachment was not significantly altered upon increase in elastic, or surface
shear moduli, thus, surface charge was deemed to have the greatest impact on
facilitating cell attachment. However, changes in cell morphology, as measured by
aspect ratio were much more dramatic.
3.5.5

Influence of structural modification on cell response - cell
morphology

The significantly greater effect of cross-linking than cationisation on cell elongation
and thus aspect ratio is illustrated in Figure 3.6a and b. Substrate stiffness has been
previously reported, by Bae et al., to activated FAK signalling, stimulating N-cadherin
expression and increased cell spreading 74 and the effect of stiff tissue culture plastic
on cell spreading is known: normal adherent cells probe elasticity as they anchor and
pull on their surrounding and it has been demonstrated that, on stiffer materials,
tactile sensing of the substrate by fibroblast cells feeds back on adhesion and
cytoskeleton development, resulting in stronger adhesion and cell spreading.23,38
Therefore, modulating the scaffold mechanics can be used to further regulate cell
response. It is recognized that cell response may vary from cell line to cell line,
however, in this study MG-63 cells were used to probe the scaffold mechanics as
they are robust yet behave in a manner similar to an osteoblast cell phenotype.75
Furthermore, MG-63 cells have been shown to spread on chitosan scaffolds with
similar, or greater, stiffness than the cationic cellulose scaffold 68. In this case it is
possible to regulate cell attachment and spreading through modulating the scaffold
surface charge and mechanics. Soft scaffolds do not provide enough resistance to
counterbalance the tension generated by anchored MG-63 cells; as a result fewer
focal adhesions are formed and cells retain their spherical shape.23,38 It has been
suggested that MG-63 cells form stronger adhesions to stiffer scaffolds due to
increased shear stress exerted on the actin fibres as they contract, resulting in a
greater degree of spreading and increase cell-ECM interface area.76
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Figure 3.6 a) MG-36 cells appeared to spread out more on the stiffer cationic cellulose
scaffolds cross-linked with glyoxal. Optical microscope image of cells adhered to cationic
o
cellulose scaffold after incubation at 37 C and 5 % CO2: i) 1 h cationic cellulose, ii) 24 h
cationic cellulose, iii) 1 h cross-linked cationic cellulose and iv) 24 h cross-linked cationic
cellulose. The DS used was 4.7 % and DXL was 2.6 %. (The blue coloured structures are the
DAPI stained nuclei and green staining, with 5(6)-carboxyfluorescein). Scale bar = 400 µm. b)
Influence of DS and DXL on MG-63 morphology; cell area (i) and aspect ratio (ii) on cationic
cellulose scaffolds (DS 0.6 and 4.7 %) treated with varying glyoxal concentrations ( 0, 1, 6 wt.
o
%) after 24 h incubation at 37 C in 5 % CO2, (n= 38 - 193; error bars show standard error).
Cell images were analysed by ImageJ to calculate the average cell aspect ratio and area
2
Tissue culture plastic was used as a control, which had an area of 1725 ±129 cm and an
aspect ratio of 2.37. Samples marked ***, ** & * were significantly different from uncrosslinked cationic cellulose with p < 0.001, p < 0.01 and p < 0.05 respectively. This data has also
been presented in a bar graph in Figure B.14.

As no statistically significant effect on cell spreading was observed on moderately
cationised cellulose compared to the unmodified cellulose scaffolds, crosslinking
was used to stiffen the scaffolds in order to regulate cell spreading. To assess the
influence of cross-linking on cell spreading, a cationised cellulose film, with low DS,
was used to facilitate the cell attachment only, thus allowing the effect of
crosslinking and further cationisation to be determined. The effect of increased
scaffold stiffness, particularly at the surface, is important as, once cells have
attached to the scaffold, responses such as: migration, proliferation and
differentiation (in the case of stem cells) are all initiated by a change in morphology
of the attached cell, i.e. elongation of the cell through spreading. Thus, the ability to
tune the mechanical properties of cationic cellulose scaffolds by glyoxal crosslinking
in order to regulate cell response, demonstrated here, could provide advantages in
clinical application, complementing approaches such as blending with hard particles
49

, or increased fibril density in bacterial cellulose.77–79
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Thus, we have demonstrated that cellulose can form a promising and simple to
modify cell scaffold material and that the combination of chemical surface
modification, to introduce positive surface charge, and cross-linking, to modulate
scaffold surface stiffness, provides cells with the necessary signaling required for cell
attachment and spreading. It has been previously reported that the MG-63 cell line
is a representative model of the osteoblast phenotype and can be used to
investigate osteoblast function.75 The values obtained for variously cross-linked
cationic cellulose, with surface shear modulus ranging from 40 to 450 kPa, suggests
that these scaffolds could mimic myocytes of skeletal muscle and osteogenic
environments, which have the potential to be used to generate functional
musculoskeletal tissue.80
Further, modulated spreading suggests opportunities in differentiation of
mesenchymal stem cells (MSCs), given their propensity to differentiate into cell
lineage guided by scaffold elasticity - a range of scaffold types could be developed to
facilitate the production of different linages, for example, soft hydrogels to rigid
composites suitably mimicking brain and musculoskeletal tissue respectively.38 This
offers potential advantages in:


scaffold production (no sensitive proteinaceous components that can be
prone to contamination or requiring special storage);



scaffold use (mitigation of personal sensitivities, e.g. veganism, pertaining to
use of animal derived materials); and



clinical applications: these functionalised scaffolds could be seeded with
cells and implanted into the patient without ligand pre-treatment prior to
cell seeding. Once cells were adherent to the implant these could begin to
produce their own extracellular matrix and would be supported by the in
vivo environment.

3.6 Conclusion
Tailored functionalised biomaterials based on cationic, crosslinked cellulose have
been developed and demonstrated to support cell attachment and spreading,
without the use of matrix proteins. Derivatisation of cellulose surfaces with the
epoxide GTMAC - to yield positively charged cellulose surfaces - enables both
attachment and spreading of cells directly on cellulose scaffolds. No added proteins,
or ligands, are required. Modulated cross-linking, with glyoxal, produced materials
with variable (and tunable) surface shear moduli that resulted in differential cell
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spreading, suggesting a simple, but effective mechanism to control response. The
chemical reactions required are easily effected and the degree of both cationisation
and cross-linking can be controlled. Cationisation does not compromise the integrity
of the bulk material and, while crosslinking renders the bulk stiffer, the effect is
greatest at the surface, thus the cell/scaffold interface can be tuned without
significantly compromising the mechanical strength of the bulk construct; potentially
beneficial in complex 3D scaffold constructs designed to mimic a particular organ or
biological component. The elastic moduli of the crosslinked scaffolds mimicked that
of myocytes and osteogenic tissue, suggesting the potential to develop such
materials into tailored scaffolds to produce musculoskeletal tissue from MSCs.
Cell studies demonstrated that cell response could be further regulated by tuning
the surface stiffness of the scaffolds. Thus, combining these approaches, of minimal
surface modification to enable ligand-free cell attachment and modulation of
mechanical properties by cross-linking, with addition of hard particles to form
composites, promises to greatly extend the range of cell environments that could be
mimicked.
Finally, tuning properties using cellulose as a base material and requiring only two
facile chemical modifications at varying levels, offers potential advantages in
production: a range of materials could be “dialed-up” and one production method
could produce a range a scaffolds, or even a range of properties within one scaffold
making production cost effective and enabling scale up of these two-component
systems.
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Chapter 4

4

Paper 4: Simple to fabricate, micropatterned, 2D
cellulose scaffolds for localised cell attachment
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4.0 Publication Commentary
The ability to control where cells attach on a scaffold has many applications in tissue
engineering. These include: creating cell-clusters used as in vitro tissue models for
the high throughput screening of active ingredients; introducing alignment of cells
for development of more complex functional and co-culture of different cell types
on one scaffold.
In the previous chapters it has been demonstrated that cationisation of cellulose, to
produce positively charged surfaces, enhances cell adhesion. The main focus of this
chapter was to develop a methodology to reduce the area of cationic modification
from the bulk to <100 µm, as it was proposed that the placement of cell attachment
can be controlled and localised to this region. Preliminary studies were carried out
using pipettes and syringe needles to deposit GTMAC onto the films of cellulose.
These methods could be produce circles and lines, but the resultant patterns were
too large to be used, as the thinnest line produced using a syringe needle was 200
µm across. The target size of the patterns was in the order of 10s of microns; given
the diameter of MG-63 cells are between 10 – 20 µm.
Thus, the aim was to utilise reactive inkjet printing to deposit micro droplets of
“reactive-inks”, e.g. GTMAC, onto cellulose film surfaces, to form micro-patterns.
First the suitability of GTMAC as a “reactive-ink” needed to be assessed so that
GTMAC droplets could be jetted onto the cellulose film surfaces by a piezoelectric
head inkjet printer. Viscosity and interfacial surface tension of the ink can influence
its ability to jet. Furthermore, protocols needed to be developed to visualise and
characterise the cationic cellulose features present on the scaffold surface.
Investigations into whether MG-63 cells would preferentially attach to the positively
charged micro-patterns and if cell spreading was restricted to within these regions
was conducted, as this could be developed to guide cell alignment.
It had been planned to use electric force microscopy (EFM) to map the change in
dC/dz across the printed cationic islands. However, due to the closeness in dC/dz
values between unmodified and cationic cellulose we were unable to distinguish
between the droplet and background using this technique. It was apparent that to
print patterns with increasing density of drops to form a gradient in DS across the
film, the resolution of the gradient would be limited to ~ 50 µm, i.e. the smallest
circle that can be printed. Furthermore, this would not be a continuous gradient,
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rather areas of high DS surrounded by areas of unmodified cellulose, which would
gradually decrease as droplets were printed closer together, until a continual line
was formed. There is potential to overcome this issue using laser lithography as an
alternative method of patterning the films.
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4.2 Abstract
Finely patterned cellulose film based scaffolds were prepared by “reactive inkjet
printing” of glycidyltrimethylammonium chloride.

MG-63 cells preferentially

attached to, and spread on, the resulting islands of “cationic cellulose” of ~47 µm in
diameter, demonstrating directed cell attachment, important for creating cellular
constructs in tissue engineering. The fabrication technology uses established, robust
chemistry, to yield reproducible, regularly patterned surfaces and is scalable and
cheap, requiring little specialised equipment, thus could be widely applied where
control of cell placement is required.
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4.3 Introduction
The ability to direct cell attachment to specific parts of a scaffold surface has
significant potential to further the construction of complex tissues ex vivo by
introducing cell alignment, arrangement and orientation organised in a specific
manner. Surface patterning of scaffolds with the matrix ligand RGD at <100 µm in
scale, has been demonstrated to yield aligned cells, which potentially enables the
culture of aligned tissue – especially useful for muscle and nerve cells.1,2
Furthermore, well controlled directed cell attachment could also lead to the
production of cell co-cultures whereby multiple cell types are seeded onto scaffolds.
This approach is designed to provide heterogeneous cultured tissues more closely
mimicking natural tissues.
Technologies used to control cell attachment through surface patterning of scaffolds
include: microcontact printing,3 spatial control of single cells,4 photolithography,5
laser-directed cell-writing,6 dip-pen nanolithography,7 and inkjet printing of surface
modifiers and/or cells.8 While all such methods yield patterned surfaces and aid in
control of positioning of cells, some are complex to implement, while others require
highly specialised materials, or equipment. Many are difficult to scale up, limiting
manufacturability. Printing based techniques are attractive, as printers are widely
available and can be customised to print surface modifiers, or biomolecules, onto
scaffolds to produce the protein arrays 9 and cell patterns.10
To ensure that scaffolds developed can be manufactured at scale, with minimal use
of animal derived products, the choice of a biocompatible, readily available, natural
biopolymer is desirable. Here we select plant cellulose, which has been
demonstrated to be processable into a range of tissue scaffold materials with
appropriate tensile strength for a given application

11

). This polysaccharide is

biocompatible, but matrix ligands are usually required to facilitate cellular
attachment, as cellulose lacks integrin binding sites.12
We have recently demonstrated that cells may be induced to attach to surface
modified cellulose without addition of adhesion proteins.13 The introduction of
positively charged tetra-alkylammonium groups onto cellulose (by reaction with
glycidyltrimethylammonium chloride, GTMAC) facilitates cell attachment. Here cell
seeding and attachment proceeds in serum free medium, with foetal bovine serum
(FBS) added only during the cell expansion phase.
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Herein we report the development of surface modified cellulose scaffolds
micropatterned with modified, positively charged regions in well-defined arrays, to
control cell adhesion and placement. Chemistry that is amenable to scaling-up and
rapid printing - grafting of the epoxide GTMAC via nucleophilic addition to alkaliactivated cellulose hydroxyl groups

14,15

- is combined with inkjet printing using

unmodified commercial printers, to simply and rapidly decorate cellulose films with
micro-patterns, so directing and controlling cell attachment in a manner that is
quick, simple, flexible, amenable to scale-up and yields scaffolds that can be stored
without degradation, yet requires no specialised equipment, or added adhesion
proteins. This has the potential to unlock novel innovation opportunities at both
research and industrial level.
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4.4 Experimental Procedures
4.4.1

Materials and methods

For

surface

modifications,

sodium

hydroxide

pellets

(≥98

%),

glycidyltrimethylammonium chloride (GTMAC) (≥90 %) were purchased from SigmaAldrich®. For cell investigations Dulbecco’s Modified Eagle Medium (DMEM)
(GlutaMAX™), non-essential amino acids (NEAA), sodium pyruvate (NaPyr), trypsin
(0.05 %) and trypan blue (0.4 %) were purchased from Gibco® and stored at 4 °C.
Foetal bovine serum (FBS) (non-USA origin), MG-63 cells, Triton-X and formaldehyde
(37 % in 10-15 % methanol H2O solution) were purchased from Sigma-Aldrich®.
Phosphate buffer solution (PBS) was purchased from HyClone® (0.1 μm sterile
filtered),

6-diamidino-2-phenylindole

(DAPI),

phalloidin-FITC

and

penicillin

streptomycin (PenStrep) from Life Technologies. Norland optical adhesive 63 was
purchased from Norland Products. All materials were used as received.
4.4.2

Inkjet printing of reactive inks

Arrays of “islands” of surface modified cellulose were obtained by inkjet printing
neat GTMAC (Sigma Aldrich) onto alkali activated, dried cellulose films (cellulose
dialysis tubing MWCO 12400, Sigma Aldrich D0530) using a Fujifilm Dimatix printer
with DMC 11601 or 11610 print cartridges (16 nozzles at 254 µm spacing, equivalent
to 4 drops per mm) delivering droplet volumes of 1 or 10 pL respectively.
Piezoelectric print heads were heated to 40 °C and a jetting voltage of 27 mV
applied. (Determination of “ink” interfacial tension, optimisation of composition and
stability of GTMAC to hydrolysis at elevated temperature, for reactant delivery via
jetting from a print head is described in detail in the Appendix C.) Etherification was
initiated by heating the micropatterned films to 65 °C for 75 min following which
films were washed (DI water) and dried. Micropatterns were stained with 5(6)carboxyfluoroscein and visualised using an EVOS optical microscope (470 nm light
source / 535 nm emission filter), or a LSM 510 META confocal scanning microscope
with an EC-Plan_Neofluor 20x/0.5 PH2M27 lens (Ar laser excitation, λ= 488 nm). To
determine the thickness of cationic islands, an optical slice of 25 µm was generated
by combining 11 x 5 µm slices overlapped by 50 % in the z-axis.
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4.4.3

Directed cell attachment

Pretreatment of cellulose materials, analysis of the degree of substitution and cell
studies followed the protocols previously described by Courtenay et al. 2017

13

.

Briefly, for cell attachment, MG-63 cells were seeded at 100,000 cells cm-2 in serumfree Dulbecco's Modified Eagle Medium (DMEM) and incubated for 1 h (37 °C, 5 %
CO2) before medium (and unattached cells) was removed scaffolds washed and cells
fixed (formaldehyde, 15 min) and stained with DAPI prior to visualisation (EVOS
optical microscope). For cell morphology studies cells were seeded at a density of
2,500 cells cm-2 (serum free DMEM). After 1 h incubation, unattached cells/medium
were removed as above, serum containing medium added and cells incubated for 24
h, prior to fixing, washing, permeabilisation (0.1 % Triton-X, 15 min), washing,
staining (FITC-phalloidin dilution 1:100, 40 min) and analysis to quantify cell area and
aspect ratio using imageJ software.
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4.5 Results and discussion
4.5.1

Micropatterned surfaces

Having demonstrated previously that bulk modification of the surface of cellulose
with GTMAC led to enhanced cell attachment, even at low degrees of substitution 13,
the next step was to direct cell attachment to specific regions, at the micron scale,
i.e. to prepare micropatterned surfaces to direct cell attachment. This was achieved
using an unmodified Dimatix inkjet printer to jet droplets of GTMAC directly onto
commercially available smooth cellulose films (Figure 4.1a), which, when reacted
under moderate heating (65 °C), resulted in well-defined, discrete islands of
modified cellulose (Figure 4.1c and d).

Figure 4.1 a) Schematic illustrating the Dimatix ink jetting process. b) Interfacial surface
tension measurements at the air/liquid interface for GTMAC solutions of varying
concentrations. c) Cationic islands on cellulose films formed by inkjet printing and reaction of
GTMAC (stained with 5(6)-carboxyfluorescein and visualised by confocal fluorescent
microscopy); the average droplet diameter is 80 ±4 µm (scale bar = 1000 µm). d) Z-stack of
confocal images of one cationic island, showing the lens shaped cross-section; the average
lens thickness is 15.7 ±0.4 µm (scale bar = 20 µm).

As high resolution inkjet printing requires “inks” with suitable physical properties to
jet effectively, the air-water interfacial tension (IFT) of a range of GTMAC aqueous
solutions was determined by pendant droplet measurements. An appropriate IFT for
jetting droplets is between 32 – 42 mN m-1; high enough to retain the ink in the
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Publication 4

nozzle without dripping, yet low enough to allow droplets to be expelled by
piezoelectric activation. Addition of GTMAC to water reduced the IFT, with the
lowest value, 65.3 ±0.3 mN m-1, measured for neat reagent (Figure 4.1b). This IFT
value still exceeded the optimal range for effective jetting, and prevented the
piezoelectric transducer from priming the nozzle when jetting voltages of 20 – 40
mV were applied. While surfactants, or other modifiers, are frequently incorporated
into ink formulations to lower the IFT, we preferred to avoid adding extra ink
components to reduce possible adverse effects on cell attachment. Instead, the
nozzles were heated to 40 oC, which lowered the IFT sufficiently to enable the jetting
mechanism to operate effectively, yet remains a low enough temperature to avoid
pre-reaction of GTMAC with, for example, atmospheric moisture, as illustrated by
variable temperature NMR studies of hydrolysis of GTMAC (Figure C.1-5).
This methodology was used to produce arrays of uniform GTMAC droplets, arranged
at a spacing of four droplets per mm, on cellulose films. Upon reaction, initiated by
heating to 65 °C for 75 min, these yielded discrete, well-defined “cationic islands”
patterning the surface of the 2D cellulose scaffold. Using neat GTMAC reagent as the
ink, with attendant high IFT, resulted in minimal wetting of the cellulose upon
droplet settling, thus preventing “bleeding” of the droplets and coalescence beneficial for retaining the high resolution of the array of printed cationic islands
(Figure 4.1c). The smallest cationically surface modified islands produced by this
technique had an average diameter of 47 ±2 µm. This scale is suitable for directed
cell attachment, as it allows for multiple cells to adhere to each island. Further
probing of the derivatised regions with laser scanning confocal microscopy showed
that GTMAC derivatisation was homogeneous across the island surface and, in crosssection, the islands appeared as flattened lenses with average thickness of 15.7 ±0.4
µm (Figure 4.1d).
4.5.2

Directed cell attachment

Using this novel approach, it was possible to control attachment of MG-63 cells to
the surface (Figure 4.2a, b and c), limiting these to the printed ‘islands’ thus
directing cell attachment by patterning the cellulose scaffold surface (Figure 4.2d, e
and f).
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Figure 4.2 Optical microscope images of cells attached to cationised, patterned cellulose
-2
o
scaffolds following seeding at a density of 100,000 cells cm and 1 h incubation at 37 C and
5 % CO2 (DAPI stained cell nuclei appear blue, while green fluorescence demarcates the
cationised regions on the cellulose film, scale bar = 400 µm). a) MG-63 cells attached to bulk
cationised cellulose films (DS 9.2 %). b) MG-63 cells attached to patterned cellulose films.
The majority of cells are attached to the modified islands only. c) Histogram indicating
distribution of cells attached to the patterned scaffolds. d) Fluorescent image of the
cationised regions on the cellulose film. e) Overlay showing cells preferentially attached to
the GTMAC derivitised regions of cellulose, indicating directed cell attachment. f) Cell growth
o
after 24 h at 37 C and 5 % CO2 on cationic cellulose islands, seeding density of 10,000 cells
-2
cm .

The level of cationisation on islands is high, thus it is fortuitous that, as we have
reported, cell attachment and adhesion is not sensitive to high degrees of
derivatisation, i.e. a plateau in optimum derivatization is reached, not a maximum 13.
This allows for fine control of reagent placement using jetted droplet printing of
concentrated GTMAC (Figure 4.2e), which has an appropriate viscosity for printing. It
is clearly visible in Figure 4.2e that MG-63 cells preferentially attached to the
cationic islands and did not attach to unmodified cellulose. It is postulated that this
initial directed attachment results from complementary electrostatic interactions
between the cell membranes and quaternary ammonium groups,16 but here we
have also demonstrated that cells spread well on such “cationic cellulose” surfaces
as illustrated by the changes in cell morphology (Figure 4.3a and c) and cell
spreading (Figure 4.3c and d). Cell attachment on patterned cellulose was 41 ±7 %
compared to a tissue culture plastic control, but cell attachment per cationic island
(area of 9173 ±14 µm2), was slightly greater than the initial seeding as the cells
became localised to the island.
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Reduction in island size was facilely achieved by reduction in inkjet nozzle droplet
volume (here 10 and 1 pm droplet volumes yielded islands with diameters 80 and 47
μm), however, there is further scope for refining island size by also formulating inks
with properties that minimise wetting. Thus, there is scope to develop this
methodology further to produce islands small enough to allow a very small number
of cells, or even a single cell only, to attach. As arrays of individualised cells have
potential applications as models for studying cell responses to external cues and
high throughput screening of pharmaceutical drugs17 this approach is being further
explored.

Figure 4.3 a) Cell area and c) cell aspect ratio on tissue culture plastic (control), unmodified
o
cellulose, cationic cellulose and cationic cellulose islands, after 24 h at 37 C and 5 % CO2.
Optical images of b) cell spreading on bulk surface cationised cellulose and d) cationic
cellulose islands (DAPI stained nuclei appear blue and phalloidin-FITC stained cell
membranes, green, while the red stain, 5(6)-carboxyfluorescein, demarcates cationised
regions on the cellulose film). Scale bars: b) 400 µm and d) 200 µm.

An increase in cell population and morphological changes after 24 h incubation
indicated that MG-63 cells remain viable on the cationic cellulose islands. Cell area
expansion (Figure 4.3a) and spreading (Figure 4.3c) was observed on both cationic
cellulose and on the cationic islands (Figure 4.3b and d). It has been previously
reported that elongated surface micron/submicron patterns resulted in alignment of
cells, as elongation could only occur within the modified regions.2 Interestingly, here
the elongation of cells was not only confined within the boundaries of the cationic
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regions, with cells appearing to have spread somewhat onto the surrounding
unmodified cellulose (Figure 4.3d), suggesting that these islands could be used as
seeding sites for developing clusters of cells for further testing, or for development
of textured tissues.
Patterns accessible by reactive inkjet printing were not limited to dots, but could be
extended to lines (Figure C.6a-d) and gradients (Figure C.7a-f). The range of patterns
that can be generated using inkjet printing is vast (although maximum resolution is
defined by drop size) and cellulose substrates could be bespoke patterned for
particular applications depending on the cell type, or phenomena, in question.
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4.6 Conclusion
In summary, reactive printing, using unmodified commercial printers and a
commercially available reagent, GTMAC, allowed for rapid and reproducible
patterning of cellulose films, providing 2D scaffolds that facilitated directed
attachment of cells. Demonstrated here for arrays of dots that reflect individual
GTMAC reactant droplets, islands with average diameter of only 47 ±2 µm were
achieved. This surface patterning is of dimensions that point to opportunities in cell
alignment (cell diameter 10 – 20 µm) via surface patterning. Thus, the attachment of
cells to selected regions of the scaffold can not only be achieved in protein free
media and increased over that achieved for bulk modification, but also directed and,
potentially, aligned. This is an important step towards the culture of cells on
contained regions of a substrate. Using inkjet printing, other geometries, features,
and patterns can be generated using GTMAC, or other reagents, as the ink.
Notably, this chemistry, known for polysaccharides, is directly translatable to any
scaffolds bearing surface hydroxyl, or similarly reactive, groups. Additionally, other
reactive chemistries could be applied using this methodology. A micropattern
produced using multiple ink reagents, resulting in a scaffold with defined regions of
variable surface chemistries, could lead to production of cell co-cultures with
multiple cell types seeded onto the patterned scaffolds, which better reflects natural
tissue and provides for development of tissue functionality.18 Opportunities extend
beyond the production of ex vivo tissues for clinical applications – for example,
isolation of small groups of cells, or even individual cells, offers opportunities in
screening of active agents, such as drugs, and selection of suitable patterning
chemistries could lead to co-localisation of muscle and fat cells, of potential utility in
synthetic meat production.
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Chapter 5

5 Paper 5: Unravelling cationic cellulose nanofibril
hydrogel structure: NMR spectroscopy and small angle
neutron scattering analyses
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5.0 Publication commentary
So far the cationic cellulose scaffolds produced had been in the form of 2D films.
Reasons why 2D scaffolds would be used in cell culture include: relative ease of
production, routine cell expansion and the ease probing cell-substrate interactions
e.g. by microscopic analysis. However, the thickness of a cell construct growing on a
2D surface is limited to ~200µm, due to low mass transfer of nutrients and O2 into
the tissue. Moreover, the environment that cells experience on a 2D film is not
representative of 3D tissue and therefore they may respond differently to the
scaffold. This is an issue when using cell cultures as a model for in vivo tissue in drug
studies, for example.
In order to make 3D cellulose structures, cellulose material needed to be prepared
in a form whereby they can be processed. Dissolving cellulose in an ionic liquid,
followed by antisolvent regeneration can be used to produce 3D hydrogels. These
materials can be lyophilised, resulting in porous aerogels (foams) with the desired
porosity for suitable mass transfer.
In this chapter a different approach is adopted. Cellulose nanofibrillar surfaces were
modified utilising the same chemistry as described in previous chapters. The
cationisation of the cellulose lead to the formation of cationic cellulose nanofibrils
(CCNF) which could be dispersed in H2O forming stable hydrogels due to the chargecharge repulsion between CCNF. These hydrogels could now be further processed
into a range of shapes and structures.
As hydrogel structure would be expected to influence aerogel structure this was
investigated. The fundamental structure and form of the cationic nanofibrils was
probed by small angle neutron scattering (SANS), NMR and transmission electron
microscopy. SANS is a very powerful technique commonly used to probe the
structure and interactions within soft matter and relies on the scattering length
density (SLD) differences between elements, commonly hydrogen and deuterium.
Unlike X-rays which are scattered by interaction with electron density, which
increases periodically with atomic number, neutrons interact with the nucleus and
the SLD of neutrons varies by element and isotope. It is fortuitous that hydrogen and
deuterium nuclei have very different SLDs, as many compounds can be prepared in
deuterated forms. Usually, when conducting SANS experiments, several samples are
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prepared with different contrast combinations. For example for a CCNF hydrogel: HCCNF in H2O; H-CCNF in D2O; D-CCNF in D2O and D-CCNF in H2O. Scattering data is
obtained for each of these contrasts and an appropriate model can be used to fit to
the data. The more contrasts prepared the more accurate the fit to the model will
be. However, in our case it was very difficult and extremely costly to obtain
deuterated cellulose thus only the two contrasts could be studied (H-CCNF in H2O;
H-CCNF in D2O).
Appropriate selection of the model used to fit the scattering data is important for
accurate fits of model parameters to data. Various models were tested, beginning
with a simple rigid cylinder, but the best fit was found to be a flexible, ellipsoidal
cylinder model. This model is of a number of locally stiff, ellipsoidal cross-section
rods, defined by the key parameters: cross-section minor radius, ra; axis ratio, rb; and
Kuhn length, b. SANS data alone were not sufficient to fully describe the structure
and interaction of CCNF as the SANS instrument used (SANS2d) could only probe Qranges of 0.02 < Q nm-1 <20 (Q representing reciprocal space), which corresponds to
real space sizes of 0.25-300 nm. Although CCNF cross-sections are only a few nm,
the fibril lengths are >100 µm, much larger than the accessible Q-range could probe.
Instead, a combination of techniques was used to provide a complete picture to best
understand the structure and molecular interactions between modified nanofibrils.
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5.2 Abstract
Stiff, elastic, viscous shear thinning aqueous gels are formed upon dispersion of low
weight percent concentrations of cationically modified cellulose nanofibrils (CCNF)
in

water.

CCNF

hydrogels

produced

from

cellulose

modified

with

glycidyltrimethylammonium chloride, with degree of substitution (DS) in the range
10.6(3) – 23.0(9) %, were characterised using NMR spectroscopy, rheology and small
angle neutron scattering (SANS) to probe the fundamental form and dimensions of
the CCNF and to reveal interfibrillar interactions leading to gelation. As DS increased
CCNF became more rigid as evidenced by longer Kuhn lengths, 18 – 30 nm, derived
from fitting of SANS data to an elliptical cross-section, cylinder model. Furthermore,
apparent changes in CCNF cross-section dimensions suggested an “unravelling” of
initially twisted fibrils into more flattened ribbon-like forms. Increases in elastic
modulus (7.9 – 62.5 Pa) were detected with increased DS and 1H solution-state NMR
T1 relaxation times of the introduced surface -N+(CH3)3 groups were found to be
longer in hydrogels with lower DS, reflecting the greater flexibility of the low DS
CCNF. This is the first time that such correlation between DS and fibrillar form and
stiffness has been reported for these potentially useful rheology modifiers derived
from renewable cellulose.
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5.3 Introduction
Cellulose fibres can be processed into an array of nanoparticles including
nanocrystals, nanowhiskers, and micro- and nanofibrils.1 An array of mechanical
nanofibrillation methods, enzymatic pretreatments and chemical modifications have
been applied to yield so-called ‘nanofibrillated’ cellulose, as summarised in the
comprehensive review by Kalia et al.2 First described by Rånby in 1951,3 cellulose
nanocrystals and nanowhiskers are usually prepared by strong acid hydrolysis of
cellulose fibres to yield stiff rod-like, crystalline cellulose nanoparticles with
diameters ranging from 2 to 20 nm.4–6 These nanoparticles have an axial elastic
modulus greater than that of Kevlar, and thus are of interest in the composite
materials industry,7 however, up to 80 % of the cellulose mass is lost during the
hydrolysis process. As an alternative method to produce nanoparticulate cellulose
Saito et al. demonstrated that oxidation, followed by relatively gentle shear, led to
aqueous dispersions of oxidised cellulose nanofibrils with a cross-section of 3 – 5
nm.8,9 This method results in conversion of between 80 and 90 % of the input
cellulose into the product nanofibrils.
Well dispersed cellulose nanocrystals and nanofibrils have been widely used to form
hydrogels,10,11 which are cross-linked by physical interactions (van der Waals forces),
chain entanglement, hydrogen bonds, and hydrophobic and electrostatic
interactions. In addition to the significantly enhanced yields of cellulose nanofibrils
(CNF) achieved by dispersion following chemical modification, such as oxidation,
hydrogels can be formed by dispersion of small quantities of CNF in water. As the
nanofibrils have a very large aspect ratio and retain a degree of fibril flexibility, these
can be induced to form gels at low weight percent inclusion.12 Many reports have
appeared of chemical modification of hydroxyl groups exposed on the surface of
cellulose materials, leading to new applications for cellulose as a biomaterial,13 drug
delivery vehicle14 or water purifying agents15 and there is a wide array of chemistry
that can be applied to derivatisation of exposed hydroxyl groups including:
oxidation,16 grafting of cationic tetralkylammonium groups,17 sulfonation,18
silylation,19 acylation,20 grafting of a range of substituents through ester linkages21
(generated by reaction with acid anhydrides,22 or chlorides23), and formation of
polyurethane linkages by reaction with isocyanates24 (Scheme 5.1). Modification of
the surface exposed hydroxyl groups leads to disruption of the non-covalent
interactions between bundled cellulose fibrils, allowing dispersion of the
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individualised CNF in water leading to formation of hydrogels.25 The driving force for
the formation of modified cellulose hydrogels is the molecular self-assembly of
nanofibrils through electrostatic repulsion of charged functional groups,
hydrophobic interactions and hydrogen bonds.26

Scheme 5.1 Examples of some chemical modifications possible by reaction of the hydroxyl
groups exposed on the surface of cellulose nanofibrils: a) sulfonation; b) (2,2,6,6tetramethylpiperidin-1-yl)oxyl (TEMPO) mediated oxidation; c) ester formation by reaction
with acid chlorides; d) grafting of tetra-alkylammonium groups by reaction with
glycidyltrimethylammonium chloride (GTMAC); e) grafting via ester linkages generated by
reaction with acid anhydrides; f) formation of urethanes by reaction with isocyanates; and g)
silylation.

Two simple to execute and easily scaled up reactions allow production of charged
cellulose fibrils: derivatisation with GTMAC17,27 or TEMPO-mediated oxidation8,9,28
provide positively charged tetra-alkylammonium groups and potentially negatively
charged carboxylate groups, respectively. Both modifications enhance the
dispersibility of the functionalised CNF in water. For brevity these modified CNF are
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henceforth referred to as cationic cellulose nanofibrils (CCNF) and oxidised cellulose
nanofibrils (OCNF).
A wide range of techniques has been used to characterise the surface modification
of these nanofibrils: infrared (IR) spectroscopy and zeta-potential measurements are
commonly used to identify the new functional groups present and determine
whether the surface charge has changed.17,29–31 The degree of derivatisation
(oxidation or substitution) is determined through an acid-base titration for oxidised
cellulose and conductometric titration with AgNO3 for cationic cellulose.16,27,32
Recently, Kono & Kusumoto demonstrated that the degree of substitution (DS) on
CCNFs could be calculated through quantitative

13

C solid-state NMR studies, thus

supporting conductometric measurements.33 Furthermore, small angle neutron
scattering can be used to determine the cross-section shape and dimensions of the
nanofibrils as well the structure of hydrogels.12,34
While the structure of OCNF and hydrogels formed from OCNF dispersions have
been extensively probed,8,9,20,28,35,36 CCNF based hydrogels are less well described.
These would not be predicted to be interchangeable; CCNF bear fixed positive
charges in the form of tetra-alkylammonium groups, while the carboxylate moieties
on OCNF may be protonated, or coordinated with a range of metal ions. In spite of
the body of research into the characterisation of cationic cellulose nanofibrils, e.g.
quantifying DS and effect of DS on gelation and CCNF dimensions,17,27,37 there is little
understanding, at the molecular level, of CCNF surfaces and inter-nanofibril
interactions. Herein we describe the influence of DS on physical interactions of CCNF
probed using a combination of NMR spectroscopy, rheology and small angle neutron
scattering to provide greater understanding of these nanoparticle surfaces and
interactions.

122
Publication 5

5.4 Experimental Procedures
5.4.1

Materials and methods

-Cellulose

powder

(C8002),

sodium

hydroxide

pellets

(≥98

%),

glycidyltrimethylammonium chloride (≥90 %), 0.1 M AgNO3 aqueous solution (≥95
%), and HCl (reagent grade) were purchased from Sigma-Aldrich UK and used as
received. Aqueous solutions of AgNO3, NaOH and HCl were made up to the required
concentrations with deionised (DI) water. Sodium polyethylene sulfonate (1 mM,
average Mw 9,000 – 11,000 g mol-1) solution was supplied by Carisbrooke. Deuterium
oxide (D2O) was purchased from Goss Scientific.
5.4.2

Surface modification by derivitisation

Cationic cellulose: Following the semi-dry procedure described by Zaman,17 αcellulose was activated by mixing with 5 wt. % (relative to α-cellulose weight,
corrected for residual moisture content, determined by thermogravimetric analysis
(TGA) to be ca. 5 %) of powdered NaOH using a mortar and pestle for 5 min. The
mixture was transferred to a polyethylene bag followed by addition of 36 wt. % DI
water (relative to α-cellulose dry weight) and an appropriate measured quantity of
GTMAC (-cellulose:GTMAC molar ratios of 3:1, 2:1, 1:1, 1:2 and 1:3) was added
drop-wise to the mixture, the paste was kneaded to homogenise the reactants and
reacted at 65 °C for 75 min followed by purification by dialysis (Mw cut-off 12400
gmol-1) against copious quantities of DI water (refreshed regularly) for 72 h. The
product was concentrated by centrifugation, the supernatant discarded and a
sample freeze dried and accurately weighed to determine solids content.
Conductometric titration: Two conductometric titration methods were used to
determine DS, the molar percentage of tetra-alkylammonium chloride groups per
anhydroglucose unit (AGU) in the bulk product: 1) titration of chloride ions with
AgNO3(aq), as described previously13 and 2) using a Mütek Particle Charge Detector
(BTG) measuring the streaming potential of 0.25 wt. % cationic cellulose in DI water
titrated against a 1 mM sodium polyethylene sulfonate solution, following a method
previously described for poly(diallyldimethylammonium chloride),38 repeated for
volumes of 0.25, 0.50 and 1.0 cm3 of the CCNF suspensions.
Titre volume (Vt), titrant concentration (Ct), molar mass of AGU (Mc = 162.15 g mol1

), molar mass of substituent group (Ms = 151.63 g mol-1), cationic cellulose
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suspension volume (Vc), suspension concentration (Cc) from the Mütek titration and
TGA water content values (Tw) were used to determine the DS of the sample.
Substituent mole equivalent per g (Seq g-1) was determined from plotting molar
charge equivalent (eq) against weight of cellulose (g) with the gradient as eq g-1. The
degree of substitution can be calculated using Equation 1:
*

(

)

+

*

+

(Eq. 1)

Characterisation: FTIR spectra for α-cellulose and CCNF (DS = 23.0(9) %) powders
were obtained on a Perkin Elmer Spectrum 100 spectrometer with a universal ATR
sampling accessory; ten scans were acquired in the range 4000 – 600 cm-1 (Figure.
D.1, Appendix D). Prominent bands at 1440 cm-1 and 1483 cm-1 were attributed to
the CH2 bending mode and methyl groups of the moieties arising from GTMAC
reaction in accordance with data previously published.17
Transmission electron microscope (TEM) images of CCNF were obtained on a JEOL
JEM-2100Plus instrument with an operating voltage of 200 kV.

Before image

acquisition, samples were deposited on copper grid and negatively stained with
uranyl acetate.
5.4.3

CCNF stabilised hydrogels

Hydrogel formation: Bulk, never-dried CCNF dispersion (6.40 wt. %, concentration
accurately measured) was diluted with DI water to yield 4 wt. %, 2 wt. % and 1 wt. %
dispersions which were homogenised using an IKAT18 basic Ultra-Turrax high speed
homogeniser at 13,500 rpm for 15 min. Dispersion to form hydrogels was completed
by sonication using a VibraCell ultrasonicator (Sonics and Materials) at a power
output of 45 W.cm-2 using 1 s on/off pulses for 2 min. Dispersions were stored at 4
°C until required.
Hydrogel rheology: Dynamic rheology of the CCNF hydrogels was studied using a
Gemini Advanced Cone and Plate Rheometer (Bohlin Instruments); distance
between cone and plate 150 µm and cone angle 4. CCNF 2 wt. % suspensions with
DS ranging between 10.6 – 23.0 % were analysed with gel samples placed on the 40
mm diameter plate and allowed to relax for 5 min prior to measurement. An
oscillatory shear sweep (0.01 – 10 Hz) was used to determine the dynamic viscosity
(η’), elastic storage modulus (G) and loss modulus (G). A thixotropic loop was
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performed by measuring the shear viscosity over a ramp of 0.01 – 150 s-1 followed by
return to 0.01 s-1 with zero strain applied.
5.4.4

Cationic cellulose nanofibril characterisation

Nuclear Magnetic Resonance (NMR) spectroscopy: Solid-state NMR spectroscopy
was used to detect the presence of functional groups on the CCNF. These
experiments were conducted using a Bruker Avance III spectrometer equipped with
a 4 mm wide bore probe and operating at 1H and

13

C frequencies of 400.23 and

100.65 MHz, respectively. Hydrogels were transferred into Kel-F inserts using a
needle and syringe. Lyophilised cationic and α-cellulose powders were packed
directly into zirconia rotors. 1H-13C cross-polarisation magic angle spinning (CP/MAS)
NMR experiments of hydrogels were performed using recycle delays of 20 s, 1094
scans and MAS rates of 5 kHz. 1H-13C CP/MAS NMR experiments of reference
powders were performed using recycle delays of 20 s, 256 scans and MAS rates of 5
kHz (Figure D.5). CP kinetics curves were measured using contact times from 0.005
to 10 ms and were fitted to Equation 2:39
*

(

)

(

)+

where I(t) is the peak intensity, I0 is the absolute intensity, TIS is the cross-polarisation
time constant and TI1ρ is the longitudinal relaxation time in the rotating frame. The
degree of substitution was calculated using Equation 3, in accordance with the
methodology published by Kono et al.33

where IC10 and IC1 are the

13

C peak intensities of signals due to the three methyl

carbon atoms (C10) and AGU anomeric carbon atom (C1), respectively, from the
fitted curves. All experiments were conducted at 25 °C except where otherwise
stated. Hartmann-Hahn conditions were optimised using hexamethylbenzene and all
spectra were referenced to external tetramethylsilane (TMS).
High-resolution magic angle spinning (HR-MAS) NMR experiments were conducted
using a Bruker Avance III spectrometer operating at a 1H frequency of 800.23 MHz
equipped with a 4 mm probe, using Kel-F inserts as above. 1H HR-MAS NMR spectra
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were acquired using a recycle delay of 5 s and MAS rates ranging from 2 to 10 kHz.
1

H longitudinal relaxation times (T1) experiments were performed using an inversion

recovery pulse sequence with a recycle delay of 10 s. Sixteen points were recorded
at variable time delays ranging from 0.1 to 20 s. 1H T1 times were calculated from
fitting the evolution of intensities to the mono-exponential function, Equation 4:
[

(

)

]

(Eq.4)

where Mz is the z-component of magnetisation, M0 is the equilibrium magnetisation
and is the time delay.
Solution-state NMR experiments were carried out using a Bruker Avance I
spectrometer operating at a 1H frequency of 499.69 MHz equipped with a 5 mm
triple resonance probe. Samples of hydrogels (500 μL) were transferred into NMR
tubes using a needle and syringe. Variable temperature experiments were carried
out in the range between 5 and 45 oC. 1H T1 relaxation times were measured using an
inversion recovery pulse sequence with a recycle delay of 10 s. Sixteen points were
recorded at variable time delays ranging from 0.1 to 20 s.
Zeta-potential characterisation: A DTS1070 Zetasizer cell was filled with 0.5 mL of
dilute CCNF dispersions, ~0.1 wt.% and placed in a Zetasizer Nanoseries.
Electrophoresis was induced in the sample by applying an electric field across the
suspension of CCNF. The electrophoretic mobility of the CCNF in the electric field
was used to calculate the zeta-potential by applying the Henry Equation, 5:
(Eq.5)
where z is zeta-potential, UE is electrophoretic mobility, ɛ is the dielectric constant, η
is viscosity and f(Kα) is Henry’s function. Electrophoretic determinations of zetapotential are most commonly made in aqueous media and moderate electrolyte
concentration, thus, f(Kα) in this case is 1.5 (referred to as the Smoluchowski
approximation). The cell temperature was set to 25 oC, the zeta-potential measured
in triplicate (based on twenty measurements per sample) for each CCNF of specific
DS and the average value reported.
Small angle neutron scattering (SANS): SANS measurements were carried out on
the Sans2d beamline at the ISIS Neutron and Muon Source, Science and Technology
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Facilities Council, Rutherford Appleton Laboratory, Didcot, UK.40 Hydrogels were
placed in a 1 mm thick, 1 cm wide quartz cell with Teflon stoppers, holding ~0.3 mL.
The Q range measured was 0.0046 – 1.3634 Å. To probe the structure of CCNF gels,
contrast matching SANS experiments were performed using CCNF/H2O and
CCNF/D2O. Scattering patterns were reduced using routines in the Mantid software
package to correct for the scattering of air and the sample holder (rendering the
data instrument independent) and a background of H2O/D2O subtracted before the
data was analysed using SaSview 2.1 fitting software. Various models were tested,
beginning with a simple rigid cylinder, but the best fit was found to be a flexible,
ellipsoidal cylinder model. The flexible, ellipsoidal cylinder model is described in full
by Chen et al.41 and Dreiss.42 In short, this model is of a number of locally stiff,
ellipsoidal cross-section rods, defined by the cross-section minor radius, ra, the axis
ratio, rb/ra, persistence length, lp, and the contour length, L (Figure 5.1). The Kuhn
length, b = 2*lp, is a measure of stiffness. Scattering length densities (SLDs) were
fixed (cellulose 1.76 x 10-6, H2O -5.62 x 10-7, D2O 6.34 x 10-6 Å-2) and, as the aspect
ratios of CNF are very large,43 fibril length does not impact scattering patterns in the
Q range accessed, thus L was fixed at 10,000 Å (full fitting parameters, Table D.1,
Appendix D).

Figure 5.1 Schematic of the flexible, ellipsoidal cylinder model as applied to CCNF. The Kuhn
44
length was used to describe the stiffness of the nanofibrils dispersed in the hydrogel.
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5.5 Results
5.5.1

Surface modification and characterisation

The nucleophilic substitution of alkali activated primary alcohol groups exposed on
the cellulose surface with GTMAC resulted in cationisation of the nanofibrils, leading
to a positive surface charge (Scheme 5.1, reaction d). Increasing molar ratio of
GTMAC:AGU resulted in proportionally higher DS (from 10.6 % at 0.5 mole eq
GTMAC to 23.0 % at 3 mole eq GTMAC). A yield of 88 %, based on cellulose dry
mass, was achieved for the cationisation process at the highest DS. The degree of
surface modification was controlled by modulating the quantity of GTMAC and the
DS of cellulose nanofibrils assessed using FTIR and conductometric titration (Figure
D.1-3, Appendix D). Solid-state NMR spectroscopy was used to confirm the presence
of the –N+(CH3)3 groups, introduced by reaction with GTMAC, on the surface of the
nanofibrils (carbon C10 in Figure 5.2). Moreover, a very good agreement was found
between the DS calculated from conductometric and NMR spectroscopy
experiments (Figure 5.3). The CCNF zeta-potential increased upon cationisation from
38.8 to 50.3 mV as the –N+(CH3)3 groups graft to the surface (Figure 5.3).
Additionally, comparison of

13

C-NMR signals, arising from C4, in crystalline and

amorphous forms, revealed no discernable change in crystallinity upon
cationisation45 (crystallinity index = 0.38) (Figure D.4).
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1

13

Figure 5.2 H- C CP/MAS NMR spectra for α-cellulose and CCNF (DS 23.0%) powders,
acquired using MAS rates of 10 kHz. The signal at 55.5 ppm is assigned to the methyl carbon
resonances of the quaternary ammonium group and used to determine DS.

13

Figure 5.3 Black squares: DS determined from C solid state NMR spectra according to
2
equation 3 is in good agreement with the DS determined by conductometry (trend line R =
2
0.99). White circles: zeta-potential for dispersed CCNF in DI H2O as DS increases (trend line R
= 0.99 and gradient = 0.93).
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5.5.2

Characterisation of functionalised nanofibrils

To compare the effect of DS of the CCNF on the structure of the dispersed CCNF gel,
SANS with contrast matching was employed. This is a non-invasive technique used to
obtain structural information from the samples in situ, based on SLD differences. For
each CCNF hydrogel system, the H2O/D2O contrasts were plotted and the model
simultaneously fitted to both sets of SANS data (Figure 5.4 and Figure D.6-9,
Appendix D). The resultant ellipsoidal cross-section flexible cylinder model provided
information pertaining to CCNF cross section and fibril stiffness, Table 5.1.
Table 5.1 Summary of fitted parameters for nanofibrils with increasing % DS derived from
a
simultaneously fitting D2O and H2O contrasts to a flexible ellipsoidal cylinder model.

DS / %

radius / Å

axis ratio

Kuhn length / Å

10.6(3)

14(1)

2.1(3)

175(8)

12.6(1)

11.6(8)

3.2(6)

230(14)

18.8(2)

6.7(8)

8.4(2)

303(22)

23.0(9)

6.3(8)

6.6(1)

296(21)

a

-6

Parameters held constant were: background, contour length (10,000 Å), sldCyl (1.75 x10 )
-6
-7
and sldSolv (D2O = 6.34 x10 and H2O = -5.61 x10 )

The CCNF cross-section dimensions were observed to change with increasing DS.
The minor radius, ra, derived from the model changes from 1.4 nm to 0.6 nm and the
axis ratio, rb/ra, from 2.1 to 6.6, giving fibril cross-section dimensions of 2.8 x 5.9 nm
for CCNF with DS = 10.6 % and 1.2 x 8.3 nm for CCNF with DS = 23.0%. These
dimensions are in broad agreement with previous reports37 and the changes imply
that the fibrils become wider and flatter as surface derivatisation increased. An
increase in the Kuhn length from 18 to 30 nm (Table 5.1, Figure 5.5) was observed
with increasing DS, ascribed to “stiffening” of the fibrils arising from charge
repulsion as the density of surface –N+(CH3)3 groups increased. We return to
discussion of the implication of the apparent flattening discerned from SANS
measurements later.
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Figure 5.4 Experimental SANS spectra of cationic cellulose hydrogels (10.6 % DS) fitted to a
flexible ellipsoidal cylinder model (scattered points are measured data and solid lines are the
simultaneously fitted curves) in D2O (green points, black line) and H2O (red points, blue line).
This model describes the CCNF particles as flexible fibrils.

Figure 5.5 CCNF dimensions determined from the simultaneously fitted D 2O/H2O data to the
model nanofibril diameter and nanofibril Kuhn length.

5.5.3

CCNF hydrogel rheology

The rheological properties of the hydrogels formed by dispersion and sonication of
CCNF in water were measured as a function of varying DS using both oscillatory
sweep and thixotropic loop experiments. It was apparent that, as the CCNF DS
increased, the hydrogels became stiffer (Figure 5.6a). Furthermore, a relationship
between hydrogel elastic storage modulus and Kuhn length was observed, (Figure
5.6b), pointing to a change in the nature of the hydrogel associated with changes in
shape and stiffness of the CCNF.
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a)

b)

Figure 5.6 a) Influence of cationic cellulose nanofibril DS on the elastic storage modulus and
2
b) Kuhn length of the 2 wt. % cationised cellulose hydrogels, R = 0.9306.
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Table 5.2 Summary of hydrogel rheology for cationised cellulose. DS values; complex (G*),
0
elastic (G') and viscous (G'') moduli; phase angles (δ); viscosities (η); and yield stresses (τ ) of
the aqueous gels obtained. Oscillatory rheological data were obtained for 2 wt. % hydrogels
-1
at 1.02 Hz and shear sweep data at shear rate 113.17 s .

DS / %

G* / Pa

δ/o

G' / Pa

G'' / Pa

η / Pas

τ0 / Pa

10.6

8.3

18.6

7.9

2.7

0.1

3.8

12.6

40.8

10.1

40.4

7.2

0.3

38.1

18.8

55.3

7.4

54.8

7.1

0.3

49.5

23.0

63.4

9.5

62.5

10.5

0.4

53.3

Complex modulus increased for hydrogels formed from CCNF with greater DS, while
phase angle decreased (Table 2, Figure. S10 – 13)), i.e. gels became more elastic.
5.5.4

Probing local mobility of surface functional groups using 1H NMR
relaxation measurements

1

H Longitudinal relaxation times (T1) of the hydrogels formed were measured as a

function of varying DS, using solution-state and HR-MAS NMR experiments. Signals
arising from the 1Hs of the –N+(CH3)3 moiety were used for quantification as these
were distinct, while other signals were overlapped (Figure D.14-16). Relaxation
profiles of these 1Hs are affected by molecular motions and are thus a suitable probe
for the effect of DS on local viscosity. To investigate the dependence of 1H
longitudinal relaxation times on the mobility of the cationic groups, the hydrogel
with a DS of 23.0 % was subjected to varying temperatures. In the temperature
range employed, 1H solution-state NMR T1 times for the –N+(CH3)3 and water
protons increased with temperature (Table D.2), indicating that these hydrogels are
in the “slow tumbling regime”.46 The slower relaxation profiles observed at higher
temperatures reflected increased motional freedom. Comparing fibrils with variable
DS: longer 1H T1 values were recorded in hydrogels with a lower DS (10.6 %) in
comparison with hydrogels with higher DS (23.0 %) (Figure 5.7 & 8). Therefore, it
was possible to conclude that the quaternary ammonium groups and water
molecules were more mobile in hydrogels with lower DS, showing that the local
mobility of the grafted quaternary ammonuim group depends on the DS.
Interestingly, an inverse relationship was found between DS and 1H HR-MAS T1
values of –N+(CH3)3 and water acquired with different MAS rates (Figure 5.9 and
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D.17). While the spectra did not change dramatically (Figure D.17), the 1H T1 times
increased when all the samples were subjected to higher spinning speeds, possibly
reflecting shear thinning behaviour in these CCNF hydrogels. This effect was more
evident for hydrogels with lower DS (10.6 %). The shear force produced by the
spinning rates used was significantly greater than that required to “break” the gels
(as evidenced by the rheology data presented in Table 5.2 and Figure D.9-12), so it is
hypothesised that there are multiple levels of CCNF interaction. When monitoring 1H
T1 times of the –N+(CH3)3 group we are only assessing the local mobility of the
groups grafted onto the surface of the fibres. During rheology studies these local
environments do not change significantly, as it is the macrostructure and
mesostructure of the gel that are most affected by the external stress. The 1H
relaxation time measurements suggest that, along with the changes at mesoscale
reflected by the rheological properties, local mobilities of both water and grafted –
N+(CH3)3 groups on the CCNF are reduced with increased strength of the hydrogels.

1

Figure 5.7 H solution-state (grey square data series) and HR-MAS NMR (black diamond data
+
1
series) T1 times for –N (CH3)3 group Hs in 4 wt. % CCNF hydrogels with DS 10.6 – 23.0 %,
acquired at 25 °C. HR-MAS experiments were conducted with an MAS rate of 2 kHz

134
Publication 5

1

Figure 5.8 H solution-state (grey square data series) and HR-MAS NMR (black diamond data
1
series) T1 times for water Hs in 4 wt. % CCNF hydrogels with DS 10.6 – 23.0 %, acquired at 25
°C. HR-MAS experiments were conducted with an MAS rate of 2 kHz.

1

+

1

Figure 5.9 H HRMAS T1 times for –N (CH3)3 group Hs in 4 wt. % CCNF hydrogels with
increasing DS, acquired with MAS rates between 2 and 10 kHz.
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Figure 5.10 TEM images of CCNF after dispersion in water (a and c) and traces of selected
fibrils (b and d). Fibril cross-section diameters are similar to those derived from SANS data
fitting. a) Low DS = 10.6 %, scale bar = 100 nm, b) trace of low DS CCNF, c) High DS = 23.0 %,
scale bar = 100 nm and d) trace of high DS CCNF. As DS increases, a change in the
morphology of the CCNF is observed with low DS fibrils appearing more flexed and higher DS
fibrils straighter. The traces are provided to highlight the change in morphology between the
two CCNF.
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Figure 5.11 A schematic illustrating the postulated change in CCNF morphology as DS
increases, reflecting SANS data fitting and TEM images. As the DS on the surface of the
nanofibrils increases, so too does the Kuhn length, resulting in more rigid nanofibrils. The
CCNF also untwist to form more flattened ribbon-like nanofibrils - stiffer, more elastic
hydrogels result (lp = persistence length and 2*lp = Kuhn length).
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5.6 Discussion
Stable hydrogels were formed upon the dispersion of cationically surface modified
cellulose nanofibrils in water. The physical interactions of the surfaces of CCNF were
investigated using NMR, SANS and rheology to reveal the fundamental form of the
particles and structuring in the hydrogels.
The presence of tetra-alkylammonium moieties arising from grafting with GTMAC
was confirmed by 1H-13C CP/MAS solid-state NMR (Figure 5.2), which revealed a
peak at 55.5 ppm, corresponding to the three methyl group carbon atoms of the
quaternary ammonium moiety. Very good agreement was obtained for the values of
DS obtained from conductometric titration measurements (versus AgNO3, or sodium
polyethylene sulfonate solutions) and quantitative NMR analysis (Figure 5.3).
As previously reported,37 the modified nanofibrils were much more dispersible in DI
water than the α-cellulose precursor, but remained largely water insoluble (DS was
limited to <25 % to minimise formation of soluble CCNF47). Moreover, while all CCNF
prepared formed stable hydrogels in water following dispersion by sonication,
nanofibrils with higher DS were more readily dispersed and formed stiffer and more
elastic gels. The linear relationship, with gradient close to unity, between DS and
zeta-potential (Figure 5.3) suggested that the etherification to install cationic groups
was largely limited to the nanofibril surfaces. The maximum theoretical DS
achievable for surface functionalisation, calculated following Habibi et al.,35,16, was
ca 32 %, thus the CCNF produced here may not reflect full nanofibrillar surface
saturation. Further, the unchanging crystallinity index suggested that the bulk
structure of the elemental nanofibril remained untouched by the modification
(Figure D.4).
SANS was used to probe the CCNF cross-section and to elucidate the gel structure
and nanofibril interactions. The reduced scattering data was fitted to a flexible
ellipsoidal cylinder model, which describes the CCNF as a fibril with somewhat
flattened cross-section and varying degrees of flexibility. Further, results suggest
that charge repulsion between the positively charged nanofibril surfaces serve to
facilitate defibrillation, producing individualised fibrils, which become stiffer with
increasing DS, as evidenced by an increase in Kuhn length (Figure 5.5) and supported
by TEM images (Figure 5.10), showing flexed fibrils in samples with low DS and
distinctly straighter fibrils in high DS materials. As with oxidised cellulose nanofibrils,
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the very high fibrillar aspect ratio43 provides a particulate network, forming
hydrogels. The nanofibrillar cross-section dimensions measured are consistent with
values reported for cationic cellulose nanofibrils, determined by AFM and CryoTEM37 and the theoretical range of unmodified cellulose crystallites of 1.5  2 nm by
3  5 nm, based on the 36-glucan-chain elementary model of the cellulose Iβ
structure,48 although the 24-glucan chain elementary fibril postulated by Fernandes
et al.49 could lead to thinner forms.
The level of surface modification present on the dispersed nanofibrils influenced the
rheology of the resultant hydrogels. CCNF with higher DS formed stiffer hydrogels
reflected in higher elastic storage moduli (Figure 5.6a, Table 5.2). As this change in
rheological behaviour was also mirrored in the increased stiffness of the dispersed
nanofibrils (Kuhn length) and a change in apparent cross-section, it is postulated
that this change in hydrogel structure arises from:
1.

Increased charge repulsion with increased DS leading to loss of flexibility
and straightening and stiffening of fibrils along their length - reflected in
longer Kuhn lengths and decreased mobility of surface –N+(CH3)3 groups,
and

2.

Untwisting, or unravelling, of CCNF to form flatter, more ribbon-like
structures at higher DS, reflected in changes in cross-section shape and
diameter– surface charge repulsion caused CCNF to untwist into flattened
ribbon-like fibrils as DS increased.

The changes in rheological behaviour of CCNF hydrogels with different DS can be
correlated with the changes in local mobility of grafted quaternary ammonium
groups and water molecules monitored by 1H T1 relaxation times. Thus, low DS CCNF
gels result from entanglement of long twisted flexible fibrils, which become less
twisted and more rigid as DS increases (Figure 5.10). Entanglement of these stiffer
units leads to stiffer, more elastic hydrogels.
It is well documented that cellulose nanofibrils possess a twist along the AGU chain
axis: computational modelling (molecular dynamics) has been used to demonstrate
that cellulose nanofibrils adopt a half twist every 3 – 4 nm along the chain axis;50,51,52
this twisting has also been observed by AFM and TEM analyses and is especially
apparent in well-dispersed ribbon-shaped bacterial cellulose.53,54 We suggest that
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the introduction of a positive surface onto the cellulose causes nanofibrils to untwist
due to charge repulsion along the surface (Figure 5.11). Furthermore the values for
Kuhn length (18 – 30 nm) are similar to those previously reported for cellulose ~10 –
20 nm (using a similar model)55 and ~50 – 60 nm for oxidised cellulose nanofibrils
(determined from peak force quantitative nanomechanical mapping).56
This hypothesis for the apparent change in CCNF structure is supported by the rise in
hydrogel elastic moduli of 7.9 – 62.5 Pa. These hydrogels are highly thixotropic as
the viscosity decreases rapidly as the shear rate increases. Increasing the oscillation
frequency gave increased complex modulus and decreased phase angle values,
associated with increasing elastic behaviour with decreasing perturbation time. As
the DS increased, both the elastic and viscous moduli values increased, but the
elastic modulus, already much higher, increased to a greater extent, which is a good
indication of structuring within the hydrogel.
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5.7 Conclusion
Combining results from neutron scattering experiments, rheological measurements
and analysis of 1H NMR T1 relaxation times of the water and grafted –N+(CH3)3
groups, changes in the form of cationised cellulose nanofibrils and structuring in
hydrogels formed therefrom is revealed.
With increased degree of reaction with GTMAC, the density of positively charged
moieties on the surface of the CCNF increases, leading to charge repulsion and
stiffening of the fibrils. Physical entanglement of these stiffer CCNF results in stiffer,
but more fragile, gels. Changes in the apparent cross-section dimensions of the
individualised fibrils, derived from fitting of SANS data, are postulated to reflect
untwisting of the fibrils. Thus, low DS CCNF are characterised by fibrils that are
twisted and flexed, and which entangle to form weak hydrogels, while higher DS
CCNF fibrils are more rigid, flatter, ribbon-like structures that result in stiff, elastic
viscous shear thinning hydrogels.
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6.0 Publication Commentary
Thus far scaffolds studied in this thesis have been flat membrane or films with
modified surfaces. In order to grow larger cell constructs 3D scaffolds needed to be
developed. In the previous chapter the production of CCNF that disperse in H2O to
form stable hydrogels were described. These hydrogels could be used as a viscous
medium to suspend non-adherent cell lines, or lyophilised, to yield 3D porous
aerogel or “foam” structures. These are “bottom-up” approaches to the
development 3D scaffolds. Decellularisation of plant tissue is an example of “topdown” production of cellulose based materials for cell scaffolds. The benefits and
limitations of these approaches are discussed in the next chapter and the “bottomup” approach was chosen for the generation of 3D materials, as this offers more
flexibility in tuning the properties through chemical modifications, as well as in the
preparation of complex forms, e.g. mimicking organs or organ parts.
Building on findings in the previous chapter, CCNF hydrogels were directionally
frozen and lyophilised, leaving porous foams with aligned macro-channels as well as
fine structures, to be investigated as 3D scaffolds. The remaining cationic cellulose
network was delicate and it quickly became apparent that further modifications
were required to obtain materials with suitable mechanical strength to withstand
manual handling and hydration in cell culture media, whilst maintaining internal
porosity. It was demonstrated that these foams could be reinforced using the
glyoxalisation modification described previously.
It was deemed desirable to characterise the internal porosity of the materials, as
porosity is beneficial for increasing the mass transfer of nutrients and O2 to the cells
as well as for the removal of waste products. There are several methods commonly
used to probe pores within a solid including: small angle X-ray scattering, mercury
porosimetry and gas adsorption. However, these techniques require the sample to
be dehydrated and some can only measure accessible pores. Here a technique that
could be used to probe the pore size in the hydrated form was required, as cellulose
is known to swell when hydrated and this reflects the environment that the cells
experience. To probe the internal porosity of hydrated samples at the meso- and
macro-scale a combination of scanning electron microscopy, NMR cryoporometry
and NMR relaxometry was used.
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A major challenge faced was how to visualise and quantity the number of cells on
the scaffolds. SEM was used to visualise cells attached to the surface of the scaffold,
but this is a time intensive procedure, which can disrupt the cell cytoskeleton, and
can only be used to assess the cells on the surface. Previously we have used the
fluorescent dye, 4′,6-diamidino-2-phenylindole (DAPI), to stain the nuclei of
attached cells to calculate a percentage of cells attached. Confocal florescent
microscopy was tested to try and image the cells throughout the scaffold using a zstack. However, due to the opacity of the material we were unable to obtain
suitable florescent images. Another method considered for identification of the cells
within the scaffold was X-ray micro-tomography. This was investigated, but the
scattering due to the cells was too similar to that of the cellulose scaffold to allow
location of cells or determination of cell number.
Instead, a cell metabolic assay was used as a proxy for cell number. The MTT, 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, assay is a colorimetric assay
for assessing cell metabolic activity. Soluble MTT is reduced enzymatically in the cell
to form insoluble formazan crystals, which are purple in colour and can be dissolved
in solvent and absorption intensity measured at 570 nm. There are several follow-up
studies that could be conducted to compliment the metabolic assay including
rezasurin or picogreen cell assays, which allow measurement of the cell metabolism
or quantify DNA present respectively. Rezasurn is a blue non-destructive assay and
the dye is reduced in the cell to form resorufin, which is pink and highly red
fluorescent. The picogreen assay allows quantification of DNA from the cells on the
scaffold, a value which can be calibrated to provide a cell number. These assays
could provide further insight into the viability of cells on the modified cellulose 3D
scaffolds..
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6.2 Abstract
3D foam scaffolds were produced in a “bottom-up” approach from lyophilised
cationic cellulose nanofibril (CCNF) dispersions and emulsions (CCNF degree of
substitution 23.0 ±0.9 %), using a directional freezing /lyophilisation approach,
producing internal architectures ranging from aligned smooth walled micro
channels, mimicking vascularised tissue, to pumice-like wall textures, reminiscent of
porous bone. The open, highly porous architecture of these biomimetic scaffolds
included mesopores within the walls of the channels. A combination of SEM and
NMR cryoporometry and relaxometry was used to determine the porosity at
different length scales: CCNF foams with aligned channels had an average
macropore (channel) size of 35 ±9 µm and a mesopore (wall) diameter of 26 ±2 nm,
while CCNF foams produced from directional freezing and lyophilisation of Pickering
emulsions had mesoporous walls (5 ±3 µm) in addition to channels (54 ±20 µm).
Glyoxal crosslinking both enhanced robustness and stiffness, giving Young’s moduli
of 0.45 to 50.75 MPa for CCNF foams with degrees of crosslinking from 0 to 3.04
mol. %. Porosity and channels are critical scaffold design elements for transport of
nutrients and waste products, as well as O2 / CO2 exchange. The viability of MG-63
cells was enhanced on crosslinked, mechanically stiff scaffolds, indicating that these
exquisitely structured, yet robust, foams could provide biomaterial scaffolds suitable
for industrial applications requiring 3D cell culturing.
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6.3 Introduction
Current demand for donor organs and tissues for transplantation vastly surpasses
availability. For example, more than 100,000 US patients wait on the organ donor
list in 2018 and, on average, 22 will die per day.1 The goal of tissue engineering is to
develop new cell constructs that can be implanted into a patient to restore function
to the damaged organs.2 This process requires a biocompatible scaffold to support
the cells, often by mimicking the extracellular matrix (ECM), as these proliferate and
grow into tissues.3 Traditionally, adherent cells are cultured on a two-dimensional
(2D) scaffold in vitro. Cells growing on 2D scaffolds tend to only be attached to the
substrate at their periphery, which forces the cells into a monolayer culture, rather
than promoting layering as would be found in vivo, as well as limiting the size of the
cell population produced.4 Once the cell layer has reached 100 % confluence (all
available surface is covered), cell viability can decrease, and cell death can occur as
mass transfer of nutrients and oxygen diffusion is limited to depths of 100-200 µm.5
To retain cell viability beyond this depth, a vascularised network is required.6–8
Furthermore, if primary keratinocytes are grown to 100 % confluence, the
phenomenon of “terminal differentiation” can arise: cells receiving insufficient
nutrients die and those that remain alive become senescent, limiting the size of the
cell construct that can be grown on a 2D scaffold.
On the other hand, 3D scaffolds require internal porosity to mimic the vascular
morphology of native tissue, facilitating transfer of nutrients and gases and allowing
larger tissue fragments to be grown. Ideally, the scaffolds should be resorbed and
replaced, over time, by the newly regenerated tissue at the site of implant.9 A 3D
arrangement of cells enables more complex cell-cell and cell-ECM interactions as
cells are surrounded by ECM or scaffold, due to the greater surface area available for
adhesion. Thus, cells cultured in a 3D scaffold more accurately mimic the response
and behaviour of cells in vivo, beneficial for applications in both cell culturing for
tissue engineering and as model tissues for drug development.10
Interconnecting porous networks can be used to promote cell growth, migration and
mass transfer of nutrients.11 Generally, a larger pore size is considered to be
beneficial for improving both cell migration and nutrient flow, however, this
decreases the specific surface area of the scaffold, in turn reducing the matrix ligand
density available for cell binding. Instead of migrating into the bulk of the material,
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cells tend to cluster around the edges of the scaffold. O’Brien et al., demonstrated
that increasing pore size from 96 to 151 µm increased nutrient permeability through
scaffolds,12 however, a pore size of between 20 and 120 µm was required for
optimal balance between nutrient flow and ligand binding density.11 12 Therefore, a
compromise must be reached between the two factors, pore size and specific
surface area, of a 3D scaffold.13
Decellularised tissue has been investigated as a “top-down” method of obtaining the
complex tissue structure and ECM composition needed for tissue regeneration,
whilst retaining the microvasculature (<10 µm in diameter) that cannot readily be
fabricated by current techniques such as 3D printing.14 Human donor or animal
tissues can be used, but need to be sterilised and decellularised by enzymatic or
detergent methods to remove the native cells and proteins. The remaining material
is the ECM, which can vary in composition and structural properties, depending on
the source.8 It is important that the decellularising process does not disrupt the ECM
or adversely affect the biological activity or mechanical integrity of the remaining
structure.15 The performance of the tissue can degrade with age and human tissue in
particular, is in short supply.16 Decellularised scaffolds based on plant tissue have
been reported,17 but, despite much of the vascularised structure being in place,
scaffold shapes are limited to the shape of the plant tissue from which it was derived
and further shape modulation is challenging.
Complementing the “top-down” approaches to the creation of porous 3D scaffolds,
there are also a range of “bottom-up” methodologies to produce complex structures
for cell culture, including: electrospinning polymer solutions to form 3D nanofiber
meshes,18,19,20 3D printing of “bioinks” to fabricate complex scaffold architectures21
and the lyophilisation of dispersions or solutions to produce open porous aerogels
or foams.22 Additive manufacturing approaches can reportedly give access to
structures with minimum feature lengths of <100 µm,21 while reverse templating can
be used to achieve porosities of 50 – 85 % and interconnecting pores of 50 µm in
size.23,24
There are several other “bottom-up” approaches to fabricate scaffolds suitable for
applications in tissue engineering. For example, foam templating by generation of
bubbles in solutions of polysaccharides containing surfactants,25 followed by freeze
drying and crosslinking with a carbodiimide cross-linker yields a porous structure
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with pore diameters of 206 – 250 µm.26 Foam templating routes have also been
applied to poly(vinyl alcohol) solutions27 and dextran-methacrylate solutions.28
Scaffolds so produced present highly ordered pore arrays with uniform and tuneable
pore sizes.29 As pores are interconnected mass transfer of nutrients to cells within
such scaffolds is enhanced.
Freeze drying, or lyophilisation, is a popular method to introduce porosity into the
scaffold due to its low cost, simplicity and versatility.22 In this process, ice crystals act
as a porogen, leaving a porous structure post sublimation under vacuum.30 The rate
of cooling during the freezing step can affect the size and distribution of ice crystals
formed and thus the size and form of the pores within in the resulting foam.31 An
advantage of using this technique is that water is commonly the solvent; hence
impurities, such as surfactants, are not added during the lyophilisation stage, making
it especially beneficial for biological applications. The introduction of emulsions,
nanoparticles and dilute polymer solutions into the material can further modulate
macro- and mesopore formation.30 Ice crystals grown in a unidirectional fashion
leave behind channels of aligned pores, mimicking the vascularity of native tissue32
and can be applied to a range of scaffold materials, including: hydroxyapatite,33 silk
fibroin,34 gelatin,35 dextran36, and, more recently, chitosan-alginate blends,37
cellulose-chitosan blends,38 and cellulose solutions.39 The resultant scaffolds have
the potential to expand the use of these materials from 2D films to 3D porous
scaffolds and many authors suggest that the channels can promote vascularisation in
vivo, although corroborating cell studies are only reported for some materials.
Scaffolds fabricated from cellulose, using both “top-down” and “bottom-up”
approaches, have been tested in a range of cell culture applications.40–43 Cellulose
offers many beneficial attributes to tissue engineering, such as biocompatibility,
versatile chemical and physical properties, and ease of processing. It is also a cost
effective and sustainable material, which makes it suitable for industrial
applications.44–48 However, previous reports of directionally frozen/freeze dried
cellulose hydrogels for scaffolds have largely focussed on the materials
characterisation aspects – few reports of the growth of cells on these 3D scaffolds
have appeared.30, 31
Previously, we have demonstrated that cellulose surfaces grafted with cationic
moieties allow for attachment of MG-63 cells in the absence of matrix ligands.49
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Here we use similarly modified nanofibrillar materials to develop novel porous 3D
scaffolds that we suggest offer many advantages over “top-down” scaffolds such as
those derived from decellularised plant tissue. In particular the use of a scalable
method offering ease of manufacture, tuneable porosity and mechanical properties,
to prepare materials that can be stored without special requirements, yet which
mimic vascularised tissue, may provide supports beneficial for various cell culture
applications.
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6.4 Experimental Procedures
6.4.1

Materials and methods

Cellulose

powder

(C8002),

sodium

hydroxide

pellets

(≥98

%),

glycidyl

trimethylammonium chloride (GTMAC, ≥90 %), DMSO (≥99 %), 1-ethyl-3methylimidazolium acetate (97 %), cyclohexane (99.5 %), absolute ethanol (≥99 %)
and N,N-dimethylacetamide (DMAc) were purchased from Sigma-Aldrich and used
as received (except DMAc, which was dried over 3Å molecular sieves prior to use).
For crosslinking modifications, glyoxal 40 % w/w aqueous solution was purchased
from Alfa Aesar and made up to required concentrations with deionised (DI) water.
Mobile phases for HPLC were prepared from H2SO4 (99.99%) and sodium phosphate
monobasic monohydrate, sodium phosphate dibasic and sodium azide powders
purchased from Sigma Aldrich.
For cell studies, Dulbecco’s Modified Eagle Medium (DMEM, GlutaMAX™), nonessential amino acids, sodium pyruvate, trypsin (0.05 %) and trypan blue (0.4 %)
were purchased from Gibco and stored at 4 °C. Foetal bovine serum (FBS, non-USA
origin), MG-63 human osteosarcoma cells, and methylthiazolyldiphenyltetrazolium
bromide (MTT) powder were purchased from Sigma-Aldrich. Phosphate buffer
solution (PBS, 0.1 µm sterile filtered) was purchased from HyClone and penicillin
streptomycin from Life Technologies. For cell fixation, a glutaraldehyde solution (25
wt. % in H2O), hexamethyl-disilazane (HMDS, >99 %), dry acetone and 1 wt. %
osmium tetroxide solution were purchased from Sigma Aldrich.
6.4.2

Surface modification by derivitisation

Cationic cellulose: Cellulose modified with GTMAC was prepared as described in
reference 50, using 3 mol equivalents of GTMAC relative to cellulose anhydroglucose
units. The resultant “cationic cellulose nanofibrils” are henceforth abbreviated as
CCNF.
Characterisation: Fourier Transform Infrared (FTIR) spectra were obtained on a
Perkin Elmer Spectrum 100 spectrometer with a universal ATR sampling accessory;
10 scans were acquired in the range 4000 – 600 cm-1. FTIR measurements, used to
confirm the molecular identity of the grafted moieties, have been previously
substantiated by

1

H-13C cross polarization / magic angle spinning NMR

spectroscopy.49 The degree of substitution (DS) of cationic cellulose was determined
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to be 23.0 0.9 %, by conductometric titration, as described in reference 49 (Fig. E.1 –
3 and ESI). The degree of crosslinking (DXL) was between 1.2 and 3.0 %, as
determined by HPLC analysis following a method adapted from Schramm et al.51
(Fig. E.4-6).
6.4.3

3D scaffold formation

Foams: CCNF dispersions, 1, 2 and 4 wt. %, were prepared by homogenising
lyophilised CCNF powder in DI water using an IKAT18 Ultra-Turrax high speed
homogeniser at 13,500 rpm for 15 min. Dispersion to form hydrogels was completed
by sonication using a Sonic Dismembrator Ultrasonic Processor (Fisher Scientific)
with a 3.2 mm tip at a power output of 45 W cm-2 as 1 s on/off pulses for 2 min.
Dispersions were stored at 4 oC until required. To form the crosslinked hydrogels,
stock glyoxal solutions were prepared at 5, 10 and 20 wt. % in DI water. These were
added to appropriate quantities of a 2 wt. % CCNF dispersion to yield 1 wt. % CCNF
aqueous dispersions containing 2.5, 5 or 10 wt. % glyoxal. To introduce macropores
into the structure of the hydrogel, oil-in-water emulsions were prepared using oil:
aqueous phase volume ratio of 30:70. Typically, 0.3 mL of cyclohexane was mixed
with 0.7 mL of CCNF aqueous dispersion (1 wt. % prepared as described above) and
sonicated (45 W cm-2 as 1 s on/off pulses for 30 sec) to effect emulsion formation.
Cast films were flash frozen in liquid nitrogen prior to lyophilisation. CCNF hydrogels
and emulsions were subjected to directional freezing: 250 µL of the sample was
placed into the well of a 48 tissue culture well plate, which was set atop a metal
block partially submerged in a bath of liquid nitrogen, resulting in directional growth
of ice-crystals from the bottom of the sample. Once fully frozen, samples were
lyophilised to remove the ice crystals. More complex shaped foams were produced
by freezing the CCNF hydrogels in silicon moulds (Fig. E.7). The lyophilised foams
containing glyoxal were heated in an oven for 1 h at 125 oC to allow the crosslinking
reaction to proceed.
Films: CCNF powder (of mass required to yield a 4 wt. % final solution) was added to
DMSO, forming a slurry, which was dispersed using an overhead stirrer (900 rpm)
with a PTFE stirrer head for 5 min at room temperature. Ionic liquid EMImOAc, was
added to yield 30:70 w/w, EMImOAc:DMSO, and the mixture stirred for 1 h at room
temperature, resulting in a 4 wt. % CC solution. For comparison, a solution of
unmodified cellulose (UC) was prepared using the same procedure.
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CC and UC films were formed by casting the solutions described above onto a clean
glass sheet using an Elcometer 3700 reservoir and an Elcometer 4340 Automatic film
applicator, with a gap of 0.8 mm between the blade and glass surface. The films
were regenerated by immersion in an ethanol anti-solvent bath for 24 h. Residual
EMImOAc and DMSO were removed by Soxhlet extraction with ethanol overnight.
The films were washed twice with copious amounts of DI water to remove excess
EtOH before being stored in 20 wt. % MeOH solution to inhibit bacterial growth.
6.4.4

Scaffold Characterisation

NMR Cryoporometry: Using a procedure adapted from Johns et al.,52 foam and film
samples were hydrated in PBS overnight, excess PBS was removed, the samples
placed in individual NMR tubes and sealed using damp absorbent paper to maintain
humidity. The 1H NMR signal was recorded on a 400 MHz Bruker Avance
spectrometer equipped with a 5 mm BBO probe, running with the boil-off from
liquid nitrogen as cooling gas, and a BVT3200 temperature control unit with a
precision of ±0.1 K. Actual versus recorded temperatures had previously been
verified using methanol.53 A simple spin echo sequence was used, with an echo time
of 2.2 ms, to ensure minimal suppression of signal from liquid water and complete
suppression of signals from both cellulose materials and frozen water.54,55
Measurements were performed by decreasing the temperature to 218 K in order to
completely freeze the sample, followed by stepwise temperature increase in 5 K
increments up to 258K, then in 1 K increments to 267 K, 0.2 K increments to 271 K,
and finally to bulk melting temperature using a temperature step of 0.1 K. At each
increment signals were recorded after establishment of thermal equilibrium,
achieved by a waiting time of 20 min (Fig. E.8 – 13).
The melting point depression, ΔT, is related to the pore radius, r, via bulk properties
of the probe liquid, P, as described by the Gibbs-Thomson equation:
⁄

(1)

where P is 25 nm for water and s represents the thickness of a pre-molten liquid-like
layer on the surface of the substrate, here assumed constant over the temperature
range at two monolayers thick, i.e. 0.6 nm.56,57
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NMR T2 relaxation: NMR Carr−Purcell Meiboom−Gill (CPMG) experiments were
performed using a Bruker Minispec MQ-20 spectrometer operating with a magnetic
field of 0.5 T (1H Larmor frequency of 20 MHz); 50,000 echoes were acquired with
echo time of 70 s and recycle delay of 15 s. The CPMG decay curves were
processed to obtain the T2 distribution using a non-negative least square procedure
known as a numerical Inverse Laplace Transform, ILT.58,59 The obtained T2
distributions were deconvoluted using log-gaussian functions to provide the
contribution of each component in the pore structure. Fluid bound in a pore
interacts with the pore surface, restricting the molecular mobility of the fluid. Such
restriction is reflected by a decrease of the transverse relaxation time, T2, and can be
quantified, in the fast diffusion regime, by the relation:60,61
⁄

( ⁄ )

⁄ ,

(2)

where ρ is the surface relaxivity, which depends on the particular porous media and
is usually unknown, and S and V are the pore surface area and volume respectively.
In a realistic scenario, the distribution of pore sizes and differences in the fluid
mobility within the pores result in a multiexponential decay of the CPMG signal, i.e.,
a distribution of T2 times.
To assess the pore structure of the cellulose foams, DMAc (HPLC grade) was used as
a molecular probe, due to its weak interaction with the cellulose structure. DMAc
does not significantly modify the cellulose pore structure, while water, often used as
molecular probe for relaxometry experiments, alters the pore distributions in
biomass samples.62 Lyophilised modified cellulose foams and films were dried under
reduced pressure (640 mmHg) for 24 h at 80 oC. Samples were soaked in DMAc and
kept in a desiccator under a 600 mmHg vacuum for 36 h, following which excess
DMAc was removed by centrifuge filtration at 600 g for 1 min (Corning Costar SpinX, 0.45 um, nylon membrane filter). All measurements were carried out in duplicate
and the CPMG decay of the mean used in the ILT procedure (Fig. E.14 – 16).
Scanning electron microscopy: Field Emission Scanning Electron Microscopy
(FESEM) was used to characterise the internal morphology and porosity of the
different CCNF foams. A JEOL FESEM 6301F was used to image the surface of the
foams as well as the cross section and internal structure of the lyophilised CCNF
foams at ultrahigh resolution. To prepare the samples for surface imaging, the foams
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were carefully adhered to a metal stub with double sided carbon tape. To obtain a
cross section, the dried foams were frozen in liquid nitrogen, fractured using a very
sharp blade and attached to the stubs, prior to vacuum drying for 24 h. All samples
were sputter coated with a 20 nm layer of chromium in an argon environment prior
to imaging. A high sensitivity backscattered electron detector was used for
computational imaging. The samples were imaged at an acceleration voltage of 5 kV
at magnifications between 50x and 25,000x.
6.4.5

Mechanical properties

Foams: The Young’s moduli of the CCNF foams were determined using an Instron
3343 electromechanical test machine. CCNF (23.0 ±0.9 % DS) crosslinked with 0, 2.5,
5, and 10 wt. % glyoxal solutions were tested. The dry foams were placed between
steel plates and a 1000 N load cell was used to deliver a compressive load at a rate
of 1 mm min-1 to the foams until deformation or failure occurred. Four samples were
tested per crosslinked foam and an average reported. The Young’s modulus of the
foams was calculated using the equation:
⁄
⁄

(3)

where F is the compressive load, A is the sample area, ΔL is the degree of sample
compression and L is the original sample height.
Films: The bulk elastic moduli of the regenerated cellulose scaffolds were
determined using a Dynamic Materials Analyser (DMA1 STARe System, Mettler
Toledo). The samples used were films regenerated from 4 wt. % cellulose and CCNF
(DS = 23.0 ±0.9 %) solutions, with a range of crosslinking in both sets (DXL 0 to 3 %).
Both hydrated “never-dried” and dried films were cut into strips ≥1.50 cm in length
by 0.50 cm width and the thickness recorded using a steel digital vernier micrometer
calliper. The film strips were gripped between titanium tension clamp sample
holders and a preload force of 1 N applied to the sample. An offset of 10 µm was set
at a frequency of 1 Hz and the elastic moduli were determined over 5 min. Five
samples were tested for each film and an average reported.

158
Publication 6

6.4.6

Cell studies

Cell culture: MG-63 cells were cultured in DMEM supplemented with 10 % FBS, 1 %
v/v non-essential amino acids, 1 % v/v sodium pyruvate and 1 % v/v penicillin
streptomycin at 37 oC in a humidified incubator with 5 % CO2. When MG-63 cultures
reached 80% confluence (3 – 4 days) the cells were passaged and reseeded in a T75
flask at a density of 5,000 cells / cm2 with fresh media.
Cell viability: Lyophilised foams, placed in 48 well tissue culture plates and sterilised
using a HoeferTM UVC 500 crosslinker at 254 nm for 15 min prior to being rehydrated
and soaked in three 0.5 mL aliquots of PBS, to remove any unreacted crosslinker.
MG-63 cells were used to assess the viability of the CCNF foams as cell scaffolds. The
scaffolds were seeded with a cell density of 10,000 cells cm-2 (corresponding to a
total cell number of 9,500 cells per sample) in growth media and placed in an
incubator at 37 oC in 5 % CO2 to proliferate for a given time. Tissue culture plastic
was used as a control “scaffold” for the MTT assay and material controls were
performed for each sample. N=8 replicates per sample were measured.
A MTT stock solution of 50 mg mL-1 in PBS was prepared. After appropriate
incubation time (1, 4 and 7 days), the growth medium was replaced with 250 µL of 5
mg mL-1 MTT in growth medium and incubated for a further 4 h. The culture medium
was gently removed from the well plate and 200 µL of DMSO added to dissolve the
formazan crystals generated in this assay. Well plates were placed on a plate shaker
and gently agitated for 10 min. The DMSO-formazan crystal suspension was
transferred to a 96 well plate and the absorption intensity recorded at 570 nm and
690 nm, using a Biotek® Synergy HT plate reader. To determine the activity the
following equation was used:
(4)
where S is the absorption of the sample and MC is the material control, i.e.,
absorption due to the sample material sans cells at the given wavelengths.
Cell visualisation: First, cells were grown on CCNF and CCNF crosslinked (XL)
scaffolds for 24 h in growth medium. A fixative solution was prepared by adding 2
mL glutaraldehyde (GDA at 25 wt. %) to 10 mL double strength cell culture medium
(sans serum) and diluted to 20 mL with DI H2O. This gave a fixative solution of 2.5
wt. % GDA in normal strength culture medium.
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The culture medium was very slowly removed from the scaffold keeping the pipette
at the edge of the scaffold away from the cells. The samples were gently washed in 2
x 1 mL fresh medium (normal strength culture medium without serum) again
keeping the pipette at edge of the scaffold. The wash medium was removed as
above, replaced with the fixative solution and left for 2 h. The samples were rinsed
three times with 1 mL wash medium. The cells were post-fixed in aqueous 1 wt. %
osmium tetroxide for 1 h in a fume hood at ambient temperature, then washed in 1
mL DI H2O three times at 15 min intervals.
The cells were dehydrated by sequential washing with solutions of acetone in H2O
gradually increasing in acetone content to 100 % dry acetone. Specifically solutions
of 50, 70, 90, 95% and 100% acetone in H2O were applied to the cells (on scaffold)
for 15 min, repeated three times for each concentration. Acetone was replaced with
1:1 dry acetone:HMDS solution for 15 min, followed by three sequential treatments
with 100 % HMDS for 30 min each. Excess HMDS was removed and the samples
allowed to air dry in a fume hood for 2 h prior to mounting onto SEM stubs.
FBS absorption: A phosphate buffer solution (mobile phase) was prepared by adding
a solution of 13.8 g sodium phosphate monobasic monohydrate in 500 mL DI H2O to
14.2 g sodium phosphate dibasic in 500 mL DI H2O until the pH was 6.8. The slightly
acidic solution was made up to 1 L with DI H2O, 0.2 g of sodium azide added and the
solution degassed. A solution of 10 wt. % FBS in PBS was prepared, 250 µL of the FBS
solution was added to each sample and the plate stored in an incubator for 24 h.
The amount of FBS absorbed onto the scaffold surface was determined using an
Agilent Technologies 1260 infinity HPLC. A range of FBS solutions with
concentrations in the range 0.1 to 30 wt. % were prepared and a calibration curve
constructed. HPLC analysis: size exclusion column (TSKgel G4000 PWXL, 7.8 mm, 10 x
30 mm, 50 °C), mobile phase phosphate buffer (0.7 L min-1), and UV detector. The
amount of FBS present was calculated by subtracting the concentration present in
the solution from the initial concentration of 10 wt. %.
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6.5 Results and Discussion
Application of directional freezing and lyophilisation to aqueous dispersions of CCNF
and CCNF stabilised oil-in-water Pickering emulsions, led to preparation of 3D
cationic cellulose scaffolds in the form of foams with exquisite tuneable structure.
Unidirectional ice crystal formation resulted in channels in the tens of micron range,
mimicking vascular structures, and preservation of spherical pores arising from
emulsions, yielded pumice-like wall textures, reminiscent of porous bone (Fig. 6.1).
Crosslinking, previously shown to enhance cell spreading63 (indicative of cell viability
and scaffold compatibility), was used to render the delicate structures robust
enough for handling and repeated immersion in cell growth media, as would be
required for use in tissue engineering applications.
To illustrate their utility as tissue culture scaffolds, the attachment and viability of
MG-63 cells was assessed using MTT assays and SEM analysis to discern how well
cells became integrated into the bulk of the putative scaffold material and whether
or not these cells began to proliferate.

Figure 6.1 Directional freezing followed by lyophilisation process: a) CCNF dispersions b)
CCNF stabilised oil-in-water Pickering emulsions

6.5.1

“Bottom-up” fabrication of vascularised 3D scaffolds

3D scaffolds, with variable form, internal architecture and robustness, were
constructed using a “bottom-up” approach from “cationic cellulose”, CC, bearing
quaternary ammonium groups derived from glycidyl trimethylammonium chloride
(GTMAC) grafting, either as CC nanofibrils, or dissolved and regenerated CC films.
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To induce directional freezing, low weight % CCNF dispersions (weak hydrogels)
were placed, in containers, on metal blocks immersed in liquid nitrogen. This
resulted in exclusion of the CCNF into “walls” surrounding oriented ice crystals,
which, upon lyophilisation, yielded aligned channels, reflecting the size of the ice
crystals formed. Cyclohexane in water CCNF stabilised Pickering emulsions treated
similarly resulted in both channel-like porosity and walls bearing much smaller
pores, 3 – 5 µm in diameter, due to oil droplet templation of the hydrogel. These
materials are designated “CCNF PE” henceforth.
Although the foams contained both aligned micro channels reflecting the
longitudinal ice crystal growth, and pores, reflecting the emulsion structure, these
were very delicate and easily compressed, or even dispersed. Even gentle agitation
in cell culture medium caused the scaffolds to break apart, rendering these useless
as scaffolds in cell culture applications. Hence, the foams were crosslinked to
enhance robustness,64 especially when hydrated, and to retain the complex internal
architecture.
To reinforce these delicate porous materials, glyoxal, a crosslinker, was added to the
CCNF dispersions and later reacted by heating, in order to fix the complex internal
structure, through in situ glyoxalation – these materials are designated as “CCNF
XL”. In common with most reactive cross-linkers, unreacted glyoxal is cytotoxic, but
once reacted to form acetal and hemiacetal linkages with cellulose, does not inhibit
cell viability.63 This modification served to support the delicate structures,
maintaining the integrity of the vascularised or porous internal architecture, but it
has also been shown previously that crosslinking further increases the spreading of
attached MG-63 cells on cationised cellulose scaffolds.63 Furthermore, modification
of the mechanical properties of the scaffold can act as a stimulus to up-regulate
physiological processes and signalling pathways within the cell cycle, thus promoting
cell growth.65,66 Thus, these materials could serve as very flexible scaffolds, allowing
external shape/size, internal architecture, rigidity and robustness to be varied while
also offering opportunities to modulate cell response, as described later.
6.5.2

Scaffold porosity

To determine the effect of lyophilisation and glyoxalisation on macroporosity, the
CCNF, CCNF XL, and CCNF PE scaffolds were characterised using SEM and compared
to regenerated lyophilised films (Fig. 6.2 and Fig. E.17 – 19). Structures accessible
162
Publication 6

ranged from unidirectional, vascularised materials with smooth walls (Fig. 6.2a),
foamed walls (Fig. 6.2c) to more open pore structure materials (Fig. 6.2b), compared
with regenerated cationic cellulose films (Fig. 6.2d). (For comparison, an SEM image
and pore size distribution for unmodified cellulose films is included in the ESI (Fig
E.19).) To determine the average pore size diameter SEM images were analysed
using ImageJ software yielding the following average pore sizes: CCNF = 35 ±9 µm,
CCNF XL = 60 ±20 µm, CCNF PE = 54 ±20 µm and 5±3 µm, and CC film = 20 ±10 µm.
The presence of 5 wt. % glyoxal in the CCNF XL hydrogel appeared to reduce the
alignment of ice-crystals formed during the freezing process, while emulsion
templating introduced smaller pores, ~5 µm in diameter, into the walls of the
lyophilised hydrogel structure. Film structures, while porous, appear to show less
connectivity between pores and a dense “skin” layer.

Figure 6.2 SEM images and pore size distributions of lyophilised foams a) 2 wt. % CCNF
hydrogel, CCNF; b) 2 wt. % CCNF hydrogel + 5 wt. % glyoxal, CCNF XL; c) 1 wt. %. CCNF
Pickering emulsion templated hydrogel, CCNF PE; and d) regenerated 4 wt. % cationic
cellulose film, CC.

Along with the macroporous network, visible in SEM images, mesopores occur
within the walls of the freeze dried foams. NMR cryoporometry was used to probe
the permeability of the foam walls to PBS (Fig. 6.3 and Table 6.1). PBS was used to
reflect typical cell culture media. Importantly, this technique allows the pore
structure of hydrogels to be analysed in the hydrated materials, thus more
accurately mimicking the microenvironment cells would experience in scaffolds. The
smallest mesopore diameter, 20 ±2 nm, was observed in CCNF XL foams, where the
pore size was found to be very similar to that in the control regenerated CC films, 18
±2 nm. The wall pore modal diameter determined for CCNF foams was 25 ±2 nm and
was not significantly affected by the concentration of initial CCNF dispersion used.

163
Publication 6

Crosslinking appeared to lead to a slight reduction in wall pore diameter to 20 ±2
nm. In contrast the CCNF PE foam does not allow for penetration of PBS solution
into the walls, as reflected by a modal diameter matching that determined for the
bulk PBS solution control. It is likely that this reflects the densification of CCNF at the
oil/water interface in the Pickering emulsion,67 yielding structures permeated by a
plethora of pores arising from oil droplets, but with dense close-packed CCNF walls.
a)

b)

Figure 6.3 Size distribution of mesopores in hydrated CCNF foams from NMR cryoporometry
measurements: a) specific pore surface area density, ρ, and b) specific cumulative pore
surface area. The walls of the CCNF freeze dried foams are permeable to the PBS solution,
with 1wt. % foams exhibiting the largest pores ascribed to the more open network formed by
dispersed nanofibrils. Crosslinked foams have the smallest pores, at 20 nm compared to 25
nm for uncrosslinked foams. The CCNF PE material appears to have dense (albeit very thin –
SEM) walls that do not allow for penetration of PBS as the modal diameter calculated is the
same as that arising from a bulk PBS solution. This reflects dense packing of nanofibrillar
walls formed from fibrils adsorbed at the oil/water interface in the emulsion.

These 3D scaffolds, formed from CCNF dispersions and emulsions, thus have
porosity at three different scales: large pores or channels resulting from ice-crystal
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templation; smaller pores arising from templation by oil droplets in Pickering
emulsions; and nanoscale pores reflecting packing of the CCNF within the walls of
the foamed structures. As this differing porosity could be beneficial for both
penetration of cells into the scaffold and mass transfer of nutrients, gases and waste
products to and from cells during cell growth, we sought to unify the porosity
measurements to allow comparison of potential scaffold materials and thus to
inform future selection of the form of templates.
NMR T2 relaxometry experiments were used to probe the accessibility of DMAc to
three different scales on the materials, given by each component in the T2
distribution. Such scales are related to pores of a few nanometers, for T2 values of
about 10-3 s, mesopores of dozens of nanometers, for T2 values ranging from 10-2 to
10-1 s and large pores of hundreds of nanometers up to one micrometer, for T2
values above 10-1 s. The T2 distributions for all scaffolds are shown in the Electronic
Supplementary Information (Fig. E.14 – 16).
Table 6.1: Effect of CCNF surface modification and crosslinking on the mesopore modal
diameter, determined by NMR cryoporometry, and macropore diameter, determined by
analysis of SEM images.

Mesopore

Macropore

diameter / nm

diameter / µm

Scaffold type

Sample

a

CCNF 1 wt. %

25 ±2

a

CCNF 2 wt. %

26 ±2

a

CCNF 4 wt. %

a

CCNF XL 2 wt. %

b

35 ±9

27 ±2
d

20 ±2

60 ±20

CCNF PE 1 wt. %

30 ±2

5 ±3e, 54 ±20f

c

CC 4 wt. %

18 ±2

20 ±10

c

UC 4 wt. %

35 ±2

0.6 ±0.3

Control

PBS

32 ±2

n/a

a Directionally frozen dispersions, b directionally frozen Pickering emulsions; c cast
regenerated films; d crosslinker concentration in solution = 5 wt. %; e macropore
diameter - emulsion droplets; f macropore diameter - channels.
The proportion of DMAc accessing pores on each length scale can be estimated from
the respective relative areas of the log-gaussian obtained from deconvolution (Fig.
6.4). The greater the accessibility, the more pores are filled with the fluid at a
particular length scale. Thus, CCNF XL has a greater accessibility of pores on the
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smallest scale in comparison to CCNF and CCNF PE, suggesting that crosslinking
increases the number of accessible nanopores in the cell wall. This reflects the
observation that crosslinked cellulose materials are less prone to hornification than
uncrosslinked celluloses.

Figure 6.4 Relative areas of the log-gaussian obtained from deconvolution for CCNF, CCNF
PE, and CCNF XL foams, compared to CC and unmodified cellulose (UC) films as controls. The
left (white) bars indicate the nanopores, the centre (red) bars the mesopores and the right
(blue) bars the large pores.

While the T2 distributions do not give precise pore sizes due to the unknown surface
relaxivity for each sample, if the (reasonable) assumption is made that the surface
relaxivity is similar in the different pore categories, the linear relationship between
the pore size and T2 (Eq. 2) allows estimation of the ratio between the mean of the
components seen in the T2 distribution. There is a reasonable correlation between
the cryoporometry data and the central T2 values for the mesopore components
(Fig. E.16). Thus, based on the average pore sizes determined by NMR
cryoporometry results and the T2 values for the mesopore components, it is possible
to estimate the pore sizes in the hundreds of nm length scale, which is neither
accessible by NMR cryoporometry nor by SEM. The pore sizes thus calculated are
shown in Table 6.2.
Table 6.2: Mesopore sizes evaluated from NMR relaxometry and cryoporometry.

Scaffold type

Sample

T2 / ms

Large pore diameter / nm

a

CCNF 2 wt. %

382 ±2

300 ± 30

a

CCNF XL 2 wt. %d

353 ±2

350 ± 40

b

CCNF PE 1 wt. %

209 ±1

320 ± 20

c

CC 4 wt. %

135 ±1

180 ± 20

c

UC 4 wt. %

117 ±5

70 ± 7

a Directionally frozen dispersions, b directionally frozen Pickering emulsions; c cast
regenerated films; d crosslinker concentration in solution = 5 wt. %
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6.5.3

Mechanical properties and robustness

As mentioned previously, uncrosslinked CCNF foams were very delicate, becoming
broken up and dispersing readily in DI H2O or buffer upon even very gentle agitation.
Foams formed in moulds to create more complex 3D shapes, as may be required in
the production of suitable tissue samples in ex vivo cultures, completely dispersed in
cell culture medium (Fig. 6.5). Thus, in their native state, the foams were not
compatible with the handling requirements for cell culture techniques.

Figure 6.5 CCNF and CCNF XL foams soaked in DMEM cell culture medium. The CCNF foams
swelled by 10% upon hydration in H2O, whereas the CCNF XL foams retained their dry
dimensions. After shaking in a centrifuge vial for 10 s CCNF foams broke up and dispersed in
H2O, whereas CCNF XL foams remained intact.

To avoid compromising the exquisite structures formed by sequential soaking in
glyoxal solution and heating (as used previously63), glyoxalation was effected in situ:
glyoxal solutions were added to the hydrogels prior to freezing and the curing step
took place post lyophilisation on the now dehydrated foam. This simple procedure is
attractive for manufacturing as it reduces the number of processing steps required
in foam scaffold fabrication, making scaffold manufacture readily scalable. The dry
foams thus produced had degrees of crosslinking from 1.18 to 3.04 mol. %, as
determined by HPLC analysis (Fig. E.6), comparable with glyoxalation conducted on
cellulose films.63
As the concentration of glyoxal crosslinker used increased from 2.5 to 10 wt. %, the
crosslinked scaffolds became more robust with mechanical properties, such as
Young’s modulus and compressive strength, increasing accordingly (Fig. 6a and b).
Compressive strength, in particular, was enhanced, with the Young’s modulus, E,
increasing from 0.1 MPa for uncrosslinked CCNF foams to 50.8 ±8 MPa at 10 wt. %
glyoxal (Fig. 6.6a). It was apparent from the compressive load versus compressive
extension profiles that compression was occurring in two stages; initial compression
at lower loading was assigned to the collapse of the large porous network and a
second stage, at much higher loads, reflected the bulk of the material under
compression (Fig. 6.6b). E was determined from the stress/strain at 30 %
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deformation. Although the highest E value occurred in the most crosslinked foams,
these tended to fracture more quickly, reflecting a more brittle structure; hence
foams up to 5 wt. % were used in cell culture studies (Figs. E.20 – 23).
a)

b)

Figure 6.6 a) The Young’s modulus, determined from the stress/strain at 30 % deformation,
showed that crosslinking the CCNF foams had a significant influence on the robustness of the
materials. b) Compressive load versus compressive extension graph showing the two phases
of compression: first, compression of the porous network, followed by the greater load
required to compress the bulk material (illustrated for CCNF XL).

Such foams represented a “sweet spot”: materials were robust enough to handle
and survive the manipulations required for cell studies (e.g., aspiration of media),
yet were not rendered too brittle to be of utility: CCNF foams with a moderate level
of crosslinking (exposed to 2.5 and 5 wt. % glyoxal, yielding DXL of 1.18 and 3.04
mol. %) remained intact in PBS and only disintegrated if subjected to very vigorous
agitation. This enabled the foams to be handled without breaking during cell viability
studies.
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6.5.4

Cell response to 3D scaffolds

We have previously investigated the attachment of cells on the surface of CC films,68
but here the presence of a “skin” on the surface of the regenerated CC films (Fig.
E.17) rendered the porous internal structure beneath inaccessible to cells, so that
cell studies were confined to the foamed scaffolds produced by directional freezing,
lyophilisation and crosslinking.
The cell viability was determined by assessing cell metabolism using an MTT assay,
which showed that MG-63 cells were viable on all 3D CCNF scaffolds after 7 days
incubation at 37 oC in 5 % CO2 (Fig. 6.7a).
We have reported previously that cell elongation can be promoted on crosslinked
2D CC scaffolds, an effect that was ascribed to increased elastic and shear moduli.63
Thus, the enhanced level of cell viability on CCNF XL materials was expected.
Nonetheless, to test whether or not the enhancement could be ascribed to
enhanced sorption of proteins (present in FBS) to the cationic surface, protein
adsorption studies were conducted. The quantity of protein (specifically bovine
serum albumin, BSA) adsorbed to the scaffolds after incubation with cell culture
medium for 24 h at 37 oC in 5 % CO2 was quantified by HPLC analysis (Fig. 6.7b and
Fig. E.24-26). While increased cationisation (increased DS) enhances protein
absorption, there is no such correlation with crosslinking, suggesting that the
enhanced cell viability on CCNF XL resulted from the structural properties of the
scaffold (SEM images of growing cells on the 3D scaffolds are provided as Fig. S28).
Not surprisingly, measured mechanical strength decreased on hydration of scaffolds,
but there was no evidence of further degradation after 7 days incubation (Fig. S24 –
27).
It has been reported previously that the mechanical properties of a cell scaffold
affect the mechanosensitive cell response, although this can be dependent on the
cell type.69 For example fibroblasts, smooth muscle cells and epithelial cells spread
more and develop larger focal adhesions and actin stress fibres on stiffer scaffolds
than on compliant ones.70 Cells receive mechanical feedback from the substrate to
which they adhere, even in the absence of externally applied forces,71 as they
attempt to deform the substrate. As cells elongate on stiff scaffolds they experience
a higher stress than on softer more compliant scaffolds, which promotes the
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assembly of the cytoskeleton into actin stress fibres and focal adhesions, and
subsequently triggers signalling cascades that ultimately promote cell expansion.72
a)

b)

Figure 6.7 a) Cell viability on 2 wt. % CCNF 3D scaffolds after 1, 4 and 7 days incubation at 37
o
C in 5 % CO2. Tissue culture plastic was used as the control and the sample values have had
the material control subtracted. It is evident that glyoxalation provides the foams with the
structural support to use as 3D scaffolds as well as enhancing cell viability. b) HPLC analysis of
the quantity of FBS, specifically bovine serum albumin (BSA), adsorbed onto the scaffold
o
-2
surface after 24 h incubation at 37 C in 5 % CO2. By comparison TCP bore 0.95 vol. % cm
BSA absorbed onto the surface.

Thus, we suggest that the cells adhered to the CCNF XL scaffolds due to the cationic
surface charge, which promotes the initial phase of cell attachment, facilitating cell
binding through electrostatic interactions and possibly aided by enhanced FBS
sorption, particularly in the second phase of cell adhesion (Fig. 6.8). Once attached,
the stiffer CCNF XL scaffolds provided the cells with a larger feedback force,
promoting mechanotransduction signalling within by activating the Rho GTPase
family to promote cell spreading and migration in the third phase of cell adhesion.73
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Figure 6.8 Schematic of the phases of passive in vitro cell adhesion. Phase I: Sedimentation of
cells can be enhanced through electrostatic interactions, Phase II: Cell attachment is
facilitated through the formation of integrin binding sites between the cell and scaffold and
Phase III: Cell spreading occurs through focal adhesions the interactions with the force
73
experienced by the cell actin cytoskeleton via mechanotransduction.

These “bottom-up” scaffolds complement the current “top-down” decellularised
plant tissue scaffolds available and offer a wide range of potential cell culture
applications, potentially promoting the differentiation of tissue on the variable
stiffness CCNF foams. Furthermore, the porosity and vascular structure of the foams
facilitates mass transfer of O2 and nutrients to the cells and the removal of waste
products, required to maintain viable cultures, e.g. in and on larger 3D scaffolds
shaped to mimic organs or to match specific damaged areas of tissue.
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6.6 Conclusion
Robust 3D modified cellulose scaffolds with exquisite tuneable structure in the form
of foams, with meso- and macro- scale pores were prepared by a “bottom-up”
approach. Directionally freezing CCNF dispersions and emulsions, followed by
lyophilisation, was used to produce a range of scaffolds with a variety of internal
architectures from aligned micro channels with smooth walls, mimicking
vascularised tissue, and pumice-like wall textures, reminiscent of porous bone.
Directional freezing is a facile and low cost method to introduce porosity into tissue
engineering scaffold materials and this process would be attractive for (relatively)
large scale manufacturing as it has fewer steps than previous methodology.
To overcome the poor structural integrity of the CCNF foams, crosslinking by
glyoxalisation was used. This also enhanced the Young’s modulus and yielded
scaffold materials suitable for cell culture as demonstrated by the improved viability
of MG-63 grown on the scaffolds. It is postulated that the more porous structures
arising, allowed for enhanced mass transfer of nutrients and gases into the scaffolds
and removal of cell waste products, beneficial for cell growth. Porosity was
characterised at all length scales by a combination of SEM image analysis, NMR
cryoporometry and T2 relaxation studies.
These scaffolds can complement the library of 3D porous materials derived from
decellularised plant tissue, yet have the advantage over the “top-down” scaffolds,
which usually require several treatments prior to application and can be limited in
structure and shape, whereas, a variety of bulk 3D shapes can be prepared through
process moulding the frozen hydrogel prior to lyophilisation and crosslinking.
These “bottom-up” scaffolds derived from dispersed CCNF require minimal
modification, use known and scalable chemistries, and can be easily processed
through the use of moulding techniques to create the desired 3D constructs, with
modulated vascularity and wall porosity.
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Chapter 7

7 Concluding remarks
The aim of this PhD was to develop, through simple, robust and scalable chemical
modifications, novel, decorated cellulose surfaces. These materials could be utilised
to produce functional scaffolds, to facilitate cellular attachment and further tune, or
regulate, cell response in tissue culture applications. The series of papers presented
have shown that cationisation can be applied to cellulose materials, from nanofibrils
to 2D surfaces, and used to produce complex 3D scaffolds. Initial cationisation of 2D
surfaces enabled method development for degree of substitution (DS) to be
quantified and for greater understanding of its influence on surface chemistry.
Modified cellulose films provided good 2D models to investigate cell response and
cell-scaffold interactions. This foundation of knowledge was transferred to
cationisation of nanofibrils, unlocking a wide range of material to be produced.
These CCNF and hydrogels were analysed and the interfibrillar molecular
interactions characterised to provide understanding of interfibrillar interactions in
these systems. The work described in the final paper in the narrative of this thesis
took knowledge from all the previous papers to develop 3D modified cellulose
scaffolds with the exquisite internal architectures required for more complex cell
culturing on tuneable “bottom up” produced scaffolds.
The first two objectives were to identify a two-component system for cell
attachment onto cellulose in the absence of FBS in cell growth media. Having
reviewed types of modification in Chapter 1, in Chapter 2 the aim was achieved by
grafting GTMAC onto the surface of cellulose, introducing a positive surface charge,
and providing a material which showed significantly increased cell attachment
compared to either unmodified, or oxidised (anionic), bacterial cellulose films.
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Cationisation alone was shown to lead to similar levels of cell attachment to that
obtained on tissue culture plastic. Methods to quantify the presence of quaternary
ammonium groups on the cellulose surfaces were developed and surface zetapotential measurements, used to confirm that the cationised scaffolds had a positive
charge of 25 ±9 mV.
In Chapter 3 we developed the initial finding further by producing scaffolds with a
wide range of DS (between 0 – 9.2 %) and combining this modification with
glyoxalation ( 0.3 – 2.6 % degree of crosslinking) to obtain scaffolds with variable
stiffness, with a shear moduli increasing from 76 to 448 kPa. To address the third
objective, investigation into cell response identified that cationisation was vital for
inducing FBS-free attachment, with as little as 1.4 % DS required, but that the shear
modulus, governed by degree of crosslinking, was the more significant property for
further regulating cell spreading. In Chapter 3 both the bulk and surface properties
were characterised in detail and methods were optimised to enable this. Modulated
crosslinking, with glyoxal, produced materials with variable (and tunable) surface
shear moduli that resulted in differential cell spreading, suggesting a simple, but
effective mechanism to control cell response. Thus, tuning properties was achieved
using only two facile chemical modifications at varying levels, offers potential
advantages in making production cost effective and enabling scale up of these twocomponent systems.
In Chapter 4 the focus moved from feasibility to scale-up of this technology to
developing a method to scale-down the cationisation, in line with the fourth
objective. This was achieved using GTMAC as a “reactive ink” and depositing
droplets of reagent onto unmodified cellulose scaffolds using ink-jet printing.
Cationic islands with average diameter of only 47 ±2 µm were achieved and directed
attachment of cells localised to these modified regions was observed. A range of
potential emergent applications for this technology were identified in Chapter 4
including: co-culturing cell lines; high throughput drug screening; and guiding cell
orientation.
In chapter 5, to address the fifth objective, the established modification procedure
was taken and applied to cellulose fibres, resulting in individualised CCNF, which
dispersed in H2O forming stable hydrogels. Combining results from neutron
scattering experiments, rheological measurements and analysis of 1H NMR T1
178

relaxation times of the H2O and grafted –N+(CH3)3 groups, low DS CCNF were
characterised as fibrils that are twisted and flexed, and which entangle to form weak
hydrogels, while higher DS CCNF fibrils are more rigid, flatter, ribbon-like structures
that result in stiff, elastic, viscous, shear thinning hydrogels. These hydrogels could
now be investigated as 3D scaffolds.
The last objective was to produce 3D scaffolds from modified cellulose, as described
in Chapter 6. This was achieved by turning the hydrogels made from dispersed
CCNFs into porous foams, via directional freezing followed by lyophilisation,
producing a range of scaffolds with a variety of internally architecture from aligned
micro–channels, with smooth walls, mimicking vascularised tissue, and pumice-like
wall textures, prepared from directionally freezing Pickering emulsions, reminiscent
of porous bone. These possessed exquisite internal structure, with meso- and
macro-pores which could be reinforced by glyoxalisation. A combination of NMR
cryoporometry, NMR relaxometry and SEM were used to probe the pores at
different length scales from a few nm to >100 µm. Glyoxalisation reinforced the
scaffold structure and also enhanced metabolic activity of attached MG-63 cells. It
was

postulated

that

the

crosslinked

scaffolds

provided

a

favourable

microenvironment for cell growth as well as increased mass transfer of nutrients and
waste product.
Developing robust scaffolds from dispersed CCNF is beneficial for industrial
applications as they require minimal modification, using known and scalable
chemistries, and can be easily processed through the use of mould and extrusion
techniques to create the desired 3D constructs, with modulated vascularity and wall
porosity. These “bottom-up” scaffolds can complement the library of 3D scaffold
materials derived from decellularised plant tissue.
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7.1 Further Development
7.1.1

Exploring cell response to tailored cellulose scaffolds

Much of the research conducted in this thesis focused on initial cell phenomena; cell
attachment, morphology and viability on modified cellulose scaffolds. However,
there are other important measures of the cellular response to a given substratum,
these include: long term cell growth, cell proliferation and growth, to determine cell
kinetics and doubling rate, which could be quantified by the assays such as
resazurin. Probing signalling molecules expressed by adherent cell on the scaffolds
using immune-staining and molecular biology techniques (RNA and Western Blott)
Several different cell lines could be screened on these scaffolds, such as primary cell
lines, diseased cell lines and their healthy counterpart. Furthermore, stem cell
differentiation can be guided by scaffold properties. For example the elastic moduli
of the crosslinked scaffolds mimicked that of myocytes and osteogenic tissue,
suggesting the potential to develop such materials into tailored scaffolds to produce
musculoskeletal tissue from MSCs. Furthermore, cellulose composites can be
produced with different properties.
7.1.2

Tuning scaffold properties to up-regulate cell cycle

Initial research investigating how scaffold properties influence the cell cycle took
place at SUNY during the two month internship. The “cell cycle” describes the series
of events leading to cell division and duplication and can be sectioned into phases
that are controlled by a collection of proteins interacting with each other, the cyclins
and cyclin-dependent kinases.1 The main purpose of the cell cycle is to double the
cell to replace damaged cells. The time it takes for a cell to double its genome is
known as the interphase and each phase within the cycle is responsible for a specific
role in the cell duplication process and occurs pre (S, G2) and post-mitotic (G1, G0)
interphases. G1-phase follows directly after cell division whereby the cell starts to
grow the necessary content for cell division, taking approximately 3 h. During the Sphase the process of DNA replication takes place and the cellular genome doubles, 7
h. Next the cells prepare to split occurs, G2, which takes 4 h and is referred to as the
premitotic phase. Cell division finally occurs in the mitosis phase, M, where the
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doubled DNA is organised in chromosomes and separates splitting the nucleus and
rest of the cell, 30 – 60 min.
In normal proliferating tissue with cells undergoing constant division after mitosis
then the next G1-phase occurs. G0 represents cells in their resting state, quiescence,
such as specialised differentiated cells. Extracellular microenvironments and growth
factor levels can also trigger cells to entre quiescence phase. Importantly this is a
reversible and cells can re-enter the cell cycle upon given stimuli. Once a cell has
entre the senescence process; however this is an irreversible series of steps that
leads towards controlled cell death, apoptosis.

Figure 7.1 Schematic diagram of the cell cycle.

Understanding stimuli to re-initiate the cell cycle is important for treating disorders
and promoting regeneration of differentiated cells such as neurons. On the other
hand, a hallmark of cancerous tissue is the uncontrolled growth caused by constant
triggering of the cell cycle. Thus understanding and regulating the cell cycle has
many potential benefits in medicinal treatments.

Figure 7.2 Relative Cyclin expression across cell cycle

181

Identifying the signalling proteins expressed by attached cells would provide
information on whether the cell cycle is occurring or if the cells are in a quiescent
state. Molecular biology techniques could be used to monitor the RNA expression
such as reverse transcriptase quantitative polymerase chain reaction (RT-qPCR). This
technique involves the reversion transcription of RNA to cDNA, followed by PCR
amplifying the DNA, to quantitatively study gene expression. This technique offers
an accurate way to investigate how scaffold properties influence cell proliferation
through by measuring cyclin expression levels associated to specific phases.
7.1.3

Screening pathological state of cells: diseased versus healthy

The cancer osteosarcoma cell line MG-63 was used a model cell in this thesis. These
cancerous cells are net negative due to elevated expression of anionic molecules in
the cell membrane.2 This difference in cell membrane between healthy and
cancerous cell lines could be exploited to develop a screening technique. We would
need to screen different non-cancerous cell lines to assess the ability of the modified
cellulose scaffolds to support healthy cells. If there is a difference in how cell lines
respond to the modified cellulose scaffolds, it is feasible the properties could be
tuned to be selective to certain cell lines through ionic interactions. The selectivity of
cancer cells could be developed into a cancer cell sensor to identify and isolate
cancer cells from non-cancerous cells on micro-patterned scaffolds.
7.1.4

High throughput screening of pharmaceutical active ingredients

The use of inkjet printing could be expanded further to create more complex
patterns like lines and gradients. These patterns could be used to control cell
alignment and migration. The production of cell co-cultures with multiple cell types
seeded onto the patterned scaffold, which better reflects natural tissue and
provides for development of tissue functionality. Opportunities extend beyond the
production of ex vivo tissues for clinical applications – for example, isolation of small
groups of cells, or even individual cells, offers opportunities in screening of active
agents, such as drugs, and selection of suitable patterning chemistries could lead to
co-localisation of muscle and fat cells, of potential utility in clean meat production.
Other medical applications of cellulose scaffolds could include hydrogel membranes
for wound healing, gradients of cationic cellulose could be used to promote the
motility of fibroblast cells to the wound site. Also cellulose hydrogels could be
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investigated as supports for non-adherent cell lines for potential use as injectable
scaffolds for wound healing.
7.1.5

Edible scaffolds for cellular agriculture

The scaffolds in this thesis were developed for tissue engineering applications;
however there is great potential to utilise these biomaterials for cellular agriculture.
Essentially, cellular agriculture is the production of agricultural products from cell
culture. The principles for culturing tissue for regenerative treatments can be
applied to growing meat tissue. A potential advantage of using cellulose as the
scaffold material is that it is edible and many of its modified forms are too. Viability
of muscle cells such as C2C12 and primary cells would need to be conducted as
proof of principle. This could be performed on both 2D and 3D scaffolds.
7.1.6

Scaling up cell culture

2D scaffolds are important in understanding the cellular response to substratum but
that type of system has limited clinical application, apart from 2D wound dressing
treatments. Therefore, they are a need to exploit the ability of cationic cellulose to
support cell viability by developing 3D system. We have demonstrated methods of
producing 3D scaffolds from lyophilised regenerated cellulose solutions and
hydrogels. More complex shapes could be achieved using by 3D syringe printing the
cellulose solution into an anti-solvent or electrospinning cellulose nanofibres.
Potentially beneficial in complex 3D scaffold constructs designed to mimic a
particular organ or biological component, such as bone or muscle.
In order to generate sufficient tissue either for tissue engineering or cellular
agriculture applications, cell culturing would need to be performed in a bioreactor.
There are many different such as hollow-fibre bioreactors, which offer much greater
mass transfer of nutrient and oxygen to the cells as well was the removal of waste
products. These systems are also a lot more efficient that standard 2D cell culture as
the cell media can be recycled back into the bioreactor.
7.1.7

Formulated ingredients from modified cellulose nanofibrils

The structure and interactions of cationic cellulose nanofibrils was characterised
within the thesis. There is a lot of potential to explore these nanofibrils further as
ingredients in formulated products such as their ability to stabilise oil-in-water
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Pickering emulsions by adsorbing to the interface acting as a physical barrier to
coalesce. Moreover, the effect adding electrolytes and surfactants to cationic
cellulose hydrogels can be investigated. The Hofmeister series of counter ions in
coordinated with the quaternary ammonium moiety can be assessed. It would be
interesting to probe how cationic nanofibrils interact with oxidised nanofibrils to
determine whether stable hydrogels can still be obtained and if there properties
differ. The two nanofibril modifications could be combined to form Zwitterionic
nanofibrils and the structure and interactions characterised by SANS and rheology.
From an application point of view there is scope to develop these nanofibrils as
rheology modifiers and also assess their ability to be used in formulation, for
example as stabilisers in topical gels and encapsulate active ingredients in Pickering
emulsions.
7.1.8

3D Reference Interaction Site Model (RISM)of modified cellulose

To help interpret neutron scattering and NMR data, 3D Reference Interaction Site
Model (RISM) is a computational technique used to model cellulose structures. It
can model how a solvent hydrates and solvates the cellulose surface and calculate
solvation energies, as well as the effect of electrolytes in the system. 3D RISM
obtains a 3D-spatial distribution of atomic sites of water molecules around cellulose
structures. Each peak in the spectrum indicates a binding position of an atomic site
of the water molecule. It requires input of only the solute-solvent interaction
potentials, a force field used in standard molecular simulation, and solvent
thermodynamic conditions (temperature, density and composition).3,4
Preliminary investigations started in spring 2016, during a two-month internship
with Prof Munir Skaf based at Centre for Computational Engineering & Sciences,
Chemistry Institute at the University of Campinas in Brazil, as part of the Global
Innovation Initiative. Several modified cellulose crystalline atomic structures were
constructed and to input into RISM to model the hydration properties of cellulose
and functionalized cellulose. By using this method, it could provide opportunities to
compare experimental SANS results with the model to understand in greater depth
the behaviour of dispersed modified cellulose nanofibrils systems. This collaboration
is on-going and currently focusing on the interaction energies of modified cellulose
surfaces as aggregation occurs.
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Chapter 8

8 Appendix
A. Paper 2 Appendix: Surface Modified Cellulose Scaffolds
for Tissue Engineering
A.1

Characterisation of modified cellulose

Figure A.1 FTIR spectra for unmodified, cationic (DS = 3.0 ±0.0 %) and anionic (DO = 7.6± 1.0
%) cellulose powders were obtained on a Perkin Elmer Spectrum 100 with a universal ATR
sampling accessory; 10 scans were acquired in the range 4000 – 600 cm-1. FTIR: prominent
bands at 1440 cm-3 and 1483 cm-3 were attributed to the CH2 bending mode and methyl
groups of the cationic cellulose substituents in accordance with data published by (Zaman et
al). The peak at 1754 cm-1 on the anionic cellulose spectrum is attributed to the carboxylic
acid C=O stretch.
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Figure A.2 H- C CP/MAS NMR was performed on unmodified, cationic (DS = 3.0 ±0.0 %) and
o
anionic (DO = 7.6± 1.0 %) cellulose powders (freeze dried). Spectra were acquired at 25 C, an
13
MAS rate of 10 kHz and a contact time of 2000 µs. C solid-state NMR: signals between 66
ppm and 105 ppm referred to the anhydroglucose, while a signal at 175 ppm appeared upon
oxidation, due to the carboxylic acid group (Saito et al. 2005), and a signal at 56 ppm due to
the methyl groups on the quaternary ammonium was detected in the cationic cellulose
sample (Chaker et al. 2015).

Figure A.3 a) Conductivity curve for cationic cellulose film in DI H2O titrated with ca ~ 1mM
AgNO3 at 0.50 mL intervals. b) Conductivity curve following an acid/base titration for anionic
cellulose film titrated with 0.01 mM NaOH at 0.5 mL intervals (bottom)
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B. Paper 3 Appendix: Modulating cell response on
cellulose surfaces; tunable attachment and scaffold
mechanics

B.1

Characterisation of surface modified cellulose

Figure B.1 FTIR spectra for unmodified, cationic (DS = 0 – 9 %) cellulose films were obtained
on a Perkin Elmer Spectrum 100 with a universal ATR sampling accessory; 10 scans were
-1
-3
-3
acquired in the range 4000 – 600 cm . FTIR: prominent bands at 1440 cm and 1475 cm
were attributed to the CH2 bending mode and methyl groups of the cationic cellulose
1
substituents in accordance with data published by Zaman et al.

188

Figure B.2 The degree of substitution can be correlated to the relative intensity ratio
-1
-1
between the peak at 1475 cm (methyl groups of the cationic group) and 2920 cm (CH
reference signal).

Figure B.3 Conductometric titration curve for a cationic cellulose film in DI H2O titrated with
0.10 mM AgNO3 in 0.50 mL aliquots. The DS for this sample is 2.4 %.
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The degree of substitution is calculated using Eq. 1:

*

+

(Eq. 1)

where C is the concentration of AgNO3 solution (M), V is the volume of AgNO3
solution (in dm3), and w is the weight of the dried cationic cellulose sample (g),
162.15 is the Mw of the AGU and 151.63 is the difference in Mw between the AGU
and cationised AGU bearing a trimethylammonium chloride group.

B.2

HPLC analysis of structural modification

Figure B.4 Unmodified cellulose samples. Chromatograms of the hydrolysis solutions (NaOH
-1
o
c = 4 mol L , 100 C, 15 min): A-E hydrolysis solutions for cellulose films treated with 0, 1, 3,
-1
6, 12 wt. % glyoxal. HPLC conditions; H2SO4 = 0.01 mol L , BioRad Aminex HPX-87H; flow rate,
-1
o
0.6 mL min ; column oven temperature, 50 C; UV detector wavelength, 210 nm.
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Figure B.5 Cationic cellulose samples. Chromatograms of the hydrolysis solutions (NaOH c = 4
-1
o
mol L , 100 C, 15 min): A-E hydrolysis solutions for cationic cellulose films treated with 0, 1,
-1
3, 6, 12 wt. % glyoxal. HPLC conditions; H2SO4 = 0.01 mol L , BioRad Aminex HPX-87H; flow
-1
o
rate, 0.6 mL min ; column oven temperature, 50 C; UV detector wavelength, 210 nm.

-1

Figure B.6 Glycolic acid peak area for prepared standard solutions (20 – 30,000 mg L ).
Calibration coefficient for glycolic acid was calculated from the gradient of the line to be
2
-1
1055.5 a.u. / mg L . (n = 3, error bars = standard deviation)
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B.3

Cell attachment studies

Figure B.7 The influence of glyoxal crosslinking on MG-63 cell attachment. Cells were
incubated 1 h at 37 :C in 5 % CO2 on cationically modified cellulose films (DS = 4.7 %) without
FBS serum ligands adsorbed on the surface (n= 3; error bars show standard error). Cell
attachment on cross-linked scaffolds were not significantly different from each other

Figure B.8 The effect of Pluronic L127,which blocks non-specific cell binding sites, on MG-63
cell attachment (after 1 h incubation at 37 °C in 5 % CO2) on tissue culture plastic and
cationically modified cellulose films with no added ligands adsorbed on the surface (n=3;
error bars show standard error).
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B.4

Characterisation of scaffold properties

Figure B.9 Influence of DS on scaffold surface roughness. Minimal change in surface
roughness was observed on the cationically modified scaffolds. AFM images processed and
analysed with Gwyddion software. The surface roughness, Ra, was calculated using the “1D
height analysis” function of the programme.

Figure B.10 The bulk elastic modulus of hydrated cellulose films increased upon crosslinking
with glyoxal. The measurements were performed at 80 % relative humidity. (n=5; error bars
2
2
show standard error). Cationic cellulose, R = 0.907 & cellulose, R = 0.983.
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Figure B.11 The surface shear modulus of unmodified and cationic cellulose (4.7 % DS) films
with increasing amounts of crosslinking by glyoxal. Data fitted to a logarithmic expression.
2
2
(n=4; error bars show standard error). Cationic cellulose, R = 0.989 & cellulose, R = 0.992.

B.5

Cell spreading studies

Figure B.12 Mean cell area after 24 h incubation at 37 °C in 5 % CO2 on cationic cellulose
scaffolds ( DS = 4.7 % with increasing degrees of cross-linking (DXL = 0 – 2.6 %). Modulating
the structural properties of the scaffolds through glyoxal crosslinking did influence cell area
but the relationship was not a clear one. Cell area will initially increase once attached onto
the surface as they flatten. However as cells elongate the projected area will not necessarily
increase. This made distinguishing the influence on greater crosslinked scaffolds difficult.
Hence aspect ratio was used as a clearer measure of cell spreading. (n= 51 – 116, error bars
show standard error). MG-63 cells, incubated on tissue culture polystyrene, were used as the
2
control: average cell area 1725 ±129 cm . *** were significantly different from noncrosslinked cationic cellulose with p value < 0.001.
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o

Figure B.13 a) The change in cell area; b) and aspect ratio after 24 h incubation at 37 C in 5
% CO2, (n= 24 - 435; error bars show standard error) demonstrated spreading of MG-63
occurred on the cationic cellulose scaffolds. The control scaffold was treated tissue culture
2
plastic and cells on this surface exhibited an average area of 1725 ±129 µm and an aspect
ratio of 2.68 ±0.17. Samples marked ***, ** and * are significantly different from unmodified
cellulose with p < 0.001, p < 0.01 and p < 0.05 respectively.

Figure B.14 Influence of DS and DXL on MG-63 morphology; cell area (a) and aspect ratio (b)
on cationic cellulose scaffolds (DS 0.6 and 4.7 %) treated with varying glyoxal concentrations
o
( 0, 1, 6 wt. %) after 24 h incubation at 37 C in 5 % CO2, (n= 38 - 193; error bars show
standard error). Cell images were analysed by ImageJ to calculate the average cell aspect
ratio and area. Tissue culture plastic was used as a control, where cells had an area of 1725
2
±129 cm and an aspect ratio of 2.37. Samples marked ***, ** & * were significantly different
from uncross-linked cationic cellulose with p < 0.001, p < 0.01 and p < 0.05 respectively.
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C. Paper 4 Appendix: Simple to fabricate, micropatterned,
2D cellulose scaffolds for localised cell attachment
C.1

INTERFACIAL Tension OF GTMAC ‘INKS’

For an ink solution to jet effectively from the DIMATIX inkjet printer heads, the
interfacial tension (IFT) needs to be in the range 32 – 42 dynes / cm, at jetting
temperature. The IFT of GTMAC solutions was obtained by the pendent drop
method on a SCA20 contact angle instrument. The droplet volume was set at 20 µL
delivered from a 500 µL Hamilton syringe with a needle diameter of 1.27 mm
diameter. Ten measurements were taken for each sample and the average reported.
C.2

Scanning probe microscopy

SPM was employed to obtain topography and capacitance gradient (dC/dz) images
of unmodified, and cationic, cellulose films using a Park NX-10 Atomic Force
Microscope.2,3 Kelvin force and capacitance coupling measurements were conducted
in parallel by applying an electric AC signal at 17 kHz to the metal-coated cantilever the DC potential was applied to the cantilever to nullify the AC signal at 17 kHz to
determine the electric potential of the sample. The capacitance gradient (dC/dz), or
capacitance coupling, of the tip to the sample was proportional to the second
harmonic of the AC signal (34 kHz). The AFM images were processed and analysed
using Gwyddion software 4 and the “1D height analysis” function of the programme
used to calculate the capacitance coupling signal distribution on the film.
C.3

NMR Analysis of GTMAC Hydrolysis

To test stability of GTMAC “inks” to hydrolysis when exposed to elevated
temperatures during printing, the rate of hydrolysis of GTMAC in a basic aqueous
solution was determined by using the relative integrated areas of well-defined
signals in 1H NMR spectra. GTMAC (100 mg, 0.66 mmol) was added to NaOD (40 wt.
% aqueous solution, 67.6 mg) and 1000 mg of D2O. The solutions were reacted at 25,
45 and 65 oC for 2 h and 1H NMR spectra recorded every 5 min. 1H NMR spectra
were recorded on a Bruker Avance 500 NMR spectrometer at 500 MHz.
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Scheme C.1 Hydrolysis of GMTAC by NaOD in D2O

The rate of hydrolysis was determined from the change in integrated area for
protons attached to the carbon atoms of the epoxide, Ha-He, over the 2 h reaction
time. The half-life at each temperature was calculated from Equation 1:
(Equation 1)

⁄

Where k is the rate constant determined as the gradient of the plot ln (integral area)
vs. time.
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Figure C.1 Stacked H NMR spectra for the hydrolysis of GTMAC in 1 mol g solution of NaOD
o
in D2O at a reaction temperature of 65 C. Spectra were acquired at 5 min intervals.
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Figure C.2 Stacked H NMR spectra for the hydrolysis of GTMAC in 1 mol g solution of NaOD
o
in D2O at a reaction temperature of 45 C. Spectra were acquired at 5 min intervals.
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Figure C.3 Stacked H NMR spectra for the hydrolysis of GTMAC in 1 mol g solution of NaOD
o
in D2O at a reaction temperature of 25 C. Spectra were acquired at 5 min intervals.

Figure C.4 Change in integrated area for the GTMAC resonance at 3.55 ppm (due to epoxide
o
o
o
protons) at 25 C (diamonds); 45 C (squares); and 65 C (triangles).
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o

o

Figure C.5 1st order kinetic plots for base hydrolysis of GTMAC at 25 C (diamonds); 45 C
o
o
(squares); and 65 C (triangles). At 25 C the epoxide was not hydrolysed within the two hour
measurement period. 1st order rate constants were determined from the gradient of the
o
-1
o
-1
o
-1
plots of ln (integral area) vs. time: 25 C = 0.001 min ; 45 C = 0.052 min ; 65 C = 0.159 min
2
o
(R = 0.9362, 0.9991 and 0.9893 for fitted lines). Half-lives, t½, for hydrolysis at 45 C and 65
o
C were calculated as 13 and 4 min respectively. Exposure of GTMAC to elevated
temperatures in the heated nozzle of the printer was brief enough to avoid hydrolysis.
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Figure C.6 a) Image of GTMAC droplet jetted from inkjet nozzle. b) Optical microscope image
of GTMAC droplets on cellulose film at increasing density of droplets per mm, scale bar =500
µm. c & d) Fluorescent microscope images of 5(6)-carboxyfluorescien stained cationic islands
printed in lines at increasing linear droplet density, scale bar =1000 µm.
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Figure C.7 Fluorescent microscope images of 5(6)-carboxyfluorescein stained cationic islands
printed at different transparencies, scale bar =1000 µm: a) 70 % transparency, b) 80 %
transparency, d) 90 % transparency, and e) 95 % transparency. c) Relationship between
“transparency”, or droplet density to percentage of GTMAC coverage across the film surface.
f) A plot of capacitance coupling (from scanning probe microscopy) vs. GTMAC coverage
shows how the increase in area of cationisation reduces the overall capacitance coupling of
the film surface by counteracting to the negative charge of the bulk unmodified cellulose.
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D. Paper 5 Appendix: Unravelling cationic cellulose
nanofibril hydrogel structure: NMR spectroscopy and
small angle neutron scattering analyses

D.1

Characterisation of modified cellulose

Figure D.1 FTIR spectra for unmodified α-cellulose and CCNF (DS = 23.0 ±0.9 %) powders
were obtained on a Perkin Elmer Spectrum 100 with a universal ATR sampling accessory; 10
-1
-1
scans were acquired in the range 4000 – 600 cm . FTIR: prominent bands at 1440 cm and
-1
1483 cm were attributed to the CH2 bending mode and methyl groups of the cationic
1
cellulose substituents in accordance with data published by Zaman et al. .
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Figure D.2 Conductivity curve for CCNF in DI H2O titrated with ca ~ 1 mM AgNO3 at 0.50 mL
intervals.

Figure D.3 a) DS of CCNF determined using a Mütek Particle Charge Detector (black points)
and by conductometric titration (red point). The average of three values was reported with
the standard error shown as error bars.
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1

13

Figure D.4 Summary of H- C CP/MAS NMR spectra for α-cellulose and CCNF (DS 10.6 23.0%) powders, acquired using MAS rates of 10 kHz. The signal at 55.5 ppm is assigned to
the methyl carbon resonances of the quaternary ammonium group and used to determine
DS. The crystallinity index was determined by separating the C4 region of the spectrum into
crystalline and amorphous peaks, and calculated by dividing the area of the crystalline peak
(87 – 93 ppm) by the total integrated area of the C4 peaks (80 to 93 ppm)

1

13

Figure D.5 H- C Cross-polarisation kinetics curves for carbon peaks in CCNF powder (DS =
23.0 %). The experimental error associated with the measurement of peak intensities is
below 10 %.
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D.2

Small angle Neutron scattering

Table D.1 SANS fitting parameters for a flexible cylinder with elliptical cross-section model.
-6
-6
The length was held at 1000 Å, sldCyl 1.75 x 10 and sldSolv: D2O = 6.34 x 10 , H2O = 5.61 x
-7
10 .

Parameter

Description

Units

Scale

Volume Fraction

None

Background

Source background

cm-1

Lengh

Length of the flexible cylinder

Å

Kuhn_length

Kuhn length of the flexible cylinder

Å

radius

Radius of the flexible cylinder

Å

Axis_ratio

Axis_ratio

None

(major_radius/minor_radius
Sld

Cylinder scattering length density

10-6Å

Sld_Solvent

Solvent scattering length density

10-6Å

Figure D.6 Experimental SANS spectra of CCNF hydrogels (10.6 % DS) simultainiously fitted to
a flexible ellipsoidal cylinder model (scattered points are data and solid lines are the fitted
curves) in D2O or H2O.
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Figure D.7 Experimental SANS spectra of CCNF hydrogels (12.6 % DS) simultaneously fitted to
a flexible ellipsoidal cylinder model (scattered points are data and solid lines are the fitted
curves) in D2O or H2O.

Figure D.8 Experimental SANS spectra of CCNF hydrogels (18.8 % DS) simultaneously fitted to
a flexible ellipsoidal cylinder model (scattered points are data and solid lines are the fitted
curves) in D2O or H2O.
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Figure D.9 Experimental SANS spectra of CCNF hydrogels (23.0 % DS) simultaneously fitted to
a flexible ellipsoidal cylinder model (scattered points are data and solid lines are the fitted
curves) in D2O or H2O.

Figure D.10 Complex modulus (G*) and phase angle (δ) versus frequency for 2 wt.% CCNF
hydrogels with DS of 10.6, 12.6, 18.0 and 23.0 %. Values obtained at a frequency of 1.02 Hz.
As the DS increased the complex modulus increased and the phase angle decreased, this is
associated with increased elasticities.
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Figure D.11 Elastic (G’) and viscous (G”) modulus versus frequency for 2 wt.% CCNF hydrogels
with DS of 10.6, 12.6, 18.0 and 23.0 %. Values obtained at a frequency of 1.02 Hz. As the DS
increased both the elastic and viscous modulus values increased, but the elastic modulus is
greater and increased more, which is a good indication of strong structuring within the gel.

Figure D.12 Viscosity versus shear rate for 2 wt. % CCNF hydrogels with DS of 10.6, 12.6, 18.0
-1
and 23.0 %. Values obtained at a shear sweap of 113.17 s . Trend line fitted to a the
-b
expression y = ax to determine the degree of shear thinning of the hydrogels.
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Figure D.13 Elastic (G) and viscous (G) modulus versus frequency for 2 wt.% CCNF
hydrogels with DS of 10.6, 12.6, 18.0 and 23.0 %. Values obtained at a frequency of 1.02 Hz.
As the DS increased both the elastic and viscous modulus values increased, but the elastic
modulus is greater and increased more, which is a good indication of strong structuring
within the gel.

D.3

NMR Spectroscopy

1

Figure D.14 H solution-state NMR spectra of 4 wt. % CCNF hydrogels with DS between 10.6
– 23.0 %, acquired at 25 °C.
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1

Figure D.15 H HR-MAS NMR spectra of 4 wt. % CCNF hydrogels with DS between 10.6 – 23.0
%, acquired at 25 °C with a MAS rate of 2 kHz. Asterisks represent spinning sidebands.

1

Figure D.16 H HR-MAS NMR spectra of 4 wt. % CCNF hydrogels with MAS rates between 2
and 10 kHz, acquired at 25 °C. The asterisk represents spinning sidebands.

1

Table D.2 H solution-state T1 relaxation times for the trimethyl protons in 4 wt. % CCNF
hydrogels with DS 23 %, acquired between 5 and 45 °C.

T1 / s
T / °C
Trimethyl

Water

5

0.41 (± 0.009)

2.14 (± 0.036)

25

0.48 (± 0.008)

2.56 (± 0.041)

45

0.54 (± 0.014)

3.75 (± 0.026)

65

0.79 (± 0.009)

4.73 (± 0.043)
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1

Figure D.17 H HRMAS T1 times for water protons in 4 wt. % CCNF hydrogels with increasing
DS, acquired with MAS rates between 2 and 10 kHz.

The following equation was used by Asano et al. (2012) to calculate the pressure (P)
exerted on styrene-butadiene rubber samples from the MAS rate (k), using the inner
radius of the rotor (r) and the sample density (ε),5
.
Even though the polymeric hydrogels under study are heterogeneous mixtures of
liquid and solid components, the same expression can be used to roughly estimate
the inner pressure. The pressure inside the rotor due to centrifugal forces was
determined to be in the range of 30 to 3000 Pa for CCNF gels (for MAS rates
between 2 and 10 kHz), values which are significantly greater than the yield stresses
(τ0 in the range of 3 to 54 Pa).
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E. Paper 6 Appendix: Mechanically robust cationic
cellulose nanofibril scaffold with tuneable biomimetic
porosity for cell culture

E.1 Characterisation of modified cellulose
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Figure E.1 FTIR spectra for unmodified α-cellulose and CCNF (DS = 23.0 ±0.9 %) powders
were obtained on a Perkin Elmer Spectrum 100 with a universal ATR sampling accessory; 10
-1
-1
scans were acquired in the range 4000 – 600 cm . FTIR: prominent bands at 1440 cm and
-1
1483 cm were attributed to the CH2 bending mode and methyl groups of the cationic
1
cellulose substituents in accordance with data published by Zaman et al. .
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Figure E.2 H- C CP/MAS NMR spectra for α-cellulose and CCNF (DS = 23.0%) powders,
acquired using MAS rates of 10 kHz. The signal at 55.5 ppm is assigned to the methyl carbon
resonances of the quaternary ammonium group and used to determine DS.
Conductometric analysis of degree of substitution

The degree of substitution of cationic cellulose was determined by conductometric
titration of chloride ions (trimethylammonium chloride groups) with AgNO3

(aq)

as

described previously.6 The conductivity was monitored using a SevenMulti Mettler
Toledo conductivity probe. The degree of substitution is calculated by:
162.15 C V
C V

= *w- 151.63

+ 100

(Eqn. 1)

Where C is the concentration of AgNO3 solution (M), V is the volume of AgNO3
solution (in dm3), and w is the weight of the dried cationised cellulose sample (g),
162.15 is the Mw of the anhydroglucose unit (AGU) and 151.63 is the difference in
Mw between the AGU and cationised AGU bearing trimethylammonium chloride
groups. Triplicate samples were analysed and an average reported.
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Figure E.3 Conductivity curve for CCNF in DI H2O titrated with ca ~ 1 mM AgNO3 in 0.50 mL
aliquots.
Degree of crosslinking

The degree of crosslinking (DXL) was determined by HPLC analysis following a
method adapted from Schramm et al.7 Briefly, dry crosslinked cellulose films were
hydrolysed, filtered, and the concentration of glycolic acid in each solution was
determined by HPLC analysis. Once the mass of glyoxal present in the crosslinked
films was determined (using a calibration curve) the DXL was calculated using the
following equation:
*
Where

+

(Eqn. 2)

is the amount of glyoxal detected by HPCL (mol),

is

the amount of cross linked cellulose present (mol) and w is the weight of the dried
cross linked cellulose sample (g), 162.15 is the Mw of the AGU and 58.04 is the
difference in Mw between the AGU and cross linked AGU bearing a glyoxal group.
Triplicate samples were analysed for each material and an average reported.
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Figure E.4 Glycolic acid peak area for prepared standard solutions (20 – 30,000 mg L ).
Calibration coefficient for glycolic acid was calculated from the gradient of the line to be
-1
1055.5 a.u./ mg L . (n = 3, error bars = standard deviation)
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Figure E.5 HPLC analysis of glyoxylic acid present after the base hydrolysis of crosslinked
cellulose foams. The large peak at 5.9 min refers to the solvent front and the peak for
glyoxylic acid occurs at 13.7 min.
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Figure E.6 The effect of glyoxal concentration on degree of crosslinking was calculated from
the integrated area for the glyoxylic acid peak, which was proportional to the amount of
glyoxal added to the CCNF dispersion (fitted line to guide the eye).

E.2

Formation of 3D scaffolds

b) XL CCNF

a) CCNF

20 mm

Figure E.7 Image of lyophilised 3D foam scaffolds produced from CCNF and CCNF XL
hydrogels cast in moulds.

216

E.3

NMR Cryoporometry
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Figure E.8 H2O signal peak intensity from H NMR spectra from a PBS control in a
temperature range from 218 K to 300 K.
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Figure E.9 H2O signal peak intensity from H NMR spectra from a hydrated CCNF sample in a
temperature range from 218 K to 300 K.
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Figure E.10 H2O signal peak intensity from H NMR spectra from a hydrated CCNF XL sample
in a temperature range from 218 K to 300 K.
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Figure E.11 H2O signal peak intensity from H NMR spectra from a hydrated CCNF PE sample
in a temperature range from 218 K to 300 K.
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Figure E.12 H2O signal peak intensity from H NMR spectra from a hydrated UC film sample in
a temperature range from 218 K to 300 K.
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Figure E.13 H2O signal peak intensity from H NMR spectra from a hydrated CC film sample in
a temperature range from 218 K to 300 K.
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E.4

NMR T2 relaxometry

Figure E.14 Time decay of the echo intensities measured in Carr−Purcell Meiboom−Gill
(CPMG) NMR experiments for all samples. The signal clearly shows different decay rates
associated with distinct pore structures.

8,9

Figure E.15 The T2 distributions for all samples, obtained from the ILT procedure applied to
the CPMG decays and normalized by area. Three length scales are observed on the
-3
-2
-2
-1
distributions: nanopores, ranging from 10 to 10 s, mesopores, from 10 up to 10 s and
-1
large pores, for T2 from 10 s. The asymmetry of the large pore component for the CC film is
due to the presence of free solvent in the sample, and is not considered in the analysis. (Free
solvent refers to fluid contained in pores that are large enough not to affect the transverse
10,11
relaxation. )

Similar distributions for the three CCNF samples were observed with almost no
overlap between the components. The UC and CC films have a significant difference
on the mesopore scale, with a bigger relative area on the UC film. This means that
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there are more DMAc molecules, in proportion, on this scale on the UC film than in
the CC material.

Figure E.16 Correlation between the mesopore components of the T2 distributions above and
the pore sizes estimated from cryoporometry measurements. The correlation coefficient
2
between the two data sets is given by R = 0.77.

Once this correlation was established, it provided the proportionally factor between
T2 and pore radius values, which allow estimation of the sizes of the larger pores
(length scale of hundreds nanometers), from the NMR data, providing extra
information about pore sizes on a length scale that that neither NMR cryoporometry
nor SEM could be used to probe.
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E.5

SEM analysis

a) CC film cross-section

d) UC film cross-section

b) CC film surface

e) UC film surface

c) CC film surface

f) UC film surface

Figure E.17 SEM images of films: a, b and c) lyophilised, regenerated CC and d, e and f)
unmodified cellulose. The porosity in the films is evident in the images of film cross-sections
(a and d), but not at the surface. A “skin” on the surface of the films is due to the anti-solvent
regeneration process.
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a) CCNF

e) CCNF

b) CCNF + GXL 2.5wt.
%

f) CCNF + GXL 2.5wt.
%

c) CCNF + GXL 5wt.
%

g) CCNF + GXL 5wt.
%

d) CCNF + GXL 10wt.
%

f) CCNF + GXL 10wt.
%

Figure E.18 SEM images of lyophilised CCNF foams; a) CCNF, b) CCNF + 2.5 wt. % glyoxal, c)
CCNF 5 wt. % glyoxal and d) CCNF 10 wt. % glyoxal, and at higher magnification e) CCNF, f)
CCNF + 2.5 wt. % glyoxal, g) CCNF 5 wt. % glyoxal and h) CCNF 10 wt. % glyoxal. ImageJ
software was used to analyse the images to characterise porosity. It is apparent that the
amount of glyoxal present in the hydrogel affected the pore size and morphology.
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Figure E.19 SEM image of cast regenerated UC film (top). To determine the average pore size
diameter SEM images were analysed using ImageJ software. Histogram of pore diameter for
regenerated UC film (bottom).
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E.6

Compressive load testing
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Figure E.20 CCNF lyophilised foam, compressive load vs. compressive extension graph,
demonstrating the two phases of compression. The first phase represents the compression
of the porous network, followed by the compressive load required to compress the bulk
material.
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Figure E.21 CCNF + 2.5 wt. % glyoxal lyophilised foam, compressive load vs. compressive
extension graph demonstrating the two phases of compression. The first phase represents
the compression of the porous network, followed by the compressive load required to
compress the bulk material.
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Figure E.22 CCNF + 5 wt. % glyoxal lyophilised foam, compressive load vs. compressive
extension graph demonstrating the two phases of compression. The first phase represents
the compression of the porous network, followed by the compressive load required to
compress the bulk material.
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Figure E.23 CCNF + 10 wt. % glyoxal lyophilised foam, compressive load vs. compressive
extension graph demonstrating the two phases of compression. The first phase represents
the compression of the porous network, followed by the compressive load required to
compress the bulk material.
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Figure E.24 CCNF + 5 wt. % glyoxal lyophilised foam, compressive load vs. compressive
extension. Prior to testing samples were placed in PBS for 1 day to hydrate.
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Figure E.25 CCNF + 5 wt. % glyoxal lyophilised foam, compressive load vs. compressive
extension. Prior to testing samples were placed in PBS for 4 days to hydrate.
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Figure E.26 CCNF + 5 wt. % glyoxal lyophilised foam, compressive load vs. compressive
extension. Prior to testing samples were placed in PBS for 7 days to hydrate.
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Figure E.27 Stress at break for samples of CCNF + 5 wt. % glyoxal lyophilised foam, hydrated
for 1, 4 and 7 days prior to testing - stress calculated from the compressive load and cross
sectional area of the sample. Hydrating the samples in PBS reduced the mechanical strength
of the scaffolds, however, for CCNF XL foam (crosslinked with 5 wt. % glyoxal) there was no
evidence of degradation of mechanical properties over 7 days. Conversely uncrosslinked
CCNF foams collapsed to form hydrogels after only 1 day.
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E.7

Cell visualisation

a) CCNF

d) Low XL CCNF

b) CCNF

e) High XL CCNF

c) Low XL CCNF

f) High XL CCNF

Figure E.28 SEM images of fixed MG-63 cells growing on the walls of 3D CCNF scaffolds. a-b)
cationic cellulose c-d) Low XL cationic cellulose and e-f) High XL cationic cellulose 24 h
o
incubation at 37 C in 5 % CO2. The attached cells appear to be more elongated on the XL
cationic cellulose scaffolds, indicating spreading.
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a) Blank CCNF

d) Control CCNF

b) Blank 2.5wt.% GXL

e) Control 2.5wt.% GXL

c) Blank 5wt.% GXL

f) Control 5wt.% GXL

Figure E.29 SEM images of different lyophilised CCNF foams: a) – c) blank scaffolds, which
were prepared using SEM following the methodology in the manuscript without being
hydrated in cell culture media; d) – f) control scaffolds, which have been hydrated in FBS
containing cell media without cells present. Some proteins within the media appear to be
immobilised on the surface of XL CCNF scaffolds. The proteins could be fixed to the scaffold
through the exposed aldehyde groups present in the XL surface.
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Figure E.30 FBS peak area for prepared standard solutions (0.1 – 30 vol. %). Calibration
coefficient for glycolic acid was calculated from the gradient of the line to be 438.9 a.u./ vol.
%. (n = 3, error bars = standard deviation)
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Figure E.31 Assay comparing the effect of cell seeding density on MTT expression after 4 h
o
incubation at 37 C in 5 % CO2.MTT absorbance measured at 570nm. Calibration coefficient
for MTT was calculated from the gradient of the line to be 0.0118 a.u./ cell density. (n = 6,
error bars = standard deviation)
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