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Traditionally in vitro 2D cultures were used for pre-clinical tests, followed by complex in vivo
assays. However, progression has seen the paradigm shift to in vitro 3D tissue engineered
(TE) cultures. Nestled within the multi-disciplinary field of TE is the niche of skeletal muscle
(SkM). The TE SkM nexus to preclinical testing in this thesis drives to be an intermediary
platform prior to in vivo testing for drug and biomaterial development.

The aim of this project was to develop new configurations of SkM constructs (RMO and
PEEK) for biomaterials testing. However, the relevance of SkM TE is only useful if the cell
environment within the construct matches the native tissue in terms of myoblast density,
myotubes formation and appearance. Assessment of the success of myotube formation or its
degradation was by comparisons of constructs to a list of parameters (myotube index: width,
length, number of myotubes, etc and was inclusive of mRNA and construct deformation).

The experimental investigations looked to understanding the influence of chamber type
(configuration), on formation or morphological appearances when compared to the
established 8WC SkM model. The RMO chamber failed to facilitate 3D culture. However,
PEEK chambers’ constructs showed similar comparisons to the 8WC, but differences with
changes to conditions. As well as novel biomaterial testing via simvastatin hyaluronic aciddopamine nanoparticles (Sim NPs) delivery, with PEEK constructs, showed reduced
degradation of myotubes in comparison to Simvastatin in liquid form. Finally, material
degradation was explored by use of fluorescent PLGA microspheres. Subsequent PLGA
investigation saw no degradation, but reported obstruction of myoblasts, which prevented
myotube formation.

This work has demonstrated ways to assess myotube outcomes, also explored methods for
SkM construct optimisation; as well as methods and subsequent SkM models for biomaterial
testing. This demonstrated the versatility of the SkM construct and the variety of parameters
that can be used to track biomaterials in the construct or their interaction with cells over
time, enabling real-time monitoring at the implant site.
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1.1

Skeletal Muscle Tissue Engineering Research

Three-dimensional (3D) Skeletal muscle (SkM) engineering holds promise for
the development of regenerative tissue as treatment for muscle injury,
metabolic and genetic defects, as well as for a model for developmental
studies or as a platform for drug and diagnostic screening. Since the initial
3D SkM in vitro work by Vandenburgh’s research group

(Vandenburgh,

1988), 3D SkM constructs are highlighted as a better representation of
native physiological properties and influences that can impact cellular
behavior (Cheema et al., 2005, Cheema et al., 2003, Passey et al., 2011),
than the traditional two-dimensional (2D) standard monolayer cell culture
(Seale and Rudnicki, 2000). 3D SkM constructs in research have become
more commonplace over the last decade, due to the breakthrough in
modern science, where work by (Sakar et al., 2012), has seen muscle
produced on a chip. Such work resonates the point that SkM TE is no longer
in its infancy, and many other research groups have established their
models. These models and methods mirror the interests of the particular
research group (Vandenburgh, 2010, Chiron et al., 2012, Martin et al.,
2015), (Madden et al., 2015, Afshar Bakooshli and Gilbert, 2015). Analysis of
current research in this field demonstrates and focuses on the drive for
functional muscle to understand parallels in physical performance as a
means for tissue replacement. Furthermore, much can be learnt from static
muscle models (section 1.3.14 and Figure 1.6), i.e. 8WC and PEEK, as
created and demonstrated in the present work. Hence, this thesis moves
away from typical tissue replacement to use TE 3D in vitro muscle in
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standardised models with a focus on their development and limitations.
Thus, a potential test platform for biomaterials is created. Work within this
thesis also explores optimisation processes to enable a decrease in the
developmental timeline to produce a typical in vitro muscle construct.
Over the last two decades, 3D TE of SKM has used a range of different
scaffolds, for example, collagen and fibrin (Huang et al., 2005, Brady et al.,
2008, Sharples et al., 2012). However, these scaffolds require customised
equipment to achieve desired outcomes of SkM in vitro tissue. The desired
outcomes for SkM TE is often differentiation and fusion, as a means of
driving towards muscle maturity and matching the physiology of native
tissue, of which constructs are often designed to mimic. Many research
groups have investigated SkM differentiation and related RNA products, IGFI, desmin, myogenin, MyoD, myf5, myosin heavy chain (Cheema et al., 2005,
Dennis et al., 2009, Mudera et al., 2010, Smith et al., 2012). These are
important as a means of understanding or enhancing the outcomes of the
myogenic process. One learns from studying their expression, which stage of
the gene lineage the cells (myoblasts or myotubes) are in towards maturity.
However, with much focus on gene expression and functional outputs (i.e.
twitch, tensile force and pressure) in muscle constructs, very few studies
address the need for a standardised SkM model assay for testing. While the
need for standardisation in construct development and measurements for
assessing outcomes in SkM constructs is necessary, it is not essential. We
can

understand

in

clinical

setting

worldwide,

why

the

need

for

standardisation is paramount. For example from nomenclature to units of
measurements, it is essential for effective success in communication to
ensure and enable universal accuracy in the results obtained (Salih, 2013).
Inasmuch as it is essential for clinical application, it should be the same for
scientific purposes, where the lack of standardisation (from procedures to
units of measurements for diagnosis purposes) weakens comparative efforts
between different clinical as well as experimental groups. Fascinating work
by Shansky et al., 1997), created a minute model similar to the 8WC and
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PEEK geometry (see section 2.1.7.2 on 8WC and section 2.1.7.3 on PEEK).
This work was later advanced in Vandenburgh and colleagues’ work in 2010.
Although both studies demonstrated skeletal muscle organoids containing
parallel arrays of myofibers, they were not quantifiably measured, thus
failing to allow for cross-laboratory comparison. Hence, in this thesis, it is
proposed that production of a standardised 3D SkM model, along with
recommended measurements for assessment, referred to as the myotube
index (number of myotubes, fusion index, no. of nuclei, construct
deformation…etc). This is to provide a means of better transparency in
cross-comparative work between different research groups worldwide. With
the hope that this will help push the frontiers and forge new collaborative
ideas within this field to drive towards clinical application. It will ensure that
fewer animals are used for testing, as well as providing another means as to
how to hone the existing muscle models and provide new insights on how
they can be tested, create new and exciting models using the latest
breakthrough in science and technology. This will potentially change the
paradigm

shift

within

regenerative

medicine

and

its

associated

multidisciplinary fields to bring about novel approaches to the transitional
application in clinical regenerative musculoskeletal medicine (Khodabukus et
al., 2007).
Collagen is one of the most abundant proteins found in the body and is
conserved across species, making it an essential and prominent molecule to
use in TE. Collagen matrix, as a result of their conserve nature, leads on to
have low immunogenicity and supports cell migration, proliferation and
differentiation (Shin et al., 2003). 3D SkM constructs are standardly prefabricated to take tubular formations, by the application of two-fixed points
that aid alignment and fusion. To facilitate this requirement, SkM constructs
often-required use of customary tools such as a-frames, silicone two-fixed
posts, pins or velcro pads to achieve expected outcomes (Powell et al.,
2002, Dennis et al., 2009, Mudera et al., 2010, Vandenburgh, 2010, Hinds et
al., 2011, Passey et al., 2011, Smith et al., 2012, Snyman et al., 2013).
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1.2

BioDesign - Framework 7 Mission

The BioDesign Framework 7 Project entitled Development of Standard
Scaffold for The Rational Bioactive Materials for Tissue Regeneration
(Project ID 262948 FP7-NMP, 2016) was based on the 3R’s ethos (replace,
reduce, refine), with means to advance technologies to ensure greater
success from “bench-to-bedside” translation to humans. The project offered
to trial new ways for the development of functional materials, as tissue
regeneration, experimental data today is mostly based on perceived, limited
or outdated designs and criteria, which often use a single-point approach
with lengthy animal trials. When experimental (in-vitro or in-vivo) outcomes
have disappointing results, it can be a tedious iteration process, often only
to waste more time, money and resources. The primary objective of this
project was to learn from natural processes and manipulate the use of stateof-the-art biomaterials to design highly performing radical innovations in 3D
TE models, before eventual testing in animal clinical trials (other consortium
partners).
The outlines of the other objectives related to this project were: (i) perform
a careful retrospective-analysis of previous outcomes from human clinical
studies in a reverse engineering (bottom-up) approach that can be applied
to a designed 3D TE in-vitro model as well as understanding aspects of its
molecular level. (ii) develop new strategies for a more rational design for
scaffolds that biomimics the ECM. (iii) link novel designs and experimental
concepts to enable adequate and better predictive in-vitro methods,
thereby enabling significant reduction in development time of experimental
procedure and use of animals; and (iv) evaluate these concepts for
musculoskeletal and cardiac regeneration, in which this thesis project took
the musculoskeletal approach (See European Commission CORIS report for
Project ID 262948 FP7-NMP, 2016).
The long-term goals of in vitro three-dimension (3D) SkM bioengineering
studies are for successful translation from preclinical in vitro testing to
clinical human trials testing (Yost et al., 2004, Yan et al., 2007). Preclinical in
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vivo testing normally requires extensive animal research. Extensive use of
animals is a case against the 3R’s of research (replace, reduce, and
refinement). Hence, SkM TE development and testing is an avenue that can
be used as an intermediary step before clinical trials of animals or humans,
to gain a holistic understanding of the possible outcomes and future
predictions in a given condition based on insight from foundational studies.

Figure 2.1: Tissue Engineering using the ex-vivo method. The purpose of tissue
engineering a constrcut can help to reduce in the number of animal subjects used
for testing prior to clinical trials (adapted from (Bartis and Pongrácz, 2011).

This is where the use of 3D in vitro biomimetic tissue comes into play, by
bridging this gap (see Figure 1.1). The BioDesign project was a bid to
promote harmonisation of research across a consortium of university &
small research businesses groups. Collaborations within this consortium
enabled the development of safe, ethical, regulatory acceptable, and
clinically applicable biomaterials. Simultaneously, these collaborations
creating awareness within research fields of the benefits of these
innovations, as a bid to improve health and quality of life of the patients.
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1.3

Literature Review
1.3.1 Skeletal Muscle Physiology, Structure and Function

Skeletal muscle is a major muscle type, in that the human body has over 600
skeletal muscles that are striated to facilitate the voluntary movement of
limbs within the body (Bach et al., 2004, Yan et al., 2007, Turner et al.,
2012). By definition, this is the muscle that is linked to the bone via the use
of tendons (Ostrovidov et al., 2014a).
Muscle is comprised of multiple bundles of muscle fibres. This is the fusion
of undifferentiated myoblasts into long cylindrical forms. These fused
myoblasts are known as multinucleated structures called myotubes (Sosa et
al., 1994). Plasma membrane or sarcolemma is what surrounds the
myotubes. The hierarchy of muscle is myofibrils, which are composed of the
cytoplasmic proteins myosin (thick filament) and actin (thin filament) in
repeated units called sarcomeres that are aligned along the cell axis.
Skeletal muscle is a highly complex tissue (Gillies and Lieber, 2011, Gillies et
al., 2011). Prior to its complex genesis in TE, requires the first prerequisite
to achieve organisation, which is cell-to-cell communication, which enables
cell attachment (Campion, 1984). Cell attachment and its subsequent fusion
and organised architecture of this muscle is critical to the arrangement and
function of muscle; muscle forms in a striated manner and tendons achieve
attachment of muscle tissue to bone (Bach et al., 2004, Turner et al., 2012).

1.3.2 Developmental genes and transcription factors in
skeletal muscle lineage
Skeletal muscle development is a highly organised process, in both
embryonic and adult formation. Thus, it is the developmental control and
lineage of the genes that are crucial for muscle formation (Chargé and
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Rudnicki, 2004). In embryonic development of skeletal muscles, they start at
the subcellular molecular level, by the activation of early SkM genes. Muscle
is derived from mesodermal precursor cells, which originate from the
somites (epithelial spheres of paraxial mesoderm) (Bentzinger et al., 2012).
The studies of mesodermal precursor cells for myogenesis have suggested
that there are different regulatory processes, circuits and pathways that
govern the formation of different anatomical regions in which skeletal
muscle that maybe still yet be discovered (Świerczek et al., 2015, Chal and
Pourquié,

2017,

Tajbakhsh,

2009).

Where

genetic

studies

on

the

developmental, transcriptional and signalling pathways have added to the
complex picture of the promoters, feedback systems and linking controls of
the muscle lineage. Embryonic skeletal muscle formation is derived from
somites, which receive signals from the neighbouring tissues, namely, axial
structures (neural tube and notochord), dorsal ectoderm, and lateral
mesoderm (Hawke and Garry, 2001). Developmental biological pathways are
activated such as Shh and Wnt, which regulate the expression of basic helix
loop, helix transcription factors Myf5, MRF4, Pax3 and Pax7. The latter two
are independently regulated by MyoD (Cossu et al., 1996, Borycki et al.,
1999, Beauchamp et al., 2000, Sabourin and Rudnicki, 2000, Zammit et al.,
2004). Myogenin is later independently activated by the expression Myf5
and MyoD (Birchmeier and Brohmann, 2000), which promotes the expression
of Myosin. Like embryonic SkM formation and development, adult SkM cells
regeneration is orchestrated by the use of four myogenic regulatory factors
(MRFs) MRF4, MyoD, Myf5, and myogenin. Their developmental promoters
are Notch, IGF-1 and Wnt, which help the maintenance of the stem cell
quiescent state and maintenance of the quiescent state. Ectopic studies
using the same muscle markers aforementioned for adult SkM regeneration,
saw muscle-specific gene expression when expressed in non-muscle cell
types (Chargé and Rudnicki, 2004, Tapscott, 2005, Karalaki et al., 2009).
Typically, the first MRFs to be expressed in the regenerating muscle cells are
Myf5 and MyoD, closely followed by myogenin, and finally MRF4 (Pavlath et
al., 2003, Suelves et al., 2004, Karalaki et al., 2009). MyoD and myogenin are
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later key markers that are investigated in this studies. Up-regulation of the
secondary MRFs,- in particular myogenin and MRF4 are known to induces
myoblasts into terminal differentiation that can express not only myogenin
and MRF4, but also other late marker differentiation genes for muscle cells
such as myosin heavy chain (MHC) and muscle creatine kinase (MCK)
(Karalaki et al., 2009). MyoD and Myogenin (MyoG) significance are key to
indicating stages in the differentiation process. When these markers are
expressed are essential to this study.

Figure 2.2: Schematic showing the muscle progenitor lineage for myoblast
commitment. Key transcription factors are involved (i.e. Myf5, MyoD and MRF4)
and, along with sequential factors, expressed at different stages in the lineage of
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differentiation from mononucleated cells to multinucleated cells. Adapted from
Bentzinger et al., 2012, and Hawke and Garry, 2001.

1.3.1 Cell culture
Cell culture of SkM has been successfully done for many years. Documented
in early studies of these cell SkM types (such as C2, C2C12), it is noted of
their ability to spontaneously contract with or without a matrix (Murray and
Pogogeff, 1946, Pogozelski et al., 2009). Much of these pioneered
experiments developed and tested in the field of cell biology have
contributed not only to the foundational understanding of SkM development
(myogenesis), morphology and physiology, primitive to this thesis, but also
cell biology as a whole.
1.3.2 C2C12 - Culture of Muscle Cells In vitro
The use of primary cells is known to often inherent experimental variability
and limitations. This then contributed to the development of transformed
cell lines which increased control and homogeneity, such as skeletal muscle
C2C12s that display genotype and phenotype characteristics similar to that
of primary cells. Early cultured in vitro SkM cells and experimental analysis
of myogenesis (Herrmann et al., 1970, Allbrook, 1981) are known for many
years to be spontaneous contraction of cells (Murray and Pogogeff, 1946,
Pogozelski et al., 2009). These properties are recapitulated in C2C12s. Cell
lines such as L8, L84 and C2, were the original myogenic cell lines (Yaffe and
Saxel, 1977). Subsequently, C2C12s are a subclone of C2 cell line
characterised by (Blau et al., 1985). They were produced for their
differentiation potential, and provide favoured alternatives in skeletal
muscle

research.

The

two

cell

lines

are

classified

interchangeably.

Nevertheless, C2C12s cells are given a higher and rigorous selection process.
Specifically, this C2C12 clonal culture have increased differentiation
capacity verses C2 cells (Sharples et al., 2010).
Since the early cell line, C2C12 cells have been commercially favoured in
linked experiments related to SkM, and have been in a wide range of
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publication. They are the most cited myogenic cell line in the literature,
usually linked to the investigation of muscle differentiation, myogenesis and
postnatal muscle physiology. This C2C12 cell type is used as the dominant
cell line within this project. These cells can undergo spontaneous
differentiation into myotubes on serum deleption or its withdrawal. They do
not require any further additional growth factors to stimulate the process of
cellular differentiation (Blau et al., 1985, Tollefsen et al., 1989). The control
and reproducibility associated with C2C12s cells, which have contributed to
a greater understanding of physiological and pathophysiological conditions
within SkM tissue due to in-depth insight into intrinsic molecular
mechanisms associated with particular SkM.
1.3.3 Key Muscle Markers
Appreciation must be given to the gene targeting approaches, the molecular
pathways and foundations of muscle development have been successfully
studied on the basis of absent or knock-out myogenic factors in animals or
overexpressed under the control of a muscle-specific promoter(s). This has
helped SkM understanding in key regulatory markers, some of which were
analysed throughout the project, as a means to assess the myogenic profile
of the cells at different interval in the course of study.
1.3.3.1

MyoD and MyoG

There is a family of four myogenic basic-helix–loop–helix transcription
factors that have been termed muscle regulatory factors (MRFs): MyoD,
Myf5, Myogenin (MyoG), and MRF4 (Tapscott, 2005). MyoD regulates
skeletal

muscle’s

early

differentiation,

better

known

as

myogenic

commitment. Its expression is essential for repair of damaged tissue.
Otherwise, it is downregulation in differentiated myotubes, by TNF plus
interferon-γ

(IFN-γ)

and

NF-κB–dependent

signalling

which

leads

to

dysfunction of skeletal myofibers mouse muscle in vivo. This can lead to
failure of muscle differentiation and therefore its regeneration (muscle
necrosis) (Guttridge et al., 2000), where investigations into the function of
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MyoD with interbred adult skeletal muscle, mutant mice with MDX mice. By
using this MyoD-deficient muscle, it helped to underpin the role of MyoD in
muscle regeneration. Examination of MyoD mutant muscle revealed elevated
numbers of myogenic cells. However, myoblasts derived from these cells
displayed normal differentiation potential in the in vitro proliferation of
myogenic cells during regeneration. Therefore, it is suggested that the
failure to regenerate efficiently is not caused by a reduction in numbers of
satellite cells, nor the stem cells of adult skeletal muscle, but by being
trapped in a loop for the propensity of stem-cell self-renewal rather than
progression through the myogenic program. Likewise, they cannot exit the
cell cycle for differentiation (Megeney et al., 1996).
In a six-day study conducted by (Schoneich et al., 2014) myoblasts undergo
differentiation

and

fusion

to

form

multinucleated

myotubes.

This

morphological change is accompanied by a gradual increase in expression
levels (detected by western blot) of muscle-specific proteins such as
myogenin, a transcription factor of late-stage myogenesis. Differences in
expression

became

apparent

when

these

proteins

individually for myotubes and reserve cells.

were

monitored

Reserved cells (C2C12

myoblasts in a quiescent state) express both Pax7 and MyoD, in contrast to
isolated myotubes where neither Pax7 nor MyoD were detected (Figure 1.2).
However, to learn more about MyoG, insight was provided by (Liu et al.,
2012), of whom conducted comparative expression. Their results confirmed
that MyoG activates the expression of genes involved in muscle function.
Furthermore, their study links MyoG with p38a MAPK (mitogen-activated
protein kinase) signalling for the down-regulation of Pax 7 and cell cyclins.
p38a enables direct phosphorylation of E47 (e-protein). This e-protein then
associates with the MyoD transcription factor to promote an increase in
MyoG. In the absence of p38a, there is down-regulation of MyoG expression,
and activation of other genes involved in cell cycle progression (replication)
- ultimately leading to failure of differentiation of muscle cells. Therefore,
up-regulation and high expression of MyoG is sufficient to induce cell cycle
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exit and lead on to differentiation. This means that myotube formation can
occur.
1.3.4 The Cross-Bridge/ Sliding Filament Theory
Published work on the mechanism by which muscle produces force later
named the cross-bridge theory, was first proposed in 1954, by Huxley et al.,
(Huxley and Niedergerke, 1954a, Huxley and Niedergerke, 1954b, Huxley and
Hanson, 1954). Since then a few clarifications have been made to their
original proposed theory, but to this day much of what they have published
is the core of scientific understanding related to muscle contraction. As this
thesis is not related to muscle function or in relation to testing muscle
function in vitro, the breakdown of the cross-bridge and sliding theory will
not be discussed further.
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Figure 2.3: Schematic of skeletal muscle. A. An excerpt of skeletal muscle with
tendon on either side. The skeletal muscle is made up of myofibrils. B. The
sarcomere is highlighted in a blue circle. The myofibrils are made up of repeating
units of sarcomeres. Within the sarcomeres are: C. Myosin heavy chain and D.
thin actin filaments. E. Closer view of these components and there position within
the muscle fibril. (Based on Huxely and colleagues, 1954,a,b)

1.3.5 Tissue engineering
Tissue engineering involves creating a tissue of interest using a 3D scaffold.
The aim of this thesis is to use such 3D tissue engineering scaffolds to
support cellular remodelling and differentiation of C2C12 myoblast cells.
Understanding

how

muscle

can

be

recapitulated

in

vitro

requires
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understanding of muscle and key gene regulators in native tissue formation,
as explained above, but also required insight into the how it can be
implemented within the field of tissue engineering. The term tissue
engineering was first coined by Dr Y.C Fung at the (The National Science
Foundation, 1987) meeting. Consequently, wide interest came years later by
research on cellular engineering and later papers by (Langer and Vacanti,
1993) on tissue engineering. These papers demonstrated proof of policy by
alternative therapeutic and regenerative therapies which could meet the
need to address the problem with tissue on organ shortage.
Tissue engineering was proposed to supply and demand the purpose of
regenerative medicine in organ and tissue transplant (Martin et al., 2004,
Sicari et al., 2014, Mertens et al., 2014) by generating them in vitro as and
when they would be needed. Tissue regeneration was not just for its
potential transplantation purposes, but for its use in preclinical disease
modelling and treatment research purposes for trialling routine or newly
introduced clinical interventions (Cossu et al., 2017). Three-dimensional
(3D) tissue-engineered alternatives have better physiological relevance than
two-dimensional (2D) monolayer cultures (Tibbitt and Anseth, 2009).

3D

cultures for muscle function allow for longer culture durations (i.e. months),
better developmental maturation, and undergo extensive measures – such
as functional measures, i.e. mechanical stretch, tensile, electrical stimulus,
which are often restricted when using 2D standard monolayer cultures.
1.3.6 Conventional 2D monolayer cell culture
Cell monolayers are also known as two-dimensional (2D) cell culture has
long been the paradigm for typical in vitro research, dating back over 100
years (Loeb, 1902, Carrel and Burrows, 1911a, Carrel and Burrows, 1911b).
In vitro means “in glass”, refers to experimental methods carried out away
from the living organism or source. Theses 2D cell monolayers have been the
conventional standard for past decades. 2D cell monolayers are often
cultured on a stiff and flat surface (i.e. glass, and more commonly tissue
culture plastic) (Figure 1.4A and C). The limitation of such work is that it is
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not representative of native tissue, therefore often the results obtained are
unlikely to match responses seen in humans when the same conditions
applied or biomaterials are administered because the architecture and
influences change. Examples of changes to cellular behaviour between the
two dimensions have been reported by (Engler et al., 2004). This was
achieved by using differentiated human mesenchymal stem cells (hMSCs)
and muscle cells, they demonstrated cell dependence on the mechanical
stiffness of the 2D culture platform (Engler et al., 2006, Engler et al., 2007).
Mechanically distention on a 2D scaffold was shown to dictate relative cell
growth and apoptotic rates on such cells as hepatocytes (Singhvi et al.,
1994, Chen et al., 1997). Thus, this work confirmed that cells often exhibit
unnatural behavioural cues when they are removed from native 3D tissues
and confined to a 2D monolayer.
New era technology has seen 3D tissue culture widely spread and is more
common practice in this current decade, because of how it can be a
recapitulation of the desired tissue, to give more representative responses.
This has come to the forefront for research areas such as toxicology, pharma
and anticancer drug development, researchers were concerned with the
significant difference of responses by cells to cues, their abilities for survival
and proapoptotic factors when testing on cultures in 2D (Nam et al., 2015).
This is due to clear-cut differences in parameters such as cell polarity,
cytoskeleton structure, distribution of receptors to a wide range of
hormones, growth factors, and other extracellular stimuli (mammalian) cells
depending on culture conditions, between 2D and 3D cultures (Khoruzhenko,
2011). Consequently, these differences influence cell outcomes/behaviour
but are also dependent upon the differences in cells surroundings such as
substrate stiffness and concentration gradients.
Use of 3D hydrogels (natural or synthetic) were found to be excellent mimics
of the native extracellular matrix or artificial environment. This is because
the spatial organisation is key to the function of cells can be reconstructed,
as it is known that spatial arrangement of cells affects how they interact
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with each other, which determines the overall performance of the tissue.
The use of 3D hydrogels in vitro allows for the incorporation of sophisticated
biochemicals and mechanical cues as mimics of the composition found in the
native environment (Tibbitt and Anseth, 2009) (Figure 1.4B and D).
There are common qualities of all 3D TE models, one is that they require
ECM materials (as either a matrix or a scaffold), and cells. A particular
attribute of 3D cell cultures is that they have greater stability and longer
lifespans/experimental duration than 2D cell cultures, with slower process
to confluency (Antoni et al 2015). This is particularly true in collagen type
I (a hydrogel matrix that is the fundamental foundation for the SkM model
used in this thesis), as cells do not proliferate or migrate very well.
Nevertheless, 3D cell cultures (for any tissue type) are far from being
perfected, there remain challenges, that include the tissue-tissue interface,
the spatiotemporal distributions of oxygen, nutrients, metabolic wastes and
the mechanical microenvironment (Duval et al., 2017). Disadvantages of
3D include the expense of consumables, the need for seeding large cell
numbers depending on the construct, particularly if one uses primary cells,
which are harder to culture, may vary from donor to donor and demand
more sophisticated techniques
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Figure 2.4: Differences in cellular structure and positioning between 2D monolayer
and 3D scaffolds and matrices. Cell schematics: A: 2D monolayer on a collagenlined tissue culture plastic. B: 3D modelling of cell interaction with surroundings.
Images taken from Baker and Chen, 2012. C and D are images of mononucleated
C2C12 myoblasts via phase and fluorescence microscopy respectively.

1.3.7 Collagen
As stated in the section above there are common qualities of all 3D TE
models. The requirement of ECM biomaterials (as either a matrix or a
scaffold), and collagen is one of many types of ECM materials that are
commonly found as a hydrogel. This was the prominent feature of all SkM
constructs used in this thesis. Collagen molecules are composed of three
polypeptide chains arranged as a triple helix (Ramachandran and Kartha,
1954, Ramachandran and Kartha, 1955, Privalov et al., 1979). There is a
hierarchy of the collagen chains that increase in magnitude in order to form
collagen fibrils (Figure 1.5). The chain of collagen can have a varying
composition, which is reflected in the chain nomenclature (i.e. 1, 2, etc.). To
date, at least 29 types of collagen have been identified (Parenteau-Bareil et
al., 2010), most of which can be roughly divided into three groups: fibril32

forming

collagens,

network-forming

collagens

and

fibril-associated

collagens. This categorisation is dependent on the collagen’s function
(Khoshnoodi et al., 2006, Gordon and Hahn, 2010, Abraham et al., 2011).
Collagen proteins make-up 10% of dry weight of SkM, and these are found in
the connective tissue; and is also very essential for development in
embryogenesis of SkM.
Collagen is one of the natural matrices pivotal to the formation of tissue
engineering constructs. The main advantage of using hydrogels is the ability
to incorporate cells at setting (i.e.time-zero) within an ECM-like matrix (as
the matrix is being formed) without direct cell involvement. Throughout this
thesis, all experimental work is based on the use of type-I collagen, which is
a fibril-forming collagen that provides the supporting matrix of most tissues,
namely for the tissue of interest – muscle. Fibril-forming collagen is not
solely exclusive to type 1 collagen, but also II and XI (cartilage, cartilage and
intervertebral disc respectively). All fibril-forming collagens are known to
have long uninterrupted helical domains (Plant et al., 2009), with noncollagenous propeptides that are capped with N- and C- terminals.
Collagen type 1, is the most abundant extracellular matrix (ECM) healthy
protein in mammals and its structural composition is conserved across
species (Lieber et al., 2002, Patterson et al., 2010). This highlights its
importance, essentiality, and validates why it is used in TE, and a top choice
in the potential application for any TE constructs or devices for insertion in
vivo. It is an abundant and much-needed protein within mammals. There are
28 different types of collagen that can be found in nature, these collagens
are increasingly specialised for specific cell interactions (NIH 3T3 fibroblasts
interact via beta 1 integrin receptor) (Plant et al., 2009).
The removal of small non-helical telopeptides presented at the ends of the
type-1 protein structure, which enables the removal of the immunogenic
character of this structure (Patterson et al., 2010). The fibrillar matrix
accommodates

directed

cell

migration

and

alignment

of

fibroblasts
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(Eastwood et al., 1994, Eastwood et al., 1996), which has also been
demonstrated with the use of neurites.

Figure 2.5 Schematic of collagen hierarchical structure. A. Troprocollagen – triple
helix strand (two α 1 , one α 2 ) collagen molecules form a triple helix 300 nm
long; B. Are the helical strands are assembled into a fibril containing a staggered
array of helices with 40 nm gap between C and N termini of collinear helices.
(Williams et al., 1978) revealed distinct banding patterns. These gaps are aligned
across the width of collagen fibrils. Alongside each 40 nm wide " gap zone "
(white) is a zone 27 nm wide in which no gaps exist. D. the bundle of collagen
fibrils. (adapted from (Parenteau-Bareil et al., 2010).

1.3.7.1 Type 1 collagen
The common type-I collagen molecule consists of a triple helix, which is
made of two alpha 1, and one alpha 2 chains (Figure 1.5-a). Collagen can be
considered a simple chain in that each is composed of 1050 amino acids,
consisting mainly of repeating –Gly(a simple amino acid, found at every third
position)-X-Y– units. This structuring is important for an undistorted chain,
as Gly at any other position is found to be highly destabilising (Persikov et
al., 2000, Brodsky et al., 2008). Proline (Pro) and Hydroxyproline (Hyp)
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(produced by hydroxylation of the proline amino acid) are most commonly
found in the X and Y positions respectively. With this -Gly-Pro-Hypconfiguration lead to the highest stability of the collagen triple helix
(Persikov et al., 2000), where stability is needed for fibrillation of the chains
and then the strands (Ramachandran et al., 1973). The interchain disulfide
bonds at the C-terminal of the individual -chains align and enable interlink
of the three chains together to form a triple helix-chain into conformation
(Doege and Fessler, 1986). Additionally, the majority of the bonds are a
network of hydrogen bonds to hold the rest of the chains together.
1.3.7.2 Using collagen hydrogels for SkM constructs
because of their ECM
The main advantage of using collagen hydrogels in TE is the possibility of
building cellular complexity (a bottom-up approach to TE (Brown, 2013a)
within the collagen matrix. Its composition enables cells to behave in a
physiological manner, by providing the seeded cells with native tissue-like
fluid and solid components, porosity, mechanical properties, topographical
features and orientation cues. The composition of collagen allows for all
these to change-over-time in response to cell action (Brown, 2013b). The
accessibility of the in vitro collagen material will also enable the
visualisation and study of collagen fibrillisation (Plant et al., 2009), cellmatrix interactions i.e remodelling (Grinnell, 2003), cell attachment (Jiang
and Grinnell, 2005), and migration (Grinnell et al., 2006). As cell are
compatible and favour such an environment, it makes possible the isolation
and adjustment of specific variables and tailors the model with tissuespecific features, which will ultimately impact on cell behaviour within the
model tissue. Manipulation of ECM environment makes it possible to create
specific conditions for the cells or the biomaterial to undergo further
investigations.
Due to the collagen’s hierarchical structure, it is three orders of magnitude
stiffer than fibrin fibres (another natural matrix). Collagen fibrils are pretty
robust at the cellular level (Yang et al., 2008). This is important for how cells
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interpret their surroundings, subsequently impact their performance. The
stiffness of the collagen is necessary to cells for their differentiation and
maturation. Culturing skeletal muscle in vitro 3D matrix environment, 18 kPa
in the initial stage of growth (in myoblasts) and development decreases
muscle progression (Engler et al., 2004). However, in differentiated cells
(multinucleated myotubes) there is an increase in Young’s modulus of 40-50
kPa (Collinsworth et al., 2002).
The properties of collagen types 1 have made it a favourable ECM in TE for
SkM, as it is a similar replicate to the adult muscle environment. Both the
examples below of collagen SkM TE models are with cells embedded or
encapsulated within the collagen the differences are in the cell types that
were studied, which are outlined below:
• Primary avian myotubes (Vandenburgh, 1988) – this was one of the first
pioneered studies on 3D muscle related TE.
• C2C12s Myoblasts (Okano and Matsuda, 1997, Okano and Matsuda, 1998,
Okano et al., 1997, Player et al., 2014).
The fact that collagen type 1 is such a major component of the ECM, makes
it an attractive biomaterial source. One of its important properties is that it
can be reconstituted into a fibrillar matrix by increasing pH and temperature
(Raub et al., 2010, Raub et al., 2007). This brief overview of the method
adopted for this project is that neutral 3D biomimetic matrix material is
formed by the addition of the alkaline solution to the acid-dissolved
monomeric collagen type-1. As a direct result, collagen has been a leading
contender for use as a matrix of the muscle constructs developed and tested
throughout this project.
1.3.8

General bioreactor/Chamber requirements

Seeded collagen hydrogels as an SkM model are not used if there is nothing
used to facilitate their development and growth. This is where the use of a
bioreactor is paramount, as it must be designed to aid the researchers
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desired outcomes or measurements of interest. There are many different
definitions of what a bioreactor is (Martin and Vermette, 2005, Dennis et
al., 2009). A bioreactor is often considered a mechanical device or
equipment that helps to create controlled pressure/force/ mechanical stress
that directs cellular differentiation. However, a good summary of a
bioreactor is, that they are devices in which biological or biochemical
processes develop under a monitored and tightly controlled environment
and conditions (i.e. continuous supply of oxygen, pH levels, humidity,
temperature, nutrients and pressure) (Darling and Athanasiou, 2003,
Plunkett and O'Brien, 2011, Plunkett and O'Brien, 2010). Bioreactors for
tissue engineering can be further defined “as the resource to maintain a
whole muscle organ ex vivo indefinitely or promote the differentiation of
cells and the maturation of both intra- and extracellular structures resulting
in the generation of an organised tissue” (Dennis et al., 2009). In broad
terms, regardless of the classifications or sub-categorisation of bioreactors,
they should be designed to have, at the very least, one of the following
functions (Barron et al., 2003)
•

Uniform cell distribution

•

Maintenance of concentration gases and /nutrients

•

Mass transportation to tissue (i.e. fluids or substrates)

•

Exposure of construct or biomaterial to physical stimuli

•

Providence of information (signals) of 3D tissue

However, the requirements of the experiment that a researcher or research
group wish to conduct dictate the type of bioreactor design. This is key for
SkM TE development and outputs desired (i.e. functional tests – tensile
force or nonfunctional testing – myotube width).
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1.3.9

The Use of bioreactors in TE models (culture
chamber)

Bioreactors facilitate the development of scaffolds or matrices that
constitutes the constructs of desired tissue types such as outline above i.e.
collagen, fibrin and matrigel. However, the selected bioreactor needs to be
one that fits the purpose for the development of the tissue of interest and
its hypothesised outcomes. Bioreactors provide both the technological
means to reveal the underlying fundamental mechanisms of cell function in
a 3D environment. In many cases bioreactors promote cell and tissue growth
as directed by the tissue engineer. Advances can come through optimisation
of methods or devices, often for the potential to improve cellular productive
(i.e. the ECM proteins the cells produce) and survival, this in turn increases
the quality of the engineered tissue (Martin et al., 2004). Bioreactors
potentially offer a level of standardisation, by enabling uniformity in the
culture methods, (however, this is dependent on the type or way in which
the bioreactors are fabricated) in that they need to maintain reliability and
reproducibility in the tissue development.
1.3.10 Biocompatibility a Component that makes a
Bioreactor
Bioreactors generally cannot recreate an exact replica of the native
environment, however, they need to as best as possible, retain or maintain
as many parameters that will enable similarities to the native environment.
It is necessary to define ‘biocompatibility’, as this is a common scientific
jargon word (Williams, 2008; 2014). It is dependent on the context of an
experiment and ought to be defined by the researcher. Its more generic use
in this thesis is related to non-toxic attributes. Biocompatibility is not solely
limited to the scaffold used to regenerate the tissue of interest, but also the
materials used to assemble the bioreactors that will be used to cultivate the
desired tissue. Understanding the role that bioreactors play in the biological
process is key to the facilitation of the cultured construct. The materials
used to assemble the bioreactor should and often do undergo compatibility
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testing. This is to ensure that the material(s) selected do not interfere nor
elicit any adverse reactions to both the matrix/ scaffold of choice as well as
the cells on or within the scaffold biocompatibility of materials. These are
paramount to the success and function of regenerative tissue especially
those in direct contact with the scaffold. Favourable properties of the
material should enable it to be reusable and able to withstand 37°C in a
humid environment also should be able to undergo sterilisation or
disinfection by submersion in alcohol.

Figure

2.6:

Schematic

classifications.

A.

examples

First-generation

of

bioreactors

bioreactor:

under

Petri

their

dishes

retrospective
and

standard

monolayer culture. B. Second-generation bioreactor: use of self-assembled cells
or cells in 3D matrices or scaffolds. C. Third-generation bioreactor: use of
industrial equipment maintains cell culture without the need for further intervention.
D. Fourth-generation bioreactor: use of matrices or scaffolds for cells to facilitate
the development of whole organs. Adapted from Harvard.edu 2018; Bartis and
Pongrácz, 2011; and Charbe et al., 2017.

1.3.11 Classification of bioreactors
As proposed by (Martin and Vermette, 2005) in a detailed review, there are
three bioreactor classifications (see Figure 1.6). The role the bioreactor
plays in the biological process can either be indirect (static) or direct
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(dynamic) to the cultured construct. Much work in research is now focused
on the latter, however in this thesis, the project work looks to improve the
former – the static condition in relations to SkM 3D cultures, by looking to
maximise SkM construct versatility – for both optimisation and testing. First
outlined below are the general description of bioreactor classifications:
1.3.11.1

First Generation bioreactors – 2D Tissue

cultures/ Petri dishes
2D cultures were the original foundations, of which successive generations
of bioreactor could be built upon. This type of bioreactor is inclusive of the
first petri dish that cultured bacteria, antibiotics i.e. Penicillin which was
later industrialised into third generation bioreactors. 2D tissue cultures are
also inclusive of cells that are adsorbed on to the surface of a substrate (Kuo
et al., 2012, Li and Kilian Kristopher, 2015). This is with the use of either
natural or synthetic materials. 2D bioreactors are static cultures which can
produce flat sheets of tissue including skin and liver.
1.3.11.2

Second Generation bioreactors – Static 3D tissue

cultures
The classification of this type of bioreactors is the primary focus of this
project as it enables the cultivation of tissue-like scaffolds or matrices.
These bioreactors follow on from the static 2D cultures, where progressive
advancements in tissue engineering have seen cells being added or
incorporated onto/into appropriate scaffolds. Studies such as with the use
agar combined with egg white or collagen proteins have used 2D models
that revert to 3D static cultures, for cancer tumoid studies (Dashtarzheneh
et al., 2015). As a result, more cells were required than standard 2D culture,
as well as the use of specialised laboratory equipment (Wong, 2016). This is
of particular importance for the development of the bioreactor chambers
and the generation of SkM constructs within this thesis.
As with conventional 2D cultures, 3D static bioreactors supply nutrients to
the construct and is maintained by the frequent and periodic changes to the
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culture medium. When handling, sometimes there is the unfortunate risk of
introducing infection to the samples. The advantage of these bioreactor
conditions is the constant supply of nutrient and oxygen-dependent on
experimental conditions (Lovett et al., 2009, Vacanti et al., 2014, Pathi et
al., 2005). Other specific factors i.e. size and thickness of the tissue and the
availability of nutrients and oxygen to the inside of a 3D static tissue
construct are parameters that also need to be taken into consideration
(Devarapalli et al., 2009, Moffat et al., 2014). This emphasises the
importance of design requirements (design and development) that need to
be assessed and accounted for in the bioreactor of choice and for the
cultivation of the tissue of interest.
1.3.11.3

Third Generation Bioreactors – Mechanical

devices/ culture chambers
These are the modern conventional methods, commonly thought about
when the word bioreactor is mentioned. This is better known as functional
tissue engineering as the use of mechanical movement to mimic in vivo like
properties. Third generation bioreactors are dynamic cultures used to
provide a well-mixed environment of nutrients. Some devices allow for
uniform distribution of cell growth and high forces tensile force and strain
regimes can also be applied. Some bioreactors also facilitate better flow and
exchange under constant pressure. Other mechanical devices that can be
used for functional tissue engineering, such as electrical stimulus of
cultured constructs is often for cardiac, neuronal/dendritic, muscle cultures;
- Continuous – Stirred Tank (Curran and Black, 2005, Botchwey et al., 2003a,
Botchwey et al., 2003b).
- Rotatory Wall (Unsworth and Lelkes, 1998)
- Strain (Vandenburgh et al., 1991, Young et al., 1998)
- Flow (Vunjak-Novakovic et al., 1999)
- The perfusion pump (Chromiak et al., 1998, Sodian et al., 2002).
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1.3.11.4

Fourth Generation bioreactors – Mechanical

devices/ culture chambers
Often bioreactors (SkM) are designed to be test platforms rather than
implantable tissue-like material. TE fourth generation bioreactors are the
advances and improvements to the third generation, and are design to
function on an industrial scale that enables the development and assembly
of whole organs, such as the heart and lungs (The OTT Lab -harvard.edu
(Zhou et al., 2018).
1.3.12 The Principles and Development of 3D SKM Tissue
engineering
With the increasing need for complexity and a better in vivo like properties
to 2D models, the introduction of the 3D model was warmly welcomed. As
stated earlier on in this chapter, the paradigm for typical muscle tissue
culture in vitro studies has always focused on two-dimensional (2D) standard
monolayer

cell

culture,

with

interest

areas

on

cell

proliferation,

differentiation studies mechanical stiffness of 2D culture platform (Seale
and Rudnicki, 2000). Since the 3D initial work by (Vandenburgh, 1988), it has
allowed a platform of fundamental knowledge for this field, having given key
insight into the properties of developing SkM TE models. Much of the focus
to the work completed in this project, is reliant upon the success in the
development/use of a new SkM bioreactor chamber and its construct being
developed to be tested against an established model in literature. However,
to do so requires the understanding of what factors for consideration put
into practice made the established SkM chamber a success (see Figure 1.7),
in facilitating SkM construct. In addition, the key to SKM TE is knowing and
understanding how to fabricate 3D SkM in vitro; biomimicking tissue with
living cells in a supportive matrix to aid cell survival and development
(Khodabukus et al., 2007). The bottom-up approach for TE was employed
where complexity to build is based on survival of the cells. However,
understanding the requirements for cells within a SkM TE model, is that they
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need to be readily available, in addition to being able to source large store
of it.
However, the outcome of an in vitro control SkM construct under normal
culture protocol, is the formation of myotubes. However, all this is not
possible without the considerations displayed in Figure 1.7, due to the
limitations of both the composition of the bioreactor chamber and its
facilitation of the SkM construct, or in some cases, the composition of the
collagen matrix itself, the control outcome is not always possible. Therefore,
there must be selectable parameters for measuring the success or lack of
myotube formation. Hence in this thesis’ Chapter 3 there is a similar
proposal, but for benchmark parameters are needed for confidence in
outcome measures of myotubes formation. To date no SkM publication has
extensively analysed the measures of myotubes in a single scaffold type, nor
have they created a benchmark range (as a minimum threshold to aim for) in
either passive (static) or functional constructs.
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Figure 2.7 Flow diagram is of the process of muscle tissue engineering: which
highlights the general requirements that are in play when designing a generic 3D
engineered modelling addition to the controlled parameters ascertained for
specific to SkM model.

1.3.13 Key feature specification for the fulfilment of
muscle model
The flow diagram (Figure 1.7) gives insight into the fabrication of SkM TE
constructs

and

the

considerations

that

have

to

be

integrated

or

acknowledged before the constructions of the engineered tissue. The
controllable parameters defined in Figure 1.7 are common to all SkM models
that feed into and contribute to the smart 3D ECM casting for TE constructs.
These controllable parameters can be grouped into non-changeable –
necessary for construct myotube formation or cell survival and changeable
features for designing 3D SkM models in this study see Table 1.1. It is worth
noting that for other SkM studies these variables can be all be changeable
dependent on the experiment being carried out. For instance, the use of low
instead of high glucose in an SkM study conducted by Khodabukus and Baar
in 2015 helped to illuminate how such changes can affect the in vitro
metabolism and function of muscle. Also, cellular density is not dependent
on matrix or chamber configuration but on cellular ability to anchor and
proliferate. In context, changes and manipulations (which may be efforts at
optimisation; see chapter 4) to cellular conditions affect muscle genotypical
and phenotypical outcomes. For example, changes that lead to an increase
in calcium increase force generation by cells.
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Table 2.1: The controlled parameters designed for 3D SkM models. For the
purposes of this study, these features are categorised as non-changeable or
changeable.

Controllable parameters that are Non-changeable and
changeable features for designing 3D SkM models.
Non-changeable

Changeable

Muscle Cell type

Bioreactor / chamber
configuration

High Cell density

Concentration of serum

High Glucose basal
media

Scaffold or matrix type
Additions of biomaterials/
biomolecules

1.3.14 Using the right bioreac tor chamber to create 3D
SkM
Based on the definition of a bioreactor, one that promotes processes of
tissue development under a monitored and tightly controlled environment
and conditions such as continuous supply of oxygen, desired pH levels,
humidity, temperature, nutrients and pressure (Plunkett and O'Brien, 2010,
Plunkett and O'Brien, 2011, Darling and Athanasiou, 2003). The previously
published SkM constructs and their respective chambers that facilitated
their development, can be classified as bioreactors (see Table 1.2). Mature
engineered muscle allow for relevant findings to drug discovery and further
knowledge pertaining to muscle physiology (Sharples et al., 2012), but also
defective or damaged tissues require tissue engineering solutions that are
typically millimetres in size. This is to address volumetric muscle loss caused
by degenerative or injured muscle tissue (Mertens et al., 2014), which
create void areas within the muscle, where the muscle cells are unable to
bridge the gap between the sites effectively. The ultimate goal of TE is to
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generate clinically relevant constructs for potential implantation, but
engineering 3D tissue in vitro is not always to create grafts, but to also yield
non-implantable constructs that can be used as a testbed/platform or drug
screening tool (Vandenburgh et al., 2008, Astashkina et al., 2012, Nam et
al., 2015). A 3D model provides an added level of control. The control is
enabling desired conditions and their manipulation during experimentation
as well as the opportunity to investigate certain factor cell-matrix
interactions, which would otherwise be impossible to examine. These tests
further investigate the outcome and impact of the tissue under specific
conditions i.e. the influence of growth factors at known concentration or
drugs at precise doses. However, to aid advancements in TE, suitable
custom-designed bioreactor chambers need to be developed. Development
that can facilitate the desired construct, within the bioreactor, such was the
plan with SkM chambers designed and used in this thesis. The success of the
newly developed constructs, was measured by comparison to an established
and published SkM model that could highlight the differences, where
measured parameters looked to gain further information on cell-matrix
interactions and cell transformation (mononucleated to multinucleated).
The chamber of design for this wider study had to be one that would be easy
to assemble, as well as sterilisable to prevent initial contamination. Ideally,
it would provide a method for cell seeding with the scaffold already
mounted in the chamber to prevent damaging or removing the cells while
loading the scaffold into the chamber. The design had to allow for
visualisation to monitor the construct in aseptic conditions as well as
possible contamination. The chamber was a closed system to protect the
constructs tissue and media in the preventive measure for avoidance of
contamination. All materials used had to be biocompatible. Thorough
cleaning of all the components had to be possible. Therefore, materials also
had to be able to be disinfected by use of ethanol or sterilisation by UV or
more preferably by autoclave processing, without significantly altering their
properties.
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Table 2.2 A comparison of published skeletal muscle models. The chambers used
for three-dimensional tissue engineering have three main corresponding features:
they are anchored by either a mesh or fixed point(s); have a geometric
configuration that is rectangular; and is either custom-built or manufactured. The
hydrogel matrix/scaffold used for supporting cells varies between the models, as
does construct volume, and cell type and seeding density per ml or well (not
displayed).

To develop a 3D SkM construct, from a bioreactor built from the ground up,
would have to be one that could be easily accessible, inexpensive to create
plus reliable. It is necessary that the materials used to assemble the
bioreactor should and often do undergo biocompatibility testing. In the bid
to create a chamber that could hone the positive features outlined above
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(Figure 1.7) that would nurture the revised muscle organoid (RMO)
construct facilitated by its bespoke RMO bioreactor. The RMO SkM muscle
model was created with standard lab equipment of circular multi-well
plates.There are three particular materials that comprise the RMO chamber
that will be briefly focused on later in this introduction, in further scunity
for the use of its non-toxic components: superglue, stainless steel and
silicone. This is because the novelty of these components together is
unprecedented and yet to be explored in SkM TE. The chamber is formed
usinf the bespoke cut staples either end of the well as fixed pointsd secured
by the superglue at the bottom of the well & later set over with a fine layer
of silicone.
Similarly, the PEEK chamber and its construct named after the material
composite it was made from. The PEEK material used is a soild polymer
block from which the chamber well was etched within the block, which has
two fixed posts either end of the rectangular well. The PEEK chamber use
was conceptualised in a bid to improve the process of developing in vitro
SkM construct. Hence thought that future use of this chamber could allow
for its use automation labs without need for human researcher handling.
Both constructs are further investigated (see 1.7.1 & 1.7.2), tested, and
discussed below (Chapter 3). all constructs used C2C12 cells seeded within a
collagen hydrogel and were compared to the established 8-well chamber
(8WC) (similar to (Smith et al., 2012)). The name duded for 8-well was
derived from the design of the rectangular mulit-well plate used to create
these constructs. C2C12s were used as they are SkM contractile cells with
predictable cell behaviour to create an easily reproducible 3D SkM construct
as preliminary assay prior to animal testing, as a means to address and
uphold the 3Rs of research and meet the need for a standardised SkM model
and protocol addressed in this chapter’s introduction.
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1.4

Lessson Learnt from Native SkM & its Application to 3D in
vitro SkM models

All published SkM models fit into the definition of a bioreactor, in that they
facilitate the testing and prediction of tissue responses, (to changes or
manipulate

biological

cues

and

signals

to

molecules,

e.g.

the

addition/induction of growth factors, which is experimentally explored in
later chapters 5 and 6). The general goal of 3D skeletal muscle (SkM) tissue
engineering (TE) is to biomimetically emulate native muscle physiology (Bian
and Bursac, 2008, Khodabukus and Baar, 2015, Perniconi and Coletti, 2014,
Ostrovidov et al., 2014b, Ostrovidov et al., 2014a). Native physiology takes
the form of long aligned myofibrils, the approach to tissue engineering of
skeletal muscle is based on the lesson learned and understanding by
studying this native physiology. Observation sees that uniformity of
myofibers enables strength in contractual force. Therefore, based on this
understanding, it is a requirement for SkM TE to have uniaxially aligned
myotubes, to replicate the native structure (Figure 1.3). However, published
work on different SkM configuration, cannot be without proper myotubes
measures as outlined in chapter 2 for 3D constructs or based on limited
evidence of myotube characteristics in both 2D (Agley et al., 2012) and 3D
cultures (Snyman et al., 2013). Such measures, identified in this thesis, will
be discussed later on in this chapter. The parameter to be addressed were
effective in the assessment of the outcomes of myotubes within their
constructs.
For muscle tissue engineering, there is no universal specification and
configuration. Consequently, a number of published TE 3D SkM models have
been reported, within the literature, for example, in forms such as
cylindrical (Vandenburgh et al., 2008, Vandenburgh, 2010, Okano and
Matsuda, 1997, Okano et al., 1997), mandrel (Okano and Matsuda, 1998),
tubular

(Huang et al., 2005, Martin et al., 2015, Khodabukus and Baar,

2009), cuboidal (Eastwood et al., 1994, Mudera et al., 2010, Smith et al.,
2012, Hodgson, 2015), (table 1). The general models regardless of geometry
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or size are an oversimplified version of this complex tissue (Cen et al., 2008,
Bian and Bursac, 2009). Nonetheless, 3D biomimetic tissue models in vitro
need to be designed to meet basic specifications that help simulate in vivolike-characteristics. The fundamental prerogative of TE SKM model is the
relevance of the system towards in vivo native structures or assessments of
variables that can be tested. The SkM biomimetic model involves a high cell
seeding density on or within a scaffold that can facilitate cell growth,
migration, organisation (alignment), fusion and differentiation of the cells in
becoming functional tissue(Schneider et al., 2010).

1.5

Biocompatibility of SkM Bioreactors/chamber

Tissue engineering is a biological triad (Figure 3.1), which involves the
successful interaction between three components: Scaffold, cells, signals
from such transcriptional factors and hormones (O'Brien, 2011, P. Gleeson
and O’Brien, 2011).

However, the successful interaction of these

components is influenced by an external ring to this biological triad; this is
the bioreactor or chamber as it will be referred for the remainder of this
thesis.
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Figure

2.8

Tissue

engineering

biological

triad.

Which

consists

of

scaffold

(inclusive of ECM type subsitute materials), cells and cell signaling materials
(such as growth and transcriptional factors).

The use of superglue in wound healing was well documented in the 1950s
and 60 with use of methyl‐2‐cyanoacrylate adhesive, which was used to
bond skin and control bleeding in open wounds. This was because
cyanoacrylate adhesives were invented by Dr Harry Coover of Kodak
Laboratories (Coover et al., 1959) when he was trying to make clear plastic
suitable for gunsight. These were methyl‐2‐cyanoacrylate and were found
to be tremendously strong. However, use of these generate high local
concentrations of breakdown products include formaldehyde and alkyl
cyanoacetate (Cascarini and Kumar, 2007, Houston et al., 1969). Advance in
medicine resulted with compounds and products for tissue adhesion to be
developed and more compatible with human tissue, with longer monomers
alkyl chains, that reduce histotoxicity, owing to their composition that
allows for slower degradation, causing less adverse effects. These tissue
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adhesives are more commonly used for wound closure and embolization
(Cascarini and Kumar, 2007). However, tissue adhesives are considerable
costly; therefore, use of such tissue adhesives did not fall in line with the
aim for this experiment and its subsequent chapter to provide a bioreactor
chamber what would be cost-effective. Nonetheless, taking into account
possible toxicity, silicone was proposed as useful for a biomaterial.
Stainless Steel is a material that is widely used because of its corrosionresistant ability. Surgeons had then gone on to use this metal as it possesses
good mechanical strength, biocompatibility (Geetha et al., 2009). In fact, a
search on Web of Science using the keyword “stainless steel” as search
queries along with the term “tissue engineering” revealed that the number
of publications where the general overall trend shows a modest increase in
publications over the past ten years (see appendix). An explain of stainless
steel in TE is extra thin flat T316 Stainless Steel mesh woven from microround wires, was developed into a novel hybrid scaffold (Alavi and
Kheradvar, 2012). More closely related is in the early plastic compression
collagen models by Brown et al. as an exoskeleton.
Another biomaterial and component of the RMO chamber is silicone – is
often known by its chemical abbreviation PDMS. The silicone elastomer
PDMS is optically transparent, inert, non-toxic, and non-flammable. The high
number of publications in press worldwide, associated with PDMS indicates
that it is a biocompatible material (Mohanty et al., 2015, Berthier et al.,
2012). Its applications range from contact lenses to additives in cosmetics
and medical devices. PDMS is also widely used as a material for microfluidic
cell culturing and. In general, the effects of PDMS or silicones on cells need
to be evaluated on a case by case situation, as PDMS in some situations has
a subtle effect on gene expression (Łopacińska et al., 2013). Silicones are
used silicones have been utilized include prostheses, implants, catheters
artificial skin and temporary barrier Myskin™ (MacNeil, 2008), and drug
delivery systems (Tambe et al., 2014).
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1.6

Various Published SkM bioengineered Platforms

Despite the ever-growing list of published 3D tissue-engineered muscle
models, (Table 1.2) there is no explicit ‘gold standard’ model. In the creation
of these models, laboratories have to utilise diverse culture conditions, but
often following the growth to differentiation pattern, which is high serum to
low serum. This is a purpose that each model is designed for different
functions and final output(s) of measure. However, SkM TE aims to make
muscle-like structures consequently a standard list of parameters, which
could be used to measure common features distinct to the myotube feature
- i.e. Myotube width.
Before the analysis or comparison of models, to efficiently create 3D TE SkM
constructs, basic constraints need to be met and successfully incorporated
into both bioreactor assembly and the ECM of choice for the development of
the desired construct. Importantly, for in vitro experimental purposes, TE
SKM constructs need to be repeatable for it to be a useful basic research
tool, as well as consistent between laboratories (for possible comparisons)
(Snyman et al., 2013, Khodabukus and Baar, 2016).
As address in chapter 1, the hurdle to overcome in 3D SkM is not just the
development of the bioreactor-chamber but is finding an appropriate
extracellular matrix (ECM) that can allow cell migration and proliferation
and cellular contraction of the encapsulated cells. Biocompatibility of both
scaffold and bioreactor are high on the agenda. Scaffold-based constructs
used in SkM TE require that the use of hydrogels, such as fibrin, collagen,
alginate, which are highly porous and allow homogeneous seeding, (as well
as potential vascular ingrowth support after implantation) (Bartis and
Pongrácz, 2011).
1.7

The fabrication of the SkM bioreactors chambers

The bioreactor chambers used in this thesis to replicate in vivo SkM
physiology. Native-like SkM constructs were designed for biological testing
and not functional assessment, subsequently, did not to require the
53

operation of cyclic or tensile loading. The biological chamber of use was the
bioreactor or a static insert chamber into multi-well as two separate
entities. The custom-built chamber facilitated the development of the
muscle tissue (construct) in a sealed aseptic environment. The chamber also
provided the tissue reservoir with appropriate access to surrounding media,
which must be quickly replenished, to enable a constant delivery of
nutrients and remove any waste produced. The chamber was required to
accommodate a maximum sample ratio of 1:4 length construct volume to
medium volume. However, a smaller chamber, i.e. 24-well had to reduce the
volume of media to construct ratio; this may have reduced cost of the
consumables but at the expensive of construct viability.
The additional requirements that can be considered for the static chamber
bioreactor specification identified in Table 3.1 increase the versatility of the
bioreactor. It was necessary for adequate media to surround the constructs
within the chamber and provide an adequate turnover of media (and
nutrients) per day, to the construct and removal of any waste products upon
daily media replenishment. Experiments could run for a duration ranging
from a few days, two weeks to 1 month in culture (on the provision that
detachment of the construct from the fixed points does not occur before
endpoint). Finally, the bioreactor was required to fit into a standard
humidified incubator, regulated to set conditions aforementioned in chapter
2 for temperature and CO2.

54

Table 2.3 The general specification of SkM bioreactor chambers. This is the
outlined spec of features that can be factored in the chamber's design for
experimental investigations of this thesis.

Bioreactor Static Chamber Specification Design
Chamber volume
Chamber
geometry/
dimensions
Chamber design
type

0.25 – 25 mls – these limitations are the capacities capable
of successfully replicating aligned SkM (without construct
failure) within Lewis ; Mudera labs (Capel et al 2018Manuscript pending)
Can be any geometry, dimensions must scale up-to a
volumetric capacity of 5mls
Custom hand-built or manufactured

Tissue must be able to be clamped, fixed, and positioned
within the chamber. The fixture must be able to withstand
passive tensile loading (cellular/ECM contraction)
User defined
Can allow for possible external application of mechanical
Stimuli parameters stimuli, should experimental process require
Can be dynamic - mechanical loading or Static culture- No
Loading
mechanical loading required (this project)
Chamber should be in closed system and sealed to prevent
contamination.
Bioreactor must be easy to assemble/ disassemble (if
Other design
required). The chamber/well forms the bioreactor. The
requirements
material should allow for transparency to permit optical
analysis from the top or bottom or sides of the chamber.
The design must allow for the changing of medium and
cleaning of components
Tissue fixation

The chamber design was classed into two categories: manufactured or
handmade. Bioengineering of skeletal muscle (SkM) has always required the
customised chambers or complex casting techniques to produce the
expected outcome of myotubes. For the specification of this model, it is
important to choose the best material(s) that are suitable for both cell
survival and experiment longevity. In addition, have one that would be costeffective.
1.7.1 Custom – Manufacture chambers
Manufacture chambers are bespoke chamber design that can be in a range
of different configurations. The ease of use comes since the assembling of
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these intricate components are not varied nor their positioning within the
chamber varied by human errors. Errors are kept to minimal margins by
automation.
1.7.1.1 The PEEK chamber and its properties
The name of the chamber and subsequent constructs were termed after the
type of polymer used to create the bioreactor chamber used for construct
casting. The success of this PEEK polymer has enabled it to be used as a
medical device, more commonly known for use clinically for hip replacement
surgeries (Panayotov et al., 2016). However, to date, it is not known to be
used in 3D tissue engineering of SkM. The unique properties and features of
PEEK are an attribute to this polymer as it is able to withstand and be
resistant to a range of different chemicals. PEEK is a material that can be
repeatedly autoclaved at high cycle temperature and pressures and not lose
form or compositional structure (Panayotov et al., 2016). Understanding the
properties and the resistance abilities of the PEEK polymer (Table 9.1– see
appendix), highlights why this is a good polymer to use for in vitro tissue
engineering. This is a commercially validated system, in that it can be
custom designed but commercial brought from lead scientific companies on
request.
1.7.2 Custom – Handmade chambers
Handmade chambers are bespoke in its design, but components for its
construction and assembly are either general laboratory consumables, i.e.
TC plastics or components that are commercially available for its assembly.
Often this chamber is cost-efficient, but are time-consuming to assemble,
especially if they are for disposal after only one use. Variations in the final
assembly of the chambers are known to be so between independent
researchers as well as between chamber to chamber. The inconsistencies
are much greater than that of automation.
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1.7.2.1 8-well Chamber Model (8WC)
There have been a few rectangular/cuboidal constructs that have been
published in the literature (Figure 2.2, further explained see chapter
2.2.1.2). It could be speculated that such a configuration helps to conform
and align cells more easily towards the direction of the principle strain
between the two fixed points. Each construct published has been designed
for a specific purpose i.e. to investigate a specific outcome (i.e. the addition
of IGFb on cellular tensile strength (Cheema et al., 2005) or a particular
measure

(i.e.

mechanical

conditioning

using

strain

regimes

for

understanding changes to muscles genetic profile by (Mudera et al., 2010)
or characterization dynamic regulation of the cell-matrix interplay on cellmatrix stiffness by (Chiron et al., 2012).
Table 1.2 in chapter one has one common denominator (Chiron et al., 2012,
Sakar et al., 2012, Smith et al., 2012)these research groups have SkM
constructs that are rectangular. The chambers/ chambers used for threedimensional tissue engineering have three corresponding main features:
they are anchored by either a mesh or fixed point(s); have a geometric
configuration

that

is

rectangular,

and

is

either

custom-built

or

manufactured. The hydrogel matrix/scaffold used for supporting cells varies
between the models, as does construct volume, cell type and seeding
density per ml or well (not displayed).
The 8-well chamber is the established system and this chamber is used and
outlined in previous publications (Cheema et al., 2005, Mudera et al., 2010,
Smith et al., 2012), the name for this particular model was never defined
and hence will be referred to as the 8-well chamber, this is based on the
simplicity of the multi-rectangular well that is used to create the constructs.
It is worth noting that the dimensions have been slightly modified to make
the volume capacity smaller by 50%. Due to this being a proven model, all
parameters measured from this model were used as the “gold standard” for
the other two SkM models in this project to be compared against.
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1.7.2.2 The Revised muscle organoid (RMO)
Another handmade model is the RMO (Figure 2.1, for further description
2.2.1.1)

this

was

the

model

that

was

developed

from

idea

to

implementation, this is a prime example of the bottom-up approach. The
revised muscle organoid 3D SkM bioreactor/chamber was assembled using
standard laboratory consumables. This is a cylindrical chamber’s name and
its respective construct based on the original design proposed and tested by
(Vandenburgh et al., 2008), this model was the one with the inwardly
deflectable posts. This is one of a few TE research groups that have
produced cylindrical SkM chamber and their respective constructs in a
cylindrical configuration. The rationale for designing this model was based
on the success of Vandenburgh et al. 2008 model. The idea behind the
creation of the RMO bioreactor chamber was one that could be constructed
and easily developed for testing, in any laboratory that would be costeffective to make, without the use of deflective posts.
To investigate biocompatibility for the RMO (all components of the model
were tested individually in the presence of cells i.e. superglue) and
scalability (i.e. 6-well, 12-well and 24 well plates-decrease in diameter as
well as surface area to volume ratio) for the incorporation into the design of
this bioreactor as best as possible to ensure viability of the cells within the
construct. This is key as there remains a need in TE to generate scalable
models that support a diverse range of TE applications. These chambers
RMO and PEEK are 3x smaller in volume than the 8-well and being scaled
down as well as their scalability has importance to improve current
technologies, in relation to fundamental work with primary human-derived
cells (i.e. MDC). These are often limited in number due to the complexities
associated with recruiting tissue donors, as well as variability in donor cells,
linked to cellular senescence associated with continued passaging (Capel
2018- in press).
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The purpose of the RMO bioreactor chamber design was to be a costeffective small testbed chamber that could be easily assembled for universal
use in any laboratory. Hence the approach in design to use a multi-well – is
one that is accessible by all scientific laboratories. Where the components
that comprise this model can be easily brought commercially. Therefore, a
well-plate design is one that can also increase the throughput of such a
model as a diagnostic tool, in comparison to the 8WC design. To achieve
control with use of this chamber it was determined that the posts would
have to be known distances apart from one another.
1.8

Understanding the Importance & Need for Optimisation

A lack of technological enhancement in tissue engineered (TE) models
contributes to the lack of progress in the utilisation clinically (Cossu et al.,
2017). It is essential that development and manufacture of TE constructs
remain relevant, by their constant advancements and optimisation. These
improvements enabled the possibility of clinical translation by implantation
in humans for the repair of damaged tissue or the replacement of diseased
tissue, or as used as a physiological model and diagnostic tool. The latter
will be discussed in later chapters for investigating and understanding in
greater depth the processes that can aid or deteriorate regeneration. Since
the fabricated constructs in this project are three-dimensional matrices in
culture, it is possible to monitor visually and measure with better precision,
the progress or change of the tissue growth to better comparison in vivo, as
well as reduced animal numbers used for clinical trials as there is no need
for serial sacrifices. Although advances in TE technology have allowed for
better examination (i.e. high resolution confocal, better clarity of micro and
nano images etc.,) and analysis to measure experimental outcomes as there
is still much that needs to be done to enhance the progress of TE for
translation into the clinic (Cossu et al., 2017).
However, very little work has focused on SkM optimisation. Resultantly, the
need for optimisation in the methodology used to create 3D SkM constructs
has become paramount for efficient and successful clinical translation to
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ensure and enable better and universal accuracy of results and their
interpretation. In the bid to fulfil two of the overarching aims of this
project, which was to create a muscle construct in the shortest amount of
time or improve the quality of the myotubes produced, the solution was to
change the two different media type switches. The PEEK chamber was
selected as the basis for 3D SkM TE for the remainder of this thesis (see
chapter 3). This project within this chapter looks to optimise TE skeletal
muscle constructs fabricated in PEEK moulds with the aim to fast-track
muscle maturity to allow downstream rapid experimental testing in this
model.
The advance in 3D SkM TE, need not be built from the ground up when
models have already been established or tested that can be optimised.
Optimisation can lead to new findings and outcomes that can strengthen the
prospect of a model. The 3Rs of research: replace, reduce, refinement are
important approaches in the ethos behind the use of optimisation of
methods in in vitro muscle models. Where possible in research, it is always
best to use non-sentient alternatives than animals, while this project does
not involve the direct use of animals, refinement and reduction processes of
this experimental plan are the driving forces behind the improvement and
optimisation of muscle models. Muscle models in the past have oftenrequired use of customised tools to make and to achieve expected
outcomes. Furthermore, customization can be expensive and put strains on
processes that can involve improvement and optimisation. As addressed in
the first chapter, desired scaffolds or matrices must have a few positive
attributes

to

aid

construct

development.

If

to

ensure

successful

regeneration of desired tissue the attributes must be considered in the
design, such as biocompatible, biodegradable, with (possible) considerations
for surface, structural compatibility and appropriate porosity (dependent on
the tissue they wish to emulate), which feeds into pore structure and its
distribution. As a bid for optimisation, to gain the best outcome from a SkM
in vitro model, changes made to these essential elements aforementioned,
should not affect the integrity of the SkM regardless of any bid for
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optimisation of the scaffolds or matrices. Therefore, optimisation of
experimental methods should advance the quality assay for in vitro muscle
studies.
1.8.1

Regulations and international standards for
biomaterial testing

Although work conducted in this thesis was not directly tested by the
researcher on an animal in vivo, the work of this thesis belongs to a wider
context for the vision of the BioDesign specification. These SkM constructs
had the potential to be implanted in vivo subsequent to the finding of in
vitro testing. Therefore, when testing biomaterial in vivo (animal) or clinical
testing (humans), concerns (i.e. 3R’s) and considerations have to be taken
into account before such tests can be conducted. This is achieved by such
agency as the International Organisation for Standardisation (ISO). Their
published guidelines and regulations for such as ISO 10993-2 (ISO.org) for
the use of medical biotechnological devices, within biological settings, helps
ensure a standard of animal welfare and patient safety, during both animal
and clinical tests. These ISO guidelines attained and ensured the protection
of patients from the use of medical devices, inclusive of the use of
biomaterials. The guidelines for protection also involves systemic analysis
and biological evaluations as well as expectation from their usage.
Regulations and risk assessments in ISO document ISO 10993 are for
biomaterials of either natural or synthetic nature designed for long-term
implantations (i.e. 31 days or more) of contact with human tissues. The
constructs designed in this thesis were originally intended for direct animal
tissue contact. However, due to the course of change of the project design,
the guidelines in ISO 10993 no longer apply the collagen models used in this
thesis.
ISO 10993-9 describes the need for in vitro tests on material degradation
(may include chemical components used in the manufacturing process), and
this provides a rationale for this overall project. Material degradation has
been studied in 3D tissue models as demonstrated in chapter 6 of this
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thesis. ISO 10993 can be applied to the SkM 3D constructs in the study in
terms of cell response and cellular outcomes (i.e. genotoxicity, cytotoxicity
– myogenecity, and carcinogenicity; ISO 10993-5) to the biomaterial and its
components. This is inclusive of material degradation due to chemical
alterations to the medical device (ISO 10993-9 and 13).
The successful implementation of 3D models as early biomaterial tests and
screening, outside of animal models, will help to reduce the need for in vivo
models. This thereby helps meet the principles and ethos as previously
mentioned in the BioDesign mission as well as the National Centre for the
Replacement, Refinement and Reduction of Animals in Research (NC3Rs).
Here new technologies are catapulted to the forefront of research with the
aim to drive it in the direction that helps promote, replace, reduce and
refine the use of animal models in research.
1.9

Tissue enginnering and The Use of Biomaterials

The multidisciplinary field of tissue engineering was founded on the use of
biomaterials. Whereby biomaterials are defined as any materials proposed
to interface with biological structures and systems to analyse, treat, or
either replace any tissue, organ, or function of the body (Williams, 2009),
rather

than

non-biological

materials,

which

commonly

only

provide

functional or structural support, but remain relatively inert (see mac). Use
of biomaterials is more commonplace as a result of the advances in chemical
sciences and manufacturing processes, and consequent collaborations
between scientific and engineering disciplines that have resulted in the
development

of

engineered

smart

biomaterials.

Next-generation

biomaterials are rationally designed to have the desired function by actively
or adaptively responding to dynamic stimuli; where responsiveness of tissue
to internal or external stimuli, including ionic strength, magnetism,
temperature, and pH, are just some of the promising means to improve
multifunctionality in smart biomaterials. Frontier researchers in smart
composite biomaterials have developed biodegradable polymers from both
natural and synthetic compounds, these increases versatility for application
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in preclinical settings and frontline medical equipment and treatments
(Perez et al., 2013, Holzapfel et al., 2013) that stimulate or trigger positive
target cell responses i.e. such as in the process of the wound healing.
1.9.1 Biomaterial testing of a drug
As a means of fulfilling the aim of this thesis in creating a 3D SkM model
that could be used as a test platform, the decision was to use a drug that
was known to have side effects linked to muscle myopathies, (inclusive of
fatigue, weakness progressive stage towards chronic loss of muscle function)
and high incidence of reported muscle toxicity. Therefore the damage or
degradation of myotubes was hypothesised to be a likely probability. This
drug was simvastatin, which is widely known and used for its cholesterollowering ability.
The prevalance of simvatatin is explained and outlined below as well as the
different components used to configure the novel biomaterial that was used
to package simvastatin in its novel nanoparticle form, as a method to
possibly reduce possible side effects that simvastatin alone has on SkM. The
nanoparticle of choice was a conjucial compound hyaluronic acid-dopamine
(HA-DOPA).
1.10

The Prevalance of Simvastain in Relation to Muscle
Myopathy

In 2012 the British Heart Foundation reported that 7 million people are
currently prescribed statins in the UK. Furthermore, recently updated NICE
guidance suggests that up to 40% of the adult UK population could be
offered

some

form

of

statin,

currently

the

most

prescribed

hypercholesterolemia-lowering drugs. In 2014, the British heart foundation
reported that 63.4 million prescriptions were dispensed for lipid-lowering
drugs for the treatment and prevention of cardiovascular disease (CVD) in
England (British Heart Foundation, 2015). However, statins are known to
cause pleiotropic skeletal myopathic effects in 1.5% to 10% of patients
causing significant pain and discomfort. Progressive research has been
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conducted in developing relevant pre-clinical 3D in-vitro screening models,
which may provide a biomimetic platform to investigate the effect of such
drugs. With advances in biomaterials simvastatin has now been loaded into
hyaluronic acid-dopamine (HA-DOPA) nanoparticles, which retains structural
stability as well as the drug activity, even at increased pH (Zhu et al., 2015).
Presented in this chapter is a 3D TE SkM construct as an in vitro screening
platform,

which

acts

as

an

intermediary

in

vivo-like

replacement.

Simvastatin and simvastatin loaded nanoparticles were compared by testing
on 3D muscle models to investigate the effect of the drug in-vitro, i.e. its
influence on cell behaviour at the tissue, cellular and subcellular levels.
Nanoparticle-loaded simvastatin offers a new solution for targeted drug
delivery and holds much promise for the future as a drug delivery system. As
aforementioned in chapter 1, (1.4.19) the successful implementation of 3D
models as early biomaterial tests and screening, outside of animal models,
will help to reduce the need for in vivo models. This was one of the major
aims to drive this project forward, thereby matching the principles and
ethos as previously mentioned in the BioDesign mission as well as the
National Centre for the Replacement, Refinement and Reduction of Animals
in Research (NC3Rs). New technologies such as the use of nanoparticles can
be catapulted to the forefront of research as they help to amend the
misgivings of former pioneered animal-related research, which has loose
ethical concerns. Further work beyond this chapter should explore the use
of HA-DOPA nanoparticles on or within tissue engineered models using
patient-specific cells, which will contribute to the development of a suitable
diagnostic tool.
1.11

The Limitations of Simvastatin

Simvastatin is poorly soluble and is normally administered in oral form
(Ganesh et al., 2015, Padhye and Nagarsenker, 2013). Simvastatin at 40mg
has a peak concentration (Cmax) of statin in human serum is 19 - 31nM and
6 - 7nM. Mean concentration for human serum 2.2 - 4.3nM, 1.6 - 1.9mM for
inactive and active forms of the drug respectively (Bjorkhem-Bergman and
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Bjormkhem-Berkman,

2011).

Whilst

statins

have

positive

effects

on

cardiovascular health, some statins are known to have adverse effects and
have been clinically reported to cause myopathies that range from fatigue
and muscle weakness to rhabdomyolysis: a life-threatening condition of
skeletal muscle (SkM) proteolysis related to toxicity (also known as
myotoxicity) (Dirks and Jones, 2006, Kiortsis et al., 2007, Tomlinson and
Mangione, 2005). Therefore, exploring new methods of drug delivery is
crucial for increasing efficacy, whilst also minimising effects on non-drug
targets i.e. targeted delivery vehicle (Padhye and Nagarsenker, 2013, Allhoff
et al., 2010, Wang and Wang, 2014) and reduced adverse side effects to
non-target sites. The primary goal for current drug delivery research is to
develop faster and safer ways to administer medicine, with specificity to
target sites in a bid to minimise adverse effects (Borm and Muller-Schulte,
2006). As advancement in the scientific and medical fields, the use of
nanoparticles (NPs) is now receiving significant attention (Zhu et al., 2015),
due to their flexibility in formulation and relative ease of production.
1.11.1 Targeted drug delivery (Microspheres and
nanoparticles)
To improve the efficacy of drug application (i.e. targeted drug delivery)
extensive studies look to reduce systemic effects of non- target organs to
improve tissue response. Results should minimise adverse effects as the
drug can be delivered directly to target site or tissue of interest only. This
may even allow for methods to possibly lower drug dosage can be applied
having the same effect as a normal dose.
Design characteristics for targeted drug delivery:
-

The controllable predictive rate of drug release

-

Drug release does not affect drug action

-

The therapeutic amount of drug release

-

Minimal leakage of drug (where application)
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-

The biodegradable composition or readily excreted from the body

-

Carriers must not induce adverse effect nor induce negative modulation

of a diseased state.
-

Metabolism or excretion of the drug is too fast.

If a drug is required intermittently, and useful delivery mechanisms can help
to reduce the use of repetitive doses. Targeted therapies are useful in
treatment and preventions of diseases and cancer, but can also be used for
pharmaceutical

drugs

that

have

encapsulation

within

a

carrier

instability,
can

where

slow

the

optimisation
possible

by

short

pharmacodynamics half-life of the drug. However, with all drug delivery
methods there are advantages and disadvantages, and there is no exception
for nanoparticle delivery (see Table 2.4). Nonetheless, efforts at modernised
drug delivery (i.e. nanoparticles) are generally designed and intended to
have advantages over more commonly used traditional methods (i.e. tablets
via oral administration).
Table 2.4 The advantages and the disadvantages of drug delivery. These are the
general considerations when using drugs in any form.

Targeted Drug Delivery the Pros and Cons
Advantage
Disadvantage
● Avoidance first pass metabolism of
hepatic.
● Absorption can be enhanced by the
presences due to modification of
target molecules such as peptides and
particulates.
● Selective targeting – enhanced
permeability and retention.
● Smaller dose – with same desired
effect.
● Toxicity reduced by delivery to target

● Rapid clearance form target system
● Insufficient localisation to target site
(e.g. tumour)
● Diffusion and redistribution of released
drugs
● Highly sophisticated technology for
(i.e. Carrier) formulation
● Requires skills for manufacturing,
storage and drug administration to
patients
● Difficulty to maintain stability of
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site reducing systemic effect.

dosage from polymers.

● Protocols for drug administration can
be simplified.
● Administration is complex, invasive,
and/or costly and therefore, dosing
frequency needs to be reduced.
● Patient compliance (e.g., motivation to
remember to take dosage) is poor and
consequences of missing dosages are
serious- this is the use of kinetic
release.

1.11.2 Side effects of Simvastatin and its link to muscle
myopathies
It is well known that adverse effects of simvastatin are associated with
muscle and liver toxicity. Literature is yet to discover and state the
genotypic mechanisms that simvastatin interacts and affects.

However, a

study by (Kiortsis et al., 2007) highlighted other areas in the human body
other than muscle that are affected by the action of statins. Pleiotropic
effects of simvastatin are also known to occur (the action of taking the drug
and then leads to manifest of multiple characteristics/effects). Albeit, a few
rare cases have been linked in the gastrointestinal tracts-ulcerative colitis
(Kiortsis et al., 2007, Scandinavian simvastatin survival group, 1994,
Pedersen et al., 2004), skin rashes, cheltilus (Mehregan et al., 1998), most
commonly linked to abdominal pains (Jones et al., 1998, Newman et al.,
2003, Scandinavian simvastatin survival group, 1994). Other physiological
effects are patients links to depression (Duits and Bos, 1993, Boontheekul et
al., 2007).
However, as aforementioned the most pressing side effects of simvastatin is
linked to liver and muscle toxicity. Consequently, it is no particular surprise
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as out of the seven commonly used statins (lovastatin, simvastatin,
atorvastatin, fluvastatin, rosuvastatin, pravastatin, pitavastatin), simvastatin
has the third highest relative lipid-lowering potency and second greatest
half-life in plasma. Simvastatin’s potency makes it one of the most popularly
prescribed drugs for CVD.
Consequently, the toxic effect that simvastatin has on muscle has been
documented in literature by its phenotypic manifestation in clinical settings
related to skeletal muscle weakness and pain, which are among the fairly
common side effects reported. Parallel to clinical outcomes are the in vitro
studies. However, in 2D using multinucleated myofibers, statin-induced
morphological changes in myotubes have been observed, in which treatment
saw dramatic myotube shrinkage distinct from the small changes in size of
the primary skeletal muscle fibres (Masters et al., 1995). In addition, it was
difficult to examine the contractility of the myotubes, so they were not ideal
for the analysis of statin myotoxicity (Sakamoto and Kimura, 2013).
In a 3D-related study involving isolation of physiological skeletal myofibers
from rodent flexor digitorum brevis (FDB) muscle, which were cultured for
three or four days with 1 µM fluvastatin or 10 µM pravastatin, there was
induced vacuolation, which is similar to that reported in in vivo animal
experiments (Sakamoto et al., 2007; Tanaka et al., 2010).
Reports show that longer treatments of five days or more may cause
myofiber death by the more severe method of cellular content release
(Sakamoto et al., 2007; Tanaka et al., 2010). The statin treatment reduced
the contractility of the cultured myofibers, which helps to explain the
clinically related outcomes of statin-induced muscle weakness (Ballantyne et
al., 2003) and myotoxicity exacerbated by exercise (Thompson et al., 1997).
Commonly, mature myotubes see nuclei migrate to the sides of the
membrane. However, myotubes that have survived treatment at extremely
low concentrations see nuclei migrated back towards the centre. This causes
reduction in force generation, as it reduces the number of actin filaments
that can form within the myotubes.
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1.11.3 Hyaluronic Acid
From a pharmaceutical viewpoint, hyaluronic acid (HA, or hyaluronan) is a
well versatile biodegradable, and biocompatible, nontoxic, and nonimmunogenic natural polymer, where use of such a compound could and of
utmost value, when trying to combat a drug, in this case simvastatin; that is
known to have detrimental side effects. With its properties understood,
enables the subsequent composition of a nanoparticle to be manipulated,
with another particular compound of interest for chapter 5, dopamine.
Hyaluronan is a glucosaminoglycan, and naturally occurs in a linear
structural composition of a high molecular weight polysaccharide chain
made of repeating units of N-acetyl-D-glucosamine and D-glucuronic acid
(Meyer and Palmer, 1934, Meyer, 1947). Hyaluronan is present in all soft
tissue and is a major component of the ECM. Hyaluronan is important as it
has a high capacity for holding water and has elevated viscoelastic
properties. The conformational features along with its high molecular
weights (Schante et al., 2011), this compound’s properties also enable cell
adhesion to the ECM amongst other cellular functions i.e.cell proliferation
and migrations.
From a pharmaceutical viewpoint, HA is a well versatile biodegradable,
biocompatible, nontoxic, and non-immunogenic natural polymer. Moreover,
HA can be chemically modified by crosslinking to other compounds. Hence,
shown to be good for the stability of drugs (such as growth factors), when
used in different tissue models (bone (Bae et al., 2011) and cancer (Ramesh
et al., 2016)). As HA is a natural compound it can be short-lived, in addition
to

this

the

cross-linking

of

HA

can

reduce

its

rate

of

dissociation/degradation and resorption increasing from hours to days
depending on the tissue type. HA has been used for conjugation reactions
for more favourable applications in the fields of tissue engineering and
pharma drug delivery for the carrier of drugs and proteins (Kurisawa et al.,
2005, Gerecht et al., 2007). Moreover, these conjugation reactions are done
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via the available functional groups of HA, which are the hydroxyl and the
carboxylic acid ones (Pitarresi et al., 2007, Palumbo et al., 2006).
1.11.4 Nanoparticles and Hyaluronan-nanoparticles (HANP) for drug delivery
The primary goal for current drug delivery research is to develop faster and
safer ways to administer medicine, with specificity to target sites in a bid to
minimise adverse effects (Borm and Muller-Schulte, 2006). An advancement
in the scientific and medical fields is the use of nanoparticles (NPs), which is
now receiving significant attention (Zhu et al., 2015), due to their flexibility
and relative ease of production. The applications of NPs are numerous and
their use has exponentially grown in both experimental and clinical settings
(Yildirimer et al., 2011, Yildirimer and Seifalian, 2011). There are also a
variety of different types of NPs, with different compositions (i.e. natural or
synthetic compounds). Natural compositions are designed to be more
readily biodegradable (i.e. to free or control drug release) (Kadam et al.,
2012) et al., 2012), whereas synthetic NPs are designed for stability and
durability (i.e. cell tracking) (Huang et al., 2011, Pan et al., 2011). More
commonly, they are being proposed to be used as a targeted delivery vehicle
(Padhye and Nagarsenker, 2013) and can be further designed to enhance
delivery to specific targets and molecular markers (Allhoff et al., 2010, Wang
and Wang, 2014). Developments like this have the potential to reduce drug
accumulation to non-target sites, through site-specific recognition to the
intended target tissue (De Jong and Borm, 2008). The purpose of this
method of specific drug delivery is to reduce the side effects of this drug by
preventing interactions with non-drug-related targets.
Due to the favourable physicochemical and biological features of HA, this
polymer can and has been widely used for various biomedical applications.
This is inclusive of treatment for osteoarthritis, as well as in ocular and
plastic surgery and in tissue engineering. However, HA has also been used
for several drug delivery applications, and HA has been widely investigated
as a carrier for receptor-mediated drug targeting in cancer studies for all
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receptors such as CD44. CD44 incidentally over-expressed in some tumorous
cancer cells (Tripodo et al., 2015) but recognised to interacts with HA (Kim
and Kim, 2008). A finding such as this makes HA an attractive substrate, for
anticancer agent targeted drug-delivery that exploits receptor-mediated
active targeting strategy (Tripodo et al., 2015).
1.11.5 HA-DOPA nanoparticles
The nanoparticles designed for this study are self-assembled polymeric HAderivatives with a dopamine-modification. The designed nanoparticles
combine

both

the

advantages

of

conserved

biocompatible

natural

macromolecules and an amphiphilic random copolymer-like structure. It
should be noted that dopamine (DOPA), is a biocompatible and naturally
occurring compound found in synthesised from amino acid 3,4-dihydroxy-Lphenylalanine or tyrosine which is formed by posttranslational modification.
DOPA is found in large concentration within marine mussels as an adhesive
protein as well as the neuro-signalling transmitter within the brain. Previous
research studies one in particular by (Lee et al., 2007), on dopamine has
shown that its catechol group can form strong bonds with various organic
and inorganic structures. Thus, it is additional to the HA compound which
might

improve

the

interfacial

stabilisation

performance

of

HA,

simultaneously improve both cells response/ behaviour (i.e enhanced cell
adhesion, proliferation and viability) and adhesion strength in a simple and
versatile way.
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Figure 2.9: A schematic illustration of HA-DOPA synthesis and nanoparticle
formation via self-assembly by direct dispersion method. A unique property of
amphiphilic random copolymers is their ability to form unimolecular (unimer)
nanoparticles with intrapolymer associations. This is the formation of a micelle
(Akagi et al., 2012; Zhu et al., 2015).

The formation of the nanoparticles is by hydrophobic interaction. The
simvastatin now goes on the interior of the nanoparticle surrounded by a
HA-DOPA shell (which can be cross-linked to improve stability). The
resultant Sim-HA-DOPA NP is sized by SEM imaging (Figure 1.8) (or can be by
dynamic light scattering (DLS)), The Sim-HA-DOPA NP are lyophilised (freezedried) for storage at +4°C.

Figure 2.10: SEM imaging of simvastatin nanoformulations (micelles). White
arrows point to the nanoparticles. The measurements of size are recorded
between 180 and 250 nm. The scale bar shows 100 nm.
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1.11.6 Simvastatin
Simvastatin is linked to high incidence of reported muscle toxicity,
otherwise known as muscle myopathy (Scandinavian simvastatin survival
group, 1994; Masters et al., 1995; Jones et al., 1998; Newman et al., 2003;
Kiortsis et al., 2007; Sakamoto and Kimura, 2013). There is much speculation
as to how this occurs in humans and research is still being conducted to
deduce the affected pathways linked to the symptoms identified and
presented by patients. Accordingly, there are many theories, some of which
are explained below and generalised for all statins. One is that proteins
required for muscle repair are affected directly by statins, decreasing
muscle growth (Sakamoto et al., 2007; Tanaka et al., 2010). Another theory
is that statins decrease levels of coenzyme Q10, a natural substance in the
body that helps to regulate muscle function by assisting in energy
production. Less energy ultimately means loss of function and that muscle
cells may not be able to work properly (Ballantyne et al., 2003).
However, simvastatin is a molecular compound that is a well-known
cardiovascular drug used in the treatment of hypercholesterolemia.
Simvastatin is part of the statins family which are the most prescribed
hypercholesterolemia-lowering drug worldwide (Gazzerro et al., 2012,
Scandinavian simvastatin survival group, 1994, Geboers et al., 2016, Dirks
and Jones, 2006), by providing a means of lowering plasma cholesterol by
inhibiting the active side of the enzyme 3-hydroxy-3-methylglutaryl-CoA
reductase, (Istvan, 2003). Simvastatin is widely known and used for its
cholesterol-lowering ability. There are risks associated with using any drug,
simvastatin is not an exception. To understand how this drug poses a risk to
muscle integrity, its importance is in its chemical compositions as well as
the intended action of the drug.
The structure of simvastatin is that it contains a decalin ring structure,
which is a bicyclic organic compound, in the simplest of terms joining of
hexagon hydrocarbon rings. There are two forms in which simvastatin can
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exist: lactone (present with acidosis) and hydroxyl acid (present with
alkalosis), and in vitro hydrolysis of lactone ring it then produces hydroxyl
acid, which is the active form of this drug (Gómez-Bombarelli et al., 2013),
the conversion is pH dependent. The bioavailability of simvastatin when
given via oral administration is very poor (it is a typical form of delivery).
The acid-base balance for the simvastatin drug, between its two states, have
potential to alter the pharmacologic and toxicologic outcomes of simvastatin
or the general stain therapy. In the study by (Taha et al., 2016) the effect of
disturbances in acid-base balance on the interconversion of simvastatin
between lactone and hydroxyl acid forms was investigated in physiological
buffers, which had pH ranging from 6.8–7.8 (human plasma, and cell culture
medium) by use of C2C12s (- these are mice myobalsts, furthermore this is
the main transformed cell line used for the work of this theis). Simvastatin
(Figure 1.11a) is highly lipophilic- therefore, not readily absorbed by the cell
membrane (in its lactone form but is in its active acid form when the solvent
is more alkaline). Simvastatin is widely used clinically because of its potency
when in its active form, which is due to its interaction with its enzyme
substrate. (Al Akhali and Alavudeen, 2014).
X-ray crystallographic studies have been critical in understanding the
interaction of the simvastatin, by determining the structures of the catalytic
portions of the enzyme in complex with simvastatin molecules. These
studies conducted by Istvan 2003 showed that the HMG-like moiety of statin
molecules occupy the HMG binding site of the enzyme (Figure 1.11b), with
the hydrophobic groups of the simvastatin occupying a binding site exposed
by movement of flexible helices in the enzyme catalytic domain. The
flexibility of all the statin residues is a key feature of statin binding to the
enzyme that was highlighted by Istvan’s studies. Thus, these studies have
demonstrated that statins sterically hinder substrate binding by binding to
the active site of HMG-CoA reductase.
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Figure 2.11: The structural formulation of simvastatin. A. Molecular chemical
structural drawing of simvastatin as a compound. B. Adapted from Istvan’s 2003
studies

showing

the

interactions

of

simvastatin

with

the

protein

HG-CoA

reductase.

There are two classes of statins based on their interactions in association
with the HMG binding site as a result of their structural differences.
Simvastatin is classified as a type 1 inhibitor (this class also includes
compactin and pravastatin) all of which feature a decalin ring. Type 2
inhibitors (are inclusive of rosuvastatin, atorvastatin, cerivastatin, and
fluvastatin) which molecular construct contain a fluorophenyl group and a
methylethyl group not present in the type 1 inhibitors in addition to the
HMG-like moiety. However, simvastatin (type 1) involves the numerous
hydrogen binding interactions similar to those formed with the active site of
the HMG-CoA enzyme, with its original intended substrate, as well as the
interaction of the decalin ring structure with a helix of the enzyme.
1.12

The importance & Use of Other Biomaterials

The current trends in biomaterial development have shifted toward the
more common use of the biodegradable material in tissue engineering
(Cittadella

Vigodarzere

and

Mantero,

2014,

Stratton

et

al.,

2016).

Biomaterials are a definite advantage in the fields of clinical surgeries, such
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as orthopaedic, with the use of cement, biodegradable polymers, suture
materials (lactid caprolactone film - Mesofol®) (Jürgens et al., 2006) as well
as drug delivery (similar to that described in Chapter 5). Along with more
recent developments for orthopaedic surgeries include screw-plate systems,
and

films

(such

as

carboxy-methyl-cellulose

and

hyaluronic

acid

(Seprafilm®)) for the prevention of adhesions and ossifications. These same
biodegradable films are used in accident and emergency units (Jürgens et
al., 2006). Use of biodegradable polymers other than surgical usage, is for
hemostatic agents and wound dressing materials (Bacon, 2002).
Natural polymers have been used in a vast number of medical applications.
An advantage of natural polymers is that there is minimal risk of unwanted
side effects, but also enables the incorporation of biofactors within
scaffolds,

matrixes

or

polymers.

Consequently,

the

integration

of

biomolecules potentiates the therapeutic effects by the maintenance of
bioactivity (Perez et al., 2013). Natural biopolymers are typically degraded
by enzymatic means at a rate that may be difficult to predict clinically. This
has both pros and cons. The pro is that the natural biopolymer can be
cleared from the body effectively, without an immune response. The cons
are that this process may happen too quickly, not allowing action for a
therapeutic effect. Therefore, as a means to solve this, the disadvantage of
natural biopolymers was the introduction of synthetic biopolymers.
Synthetic polymers are generally known to be designed or tailored to have
better control of degradation or release of bio-matter i.e. hormones.
Hence, more commonly used for biodegradable purposes, are synthetic
biomaterials more commonly used as implantable devices or replacement
substitute, due to the ease of manipulation. Synthetic polymers are valuable
in that they allow for tailored properties such as mechanical strength and
erosion behaviour (Lutolf and Hubbell, 2005). Like natural biopolymers,
tailored-made synthetic biomaterials advantageous properties, have led to
the widespread use of biodegradable synthetic polymers in therapeutic
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applications, such as suture materials, mesh, screws, tissue pads, clips, and
anchors (Pérez et al., 2013).
1.13

Biomaterials testing

Earlier on this this chapter reviewed the topic of biodegradability and its
properties that constitute a good tissue engineered model. The general
principle of natural or synthetic biomaterials, is one that one is used for
multiple or specific therapeutic tasks, and it uses depends on its properties
and rate of degradation. This dependence is based on the need to use the
right material for the right task (i.e. surgeries sutures) and for the right
amount of time (i.e. possible 6-8 weeks) for the complete process of wound
closure to occur. If biomaterials are used for scaffold or matrix as temporary
replacements, they should be removed harmlessly from the body (Yang et al.
1-4). The demands on the material properties largely depend on the purpose
for the biomaterial’s use, i.e. for permanent replacement devices. The
materials should mimic living tissue in both chemical and biological
mechanisms

(functional).

When

using

biodegradable

materials

as

a

replacement substitute, the functional aspect of the material is dependent
on the rate of material degradation. Therefore, the material's degradation
(rate) is a principal aspect to be tested for any biomaterial. This is
particularly

important

for

potential

permanent

replacement(s),

e.g.

orthopaedic surgical hip fixture/devices that do not require degradation
(Jürgens et al., 2006). The ability to control the rate of degradation, in TE
for some biomaterial is important, Which is because it can govern the
success of tissue replacement or integration. This involved matching cellproduced ECM deposition rates with polymer degradation times, to ensure
stability and successful regeneration at the site of interest.
1.13.1 Degradable biomaterials (synthetic)
It is well known that biodegradability is one of the leading factors that play
a vital role in tissue engineering. The definition of biomaterial degradation
was stated by (Yildirimer and Seifalian, 2014) to be the process by which
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molecular change is due to chemical scission within a polymer chain, which
causes the release of its monomer constituents. Biodegradability is a desired
requirement for a tissue engineering scaffold material, and ideally, its
degradation rate needs to match the neo-tissue formation rate to serve as
the template purpose (Vert, 2009, Nair and Laurencin, 2007). Unlike nondegradable materials, biodegradable materials need to meet even more
stringent requirements. The summarised essential properties are outlined
here as follows:
●

After implantation into an animal subject/patient, biodegradable

materials should minimise unwanted foreign body responses and also if
produced they should be either endotoxin-free or nontoxic.
●

Biomaterials neo-tissue degradation time should be matched to the

regeneration or required therapy time or ideally serve the template (Ma,
2008).
●
●

Mechanical properties must be suited to the required task.
Degradation by-products should be nontoxic or have minimal side

effects and be readily cleared from the body.
●

Such material must be readily processed to allow tailoring for the

required task, should this be necessary.
These standards are essential to ensure that biomaterial design and
intended use still fall in line with the ISO requirements, even though the
tissue models discussed in this thesis was not directly tested on animals or
human tissue contact (i.e. not intended for implantation). Future work looks
to implement this in the clinical setting to human or animal subjects.
Therefore, ISO consideration to take into account, as such as the guidelines
for the ISO 10993 describes potential test parameters for the collagen
muscle constructs/model during in vitro biomaterial testing. This is of
particular interest for the preceeding experimental chapters,especially for
the in vitro test on PLGA as a degradative material. The application of the
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10993 is in the study, is in reference to cell response to the biomaterial and
its components within the 3D SkM construct (i.e. analysis of cytotoxicity/
myotoxicity). Subcategories of this ISO guideline focuses on the material
degradation due to chemical alterations to the medical device and in this
case to the collagen matrix (ISO-guidelines 2015).
1.13.2 Biomaterial testing of a polymer (PLGA)
As the goal of this thesis was to use the 3D SkM model as a testbed not only
for the use of drugs but of polymers too, such as PLGA. PLGA is a copolymer
and is described in detail below (chapter 1.13.4). However, the degradation
of PLGA is dependent on the ratio of the two components that comprise its
structure. The PLGA tested in this project is novel in that it is fluorescently
tagged. As explained below PLGA is used in a range of different medical
devices. Therefore, as a means of also gaining better understanding
polymer-cell interactions, and the influence (if any) a biopolymer can have
on cellular behaviour as well as prospective changes to the PLGA as an
indirect result of interaction with dynamic cells such as C2C12s.

Using

fluorescent PLGA polymer allows for monitoring in real-time, can help to
track scaffolds, sutures or drugs that are linked to this polymer. A range of
biomaterial assays can be conducted to understand or gain knowledge of
outcomes within a physiological tissue-like environment, with culture
environment/ condition.
1.13.3 The implications of degradation in 3D SkM
mimicked environment
Animal models would be used for biotesting in providing a close match to
possible

native

outcomes.

However,

with

advancements

in

tissue

engineering can enable a reduction in the use of living animal models, due
3D

TE

constructs

designed

to

represent

a-like-for–like

to

native

physiological structures. The reduction in living animal models is one of aims
and key for the purposes of carrying out this project. As animal models that
only provide snapshot/endpoint analysis, at which point the animal is often
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sacrificed. 3D TE constructs are a more easily accessible model than animals.
This accessibility is not limited to just the use of a 3D TE constructs, but in
perspective of this fluorescent tagged PLGA polymer can accommodate
monitoring in real-time, in vitro as well as in vivo.
1.13.4

Poly (lactic acid-co-glycolic acid) PLGA

For chapter 6 the linear aliphatic polyester poly (lactic acid-co-glycolic acid)
(PLGA) is of particular interest (Figure 1.9) and is a sub-polymer of the
polylactide-type

polymers

of

which

include

poly(lactic

acid)

(PLA),

poly(glycolic acid) (PGA), are frequently used as polymers for scaffold
fabrication because of their wide range of biodegradability, in addition to
their well accepted biocompatibility (Wang et al., 1998, Zhao et al., 2002,
Zhao et al., 2016).

The synthetic polymers such as PLGA undergoes bulk

degradation once implanted into the human body (Wang et al., 2000,
Makadia and Siegel, 2011). This bulk degradation starts upon placement in
aqueous media and involves the decrease of the molecular weight of the
polymer (Liu et al., 2007). However, the bulk degradation or mass loss does
not start until the molecular chains of the polymer are reduced to a size
which allows them to diffuse out freely from the polymer matrix. It is at this
point that mass loss causes the release of the innocuous acidic by-products
of the polylactide-type polymers. The PLGA of choice for this study was
equal amounts of PLA and PGA, where the half-life of PLGA 50:50 in
literature is reported to be approximately 15 days.
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Figure 2.12: Characterisation of PLGA microspheres. SEM images verify that the
sizes of the microparticles range between 50 and 150 µm. A and B show loose
microspheres. C and D show PLGA microspheres embedded within the collagen
matrix.

1.13.5 Disadvantages of degradable biomaterials (focus
on PLGA)
The polylactide-type polymers are one of the most valuable biodegradable
polymers for manufacturing scaffolds and other implantable medical devices
(Yang et al., 2006). The history of use of PLGA polymers provides essential
lessons for the development of new polymers. Even with the simplicity of
the polymer chemistry of PLGA, the broad use of this polymer and its
derivatives saw significant complexity in cell behaviour response to these
polymers, when transplanted in vivo to either humans or animal models. A
review by (Anderson and Shive, 2012, Chen et al., 2005) also takes into
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consideration the accumulation of its by-products, in effecting the function
and behavioural response in either way (i.e. negative or positive).
The benefit of PLGA copolymers, when implanted in vivo, is that they are
metabolised and can be degraded by the tricarboxylic acid cycle into carbon
dioxide and water in vivo. Furthermore, before the possible release of its
degradation by-products, lactic acid and glycolic acid, it is worth noting both
of these components are acidic. As a result of local temporary disturbances
in pH, by the presence of the acidic byproducts, induction of inflammation
(bacteria-free) occurs to the surrounding tissue (Yang et al., 2006, Agrawal
et al., 1997) or may result in inflammatory reactions (Anderson and Shive,
2012, Anderson and Shive, 1997). Controlling degradation rate of the
polylactide-type polymer may reduce the release of the acidic polymers, or
counteract

the

release

of

the

encapsulated

compound.

Utilising

copolymerisation the degradative products with other byproducts that can
neutralise the effect including other monomers or oligomers (Ma, 2008,
Wang et al., 2005). To later be discussed, in relation to the discussion on the
experimental results.
1.13.6

The fate of PLGA

The chemical degradation of PLGA is well characterised, and as a result, the
versatility of PLGA has allowed it to be able to be processed into almost any
kind of configuration and can be used to encapsulate a variety of molecules.
Encapsulated or carrier polymers such as PLGA MSPs can be used, track or
successfully deliver drugs over a desired period. It is essential to understand
the likely fate (i.e. stability and degradation profiles) of the MSPs. The
degradation rate depends on the control of water accessibility to the ester
linkage. This is controlled by copolymer composition, molecular weight, and
crystallinity of the polymer (Park et al., 2007), as well as considerable
influence by the composition of the release medium, (Blanco-Príeto et al.,
1999, Dunne et al., 2000, Faisant et al., 2006) temperature, (Shameem et
al., 1999) and the agitation conditions (Schoubben et al., 2009, Faisant et
al., 2006).
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The stability and degradation of PLGA are affected by various factors as
aforementioned above. Deterioration time of the polymer may vary from
several months to years more specifically by the polymer’s molecular
weight, the ratio of lactide to glycolide in the copolymers e.g. PLGA 50:50
(refers to a copolymer composed of 50% lactic acid and 50% glycolic acid
respectively in that order), PLGA 75:25, PLGA 80:20, etc as well as the
polymer-drug ratio. Understanding of the phenomena between the ratios of
lactide to glycolide has been proven useful for controlled and sustained, not
only degradation, but drug release (Sharma et al., 2016). Degradation of
PLGA can be metabolically hydrolysed back into the monomers lactic acid
and glycolic acid (Terukina et al., 2016). These PLGA monomers are
endogenous and are quickly metabolised by the human body via the citric
acid cycle (Acharya and Sahoo, 2011).
The

phenomenon,

heterogeneous

degradation

via

an

autocatalytic

hydrolysis process in vitro or immersed in water, is that the polymer quickly
absorbs water generate a low pH microenvironment within the matrix,
leading to an acidic surrounding. Erosion of synthetic polymer network is via
hydrolysis and can be categorised either into bulk (homogenous) erosion or
surface (heterogeneous) erosion. (Prajapati et al., 2015). The pore-forming
process occurs where water molecules occupy some volume in the polymer
matrix. PLGA becomes soluble in the surrounding medium, starts the erosion
process where degradation is faster at the centre of the PLGA matrix than at
the surface (Schoubben et al., 2012, Ding et al., 2006, Brunner et al., 1999,
Fu et al., 2000, Sharma et al., 2016). Nevertheless, autocatalysis more likely
to impact larger sized devices than micrometric particles (Li, 1999).
The erosion process of PLGA is hydrolysis involves cleave along the ester
bonds, which are broken from the backbone of the polymer chain, first to be
hydrolysed is the oligomers. Over time, the water-filled pores start to grow
in size and number, thus creating a porous connected network, this causes a
decrease in the molecular weight of the polymer or there is the process of
surface erosion (Figure 2.13). After the cleavage of the oligomers, the
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generation of lactic and glycolic acids starts (Sharma et al., 2016). The rate
of water absorption with these particles is faster than the rate of ester bond
hydrolytic cleavage (Schoubben et al., 2009, Batycky et al., 1997). PLGA
polymer degradation occurs homogeneously within the polymer matrix (bulk
erosion) (Li, 1999, Li et al., 1990, Schoubben et al., 2012), ultimately leading
to the formation of larger pores. Dissolved polymer degradation products
diffuse into the release medium.

Figure

2.13:

The

two

proposed

processes

of

PLGA

microsphere

(MSP)

degradation. A. The original PLGA particles in matrix. B. Surface erosion by
perpetual loss of the MSPs’ outer surface. C. Diffusion of the internal central
nano-pockets (CNPs), by which increased porosity causes PLGA breakdown. D.
PLGA degradation and MSP breakdown. Adapted from Singh et al., 2012.

1.13.7 Measures (Myotube Index) used for Comparative
Analysis
The myotube index was created as a proposed list of parameters that could
be used to analysis the outcome of myotubes within the static in vitro SkM
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comparison constructs of the different chambers used in this thesis.
However, a lack of published parameters for myotube analysis in muscle TE
in vitro papers (see table X), made the task harder to assess quality and
quantity of myotubes produced in SkM TE constructs. Hence the following
parameters dubbed the myotube index where used in order to enable
understand changes in conditions and their deivation away from the
control(s): Myotube Length (µm), Myotube width (µm), No. of myotubes
(AU), Fusion Index (%), No. of nuclei per myotube (AU), Cell density (Total
No of nuclei) (AU). The first four parameters are those that are common but
intermittently occur or are used in SkM studies (Madden et al 2015, Martin
et al 2016, Rommel 2001). All the parameters aforementioned were used for
comparative effort, in distinguishing differences to the control, which for
this study is what is deemed to be the ideal condition for minimum
attainment to gain myotubes.
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Table 2.5: A comparative analysis of a small array of myotube assessment
parameters (width, length and nuclei) in published SkM studies using primary
human cells, mice muscle cells and the transformed cell line C2C12.

The necessity of the myotube index parameters is key for use in static in
vitro muscle cultures (see table x). These variables that comprise the
myotube index are meant to be robust enough that they could be used for a
wide range of scaffolds for tissue engineering. Researcher can investigate
the parameters and requirements that are needed to gain “the best
myotubes” or “minimal viable myotubes” possible depending on the study.
It is easier to measure across studies to determine the success of one
results to that of others. To conceptulise this see table X in the case of this
thesis and subsequent publication (Jones et a 2018), the higher the values
for the variables for the majority of the parameters, the more successful the
study when compared to a primary human cell/biopsy study (Madden et al.
2015).where having such parameters However, there is much that needs to
be explored in term of boosting the numbers for the C2C12 study to gain
better likeness to native tissue.
It is worth noting that comparative measures are not limited to the
parameters listed in this thesis or subsequent publications. This is however
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in the opinion of author of this thesis, there are three essential parameters
that are opinioned to be of importance for all future SkM to enable cross
study comparisons; this is the fusion index, the number of myotubes & the
width of the myotubes. These three parameter should be added to
supplementary data even if these measure are not prominent to focus of the
investigated study, to enable potential for cross study comparisons.
Nontheless a wider range of different parameters analysed means that more
data points allow for prospects of correlation studies to be conducted. This
will add further dimension to understanding of how to maximize the desired
output of myotubes, both in quality and quantity.
1.14

Thesis overview

This study aimed to develop 3D SkM tissue models, that has the flexibility to
be improved without compromise to the relevance of the tissue of interest,
as well as for use as test platforms, to determine the influence of
biomaterials within the accessible tissue-like model over time. The 3D SkM
tissue constructs are based on complaint hydrogels made of type-I collagen,
which is the main structural proteins of most soft tissues. This thesis is
divided into three main sections. The first of these sections is paramount, as
it involves the development of in vitro muscle constructs, which is a new 3D
SkM tissue configuration. The key feature of this model tissue is that it must
contain an initial live cell population within the construct that is not
compromised by the chamber that facilitates its development. This was
investigated in chapter 3 by developing a novel chamber (from basic
laboratory consumables), and using another chamber (PEEK) for muscle
construct development. These chambers and their corresponding construct
were compared to

an established muscle model, where a list of

morphological parameters (referred in this thesis as the myotube index) was
compared. The second part of the study was devised in Chapter 4 that
explores methods of optimisation to the myotube within the construct by
changes in conditions within particular time-frames in a bid to maximise
myotube formation and measure and compare morphological outcomes to
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the standard condition measure in the previous chapter. The latter part of
Chapter 4 continues onto regression models as a means or tool of possible
data predictions related to myotube parameters for measuring the
developmental state/stage of the construct, prior to its possible use i.e. for
diagnostic testing. The final section concentrated on biomaterials testing.
Chapter 5 deals with testing novel nanoparticle drug-delivery (simvastatin)
on the standard muscle construct selected and tested from the previous
chapters, and observing its effect on locally developed myotubes present
within the constructs. Chapter 6 studies myotube formation, the indirect
measure of degradation of a biomaterial – namely fluorescent PLGA
microspheres as a test material within the SkM tissue-like environment.
Myotube

formation

is

measured

in

the

presence

of

these

PLGA

microspheres, the indirect measure of the PLGA’s degradation by its
fluorescence intensity over the experimental period. The common materials
and methods to all studies throughout this thesis were meticulously detailed
in Chapter 2. Finally, to draw this thesis to a close, the main findings and
conclusions of the studied 3D muscle TE constructs from chamber
development to construct testing are summarised in Chapter 7.

1.15

Thesis aims and hypotheses

Based on the critical analysis of existing research, the aim of this project
was to develop, refine and apply tissue-engineered skeletal muscle for use
as a pre-clinical platform in biomaterials testing. To achieve this, the work
within this thesis was undertaken in three distinct parts for the three main
groups of hypotheses set for investigation.

1. The overall aim of the first section of this thesis was to create a simple
SkM model that would be easily reproducible.
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This would be compared to a published and established model, the 8-well
chamber constructs (8WC). The bioreactor chambers developed and used
could be manufactured or self-assembled (homemade) to facilitate the SkM
construct.

The hypotheses:
It is possible to develop a three-dimensional (bioreactor) chamber that can
facilitate a 3D SkM construct allowing C2C12 myoblasts to differentiate into
multinucleated myotubes.
There are relevant parameters that can be used to aid comparative
measures, such as construct deformation, gene markers, and observational
parameters, including the length and width of myotubes.

2. The second section of this thesis concerns optimisation of the PEEK 3D
construct (the construct chosen in section one) with the aim to reduce the
timeframe for achieving myotube differentiation from that commonly
expected at 14 or 21 days.
The hypothesis here is that changes to the conditions of the construct to
shorten the growth phase will enable myotubes to be present in the
construct earlier, reducing the timeframe for developing constructs that
have multinucleated myotubes.
Additionally, regression can be used to predict the outcome of a parameter
if the value of the dependent variable is known.

3. The final section of this thesis intended to test novel biomaterials and
analyse their effects on cellular behaviour within the PEEK construct. The
novel biomaterials were PLGA and hyaluronic dopamine nanoparticles
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loaded with simvastatin. Its goal is that the 3D SkM constructs can be used
as future diagnostic or screening tools for the clinic.

The hypotheses:
The use of simvastatin in HA-DOPA nanoparticles, compared to its free form,
will reduce the side effects of the drug on muscle morphology (i.e. its
degradation).
The use of PLGA microspheres in the presence of C2C12 cells in conditions
conducive

to

differentiation

will

increase

the

degradation

of

the

microspheres.
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2 Materials and methods
The general materials and methods used throughout this project are listed
in this chapter. Any changes or variations to the methods or materials will
be highlighted in the specific chapter’s methods section.
2.1

Cell Culture methods

All cell culture work was carried out in a Class II microbiological cabinet
under sterile conditions. 70% ethanol was sprayed in cabinet to prior to
working fix and remove contaminants and ensure aseptic technique. All live
cells were incubated at 37°C in a humidified 5% CO 2 incubator.
There have been a few known limitation to the use cell lines research
related studies with mismatched cell lines used for high impact studies, such
that researchers like Lorsch et al., 2014, call for vast improvements to
authentication of cell lines.
2.1.1 Cell culture: C2C12 cell Line
C2C12’s murine myoblasts are a subclone of C2 myoblasts, derived from
satellite cells (Burattini et al., 2004). This myogenic cell line is wellestablished for research purposes as a reliable model in skeletal muscle
studies mainly due to the spontaneous differentiation into myotubes on
serum withdrawal (Yaffe and Saxel, 1977).
C2C12 Mouse C3H muscle myoblasts were sourced from the Public Health
England (sourced from European Collection of Authenticated Cell Cultures
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(ECACC)). C2C12 cells are a sub-clone of the C2 parental cell line that was
obtained from C3H mouse to induce SC activation and proliferation (Yaffe
and Saxel, 1977). The proliferative and fusion capacity of C12 sub-clone
made it advantageous to be isolated and used for experimental projects
(Blau et al., 1985). In order to ensure the specific sub-clone C2C12 had
desired characteristics as published, myoblast fusion potential experiments
were conducted in 2D.
During the growth period, the C2C12s were incubated in growth media (GM)
consisting of Dulbecco’s Modified Eagle’s medium supplemented with 20%
foetal calf serum (First link Ltd) and 1% of Penicillin/Streptomycin
(PenStrep: 100 units/mL penicillin and 100 µg/mL streptomycin, Sigma
Aldrich). For differentiation activation: to allow myoblast to fuse into
multinucleated myotubes medium conditions were changed from 20% to 2%
foetal calf serum (First link Ltd) with 1% of Penicillin/Streptomycin
(PenStrep: 100 units/mL penicillin and 100 µg/mL streptomycin, Sigma
Aldrich). Cells were maintained in a humidified 5% CO2 atmosphere at 37 o C
and routinely passaged prior to at confluence.
2.1.2 Cell passaging
Cells were typically grown in 75 or 225 cm 2 flasks (Nunc, Thermo Fisher, UK)
were passaged when these were at a confluence of 70-80%. Subsequently,
GM was removed and the flask was washed twice with phosphate buffer
saline (PBS). Cells were then detached by incubating with trypsin (0.5%
trypsin-EDTA; Gibco Life Technologies, UK) for 5 minutes at 37°C and 5%
CO 2 . Once cells were detached, GM was added into the flask in a greater
volume than the enzyme to ensure its inhibition (3-4 mL). The solution was
then transferred into a 15 mL tube for centrifugation and C2C12s were spun
at 1200 rpm/ 400 g at 4º C for 5 minutes. The supernatant was removed and
the pellet was resuspended in GM. Cell counting was performed for plating
cells in experiments or re-plating into more flasks for further expansion.
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2.1.3 Cell counting
According to the previous section, once cells were resuspended these could
be used for cell counting, which was performed with an improved Neubauer
haemocytometer (Weber Scientific International Ltd., Teddington, U.K.). In
this manner, 10 μl of a cell suspension was added to 90 μl of Trypan bluePBS solution mix,(1:8 v/v, Gibco, Invitrogen, UK), to get a dilution factor of
10. For performing cell counting, 10 μl of this solution was pipetted under
each end of the haemocytometer’s coverslip to fill the chamber by capillary
action.
Cells placed in the corner quadrants were visualised by microscope and
counted, and the number of cells counted within the 4 quadrats were
divided by 4 to obtain the value of each individual quadrant. This was then
multiplied by the dilution factor 10 and by 10,000 for the haemocytometer
correction factor. The amount of media used to resuspend the cells was also
multiplied to obtain an estimation of the number of cells in the solution.
Once

the

cell

number

was

obtained,

cells

were

then

used

for

cryopreservation, 2D or 3D experimentation.
The equations to calculate the amount of cells in solution have been
highlighted below:
Equation 1
Total cell number = (viable cell number in four corner quadrats/4) x 10
(dilution factor) x 10,000 (correction factor for the haemocytometer) x total
volume of cell suspension.
Equation 2
Volume of cell suspension for required cell number (ml) = (required cell
number/actual total cell number) x volume of total cell suspension.
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Figure 2.1: Using a haemocytometer to count cells. Live cells are phasebright (these are the cells with halos). Dead cells are dense, solid blue in
colour, as their cellular integrity has been compromised.
2.1.4 Cryopreservation of cells
The excess of cells obtained after cell number determination were cryfrozen by diluting the cells with a solution containing GM and dimethyl
sulfoxide (DMSO) (10:1, v/v respectively). This mixture was placed into
cryogenic tubes. Subsequently, tubes were placed in a Mr Frosty™ vessel,
then placed in the -80°C freezer. For longer preservation, these tubes were
later stored in a liquid nitrogen dewar.
2.1.5 Resurrection of cryopreserved cells
Cells were resuscitated from cryopreservation by centrifuging the vial and
removing the resultant supernatant. Thereafter, the cells were resuspended
in fresh DMEM containing 20% (v/v) foetal calf serum (FCS) (First Link LtD,
UK). Cells were counted (see section 2.1.3 for cell counting) following
resuscitation from cryopreservation for an assessment of viability and plated
for further experimentation.
2.1.6 Cell culture experimentation on 3D Collagen
hydrogel constructs
Hydrogel constructs were prepared with type 1 collagen and polymerized as
previously described (Smith et al., 2012). The collagen hydrogels were

95

prepared by mixing 85% v/v rat’s tail type 1 collagen (2.05 mg/mL, First Link,
United Kingdom), 10% v/v of 10x minimal essential media (MEM) (Gibco, Life
Technologies, United States of America) and 5% v/v growth media (GM)
containing the C2C12 myoblasts. Cells were seeded at a density of 4 million
cells/ml. Prior to the addition of cells, the collagen-MEM solution was
neutralised by adding an aqueous solution of 5M and 1M of sodium
hydroxide (NaOH) (Sigma-Aldrich, United States of America). The resultant
neutralised acellular collagen solution were kept on ice before and after the
addition of the cells to avoid gel setting in the tube. Once cells were added
into the mixture, the solution was deposited into the chambers (see Figures
2.1 -2.3) and placed in a humidified incubator at 37°C and 5% CO 2 for 15
minutes for polymerisation. The final volumes of collagen (and the densities
of cells) for each of the constructs were, for the RMO and PEEK, 0.5mL
(equated to 2 million cells) and, for the 8WC, 1.5mL (equated to 6 million
cells). Thereafter, media was added to the appropriate volume with respects
to the chamber’s capacity. GM was replenished every 24 hours for 4 days, at
which point the medium was removed and replaced with differentiation
medium (DM) consisting of DMEM supplemented with 2% v/v FCS serum
(Sigma-Aldrich, United States of America) and 1% v/v penicillin-streptomycin
(Gibco Life Technologies, United States of America), which was replaced
every 24 hours for the remaining 17 days of culture. The constructs were
maintained for a minimum of 4, to a maximum of 21 days.
2.1.7

Chambers for 3D collagen hydrogels: Alternative
configurations

Different designs of chambers for placing the 3D collagen hydrogels have
been used throughout this thesis, and therefore an explanation of the
differences between them are explained in this section. It must be noted
that bioreactors referred to in this thesis are second generation and will be
referred to as chambers that facilitate the growth of SkM constructs.
All chamber configurations are created with two fixed points (uniaxial
anchoring – a simplified representation of tendons-to-muscle anchoring) to
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create lines of longitudinal isometric tension within the collagen gel, as
observed in vivo (Eastwood et al., 1994, Eastwood et al., 1996, Jones et al.,
2018, Ostrovidov et al., 2014b).
The

chamber

configurations

have

two

different

shapes/geometry:

rectangular cuboidal - 8WC (Figure 2-2) and PEEK (Figure 2-3) and cylindrical
(RMO) (Figure 2-1). However, the main difference is based on the
attachment points and volume as well as the design type (i.e. Custom-made
versus Manufactured) for each chamber (Figure 2.1).
2.1.7.1 Revised muscle organoid (RMO) chamber

Figure 2.2 Representation of RMO chamber. A) a representative figure of the
attachment points from two different views and B) the design of the chamber along
with the macroscopic image of the chamber.

The RMO can be set up in a standard treated tissue culture plastic, multiwell plates (6-wells, 12-wells, 24-wells), which are commercially available by
a large majority of laboratory suppliers.
The dimensions of this chamber are 15.6mmØ x 10mm and the volumetric
capacity is around 0.5mls (24- well plate). The round well-plate has stainless
steel staples as two-fixed points (using two staples positioned adjacent to
one another - 12 well and 24 well, four staples two adjacent to one another
– 6 well) (Arrow T50, Braintree, UK) secured to the bottom by super glue
(Powerflex, Loctite, USA). To prevent toxicity to the cells, 0.1ml silicone
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elastomer was added to cover the base of staple and superglue. The final
RMO model chamber is sterilized under UV for minimum of 4 hours.
2.1.7.2 8-well Chamber
This chamber can be set up in a standard treated tissue culture plastic and
in a rectangular 8 well chamber plates which are commercially available by
Nunc Ltd.
For this particular configuration, the attachment/anchor points were
created from the compaction of 3 layers of polyethylene mesh locked
together by stainless steel wire. Its dimensions are 14mm x 30mm x 10mm
and the volumetric capacity is 1.5mls.

Figure 2.3 Representation of the 8-well chamber. A) a representative figure of the
attachment points from two different views and B) the design of the chamber along
with the macroscopic image of the chamber.

The constructs were set within a rectangular 8, well between two
polyethylene mesh flotation bars (‘A-frames’). The rectangular 8WC
construct shape was formed between the edge of the well and retained with
a silicone spacer on the opposite side. Once the seeded collagen was set,
media was added by a factor of 3, (RMO -12 well) 5 for (8WC and RMO-24
well and 6-well) and 7 (PEEK) to ensure that there was sufficient volume of
media.
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2.1.7.3 Polyether ether ketone (PEEK) Chamber
The PEEK polymer was used to create a custom manufactured chamber with
anchor points set within the wells (see Figure 1-3). This polymer is a
colourless organic thermoplastic that is biocompatible for use with cell
cultures. The PEEK is chemically resistant (Panayotov et al 2016). The
dimensions of the chamber are 10mm x 21.5mm x 5mm, with a volumetric
capacity of 0.5ml.
The PEEK chambers were kindly donated by Dr. James Phillips (UCL, Eastman
Dental Institute).

Figure 2.4 Representation of the PEEK chamber with A) a representative figure of
the attachment points from two different views and B) the design of the chamber
along with the macroscopic image of the chamber.

Once the compliant seeded construct were set, they were physically
detached from the slides of the chamber for all wells, with the exception of
PEEK (this is based on the material properties of this chamber (see Appendix
Table 9.1).
2.2

RT-qPCR-Primers design and specificity

The primers used in this thesis were purchased from Sigma Aldrich (UK) and
were designed according to the specifications of Sigma Aldrich. Prior to
ordering the primer specificity with the target gene were checked by a Blast
search (https://blast.ncbi.nlm.nih.gov/Blast.cgi ( last accessed Sep 2018 )) to
ensure they were in accordance with the following requirements. The
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requirements of the primer design are based on the guanine-cytosine (GC)
content (40-60%), the melting temperature (~60 o C) and length of the
primer (primer with 20-24 bases and product less than 200 bp long).
The efficiency and specificity of the reactions were verified prior with the
purchased primers. Efficiency was tested again with the reference gene
RP2B with RNA of known concentration R2 values was correlated back to a
85% efficiency.
2.2.1 RNA extraction and isolation
For RNA extraction, the 3D TE SKM constructs for both chamber types were
detached from their anchor points using a sharp sterile blade and
transferred to sterile 1.5ml microcentrifuge tubes containing 500µl of
TRIzol® reagent (Sigma-Aldrich, United States of America). Maximal shear
stress during the homogenization process and release of cellular content
was achieved by needle (23/21G) and syringe technique, consisting of
upward and downward motion repeatedly. Thereafter, a 20% of Chloroform
(Sigma Aldrich) was added for phase separation, shaken vigorously for
15 seconds, and incubated for 5 minutes at room temperature. Samples
were centrifuged for 15 minutes at 2–8 °C and 12,000 × g. Centrifugation
enabled separation of the mixture into 3 phases:

the lower red organic

phase (containing protein), the middle interphase (containing DNA), and a
colourless upper layer aqueous phase (containing RNA). The aqueous
(upper) phase was transferred into a fresh tube and 0.25 ml of 2-propanol
was added and mixed into the sample. Sample was incubated for 10 minutes
at room temperature and then centrifuged for 10 minutes at 12,000 × g (4
°C). The RNA pellet formed was then washed with 0.5 ml of 75% ethanol.
Ethanol was removed and the pellet was left to air dry for 10-15 minutes.
The RNA obtained was then dissolved in 50 μL of RNA storage solution
(Ambion, UK) and stored at -80 o C. RNA quality and quantity were measured
by a Nanodrop 2000 spectrophotometer (ThermoFisher Scientific, United
Kingdom). Nanodrop spectra measurements were only acceptable if the
260/230 readings were 1.8-2.0 (AU).
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2.2.2 Real time polymerase chain reaction (RT-qPCR)
RT-qPCR reactions were prepared in triplicate in 348 well plates, where each
well contained 20 ng of RNA diluted in 5µl of RNase free water, 0.1 µl of
forward and reverse primers (Sigma-Aldrich, United States of America, see
table 3), 0.1 µl of RT mix (Qiagen, Germany) and 4.7 µl of SYBR green mix
(Qiagen, Germany) to make 10 µl total reaction volumes. One-step RT-qPCR
was performed on a Viia7™ thermal cycler (Applied Biosystems/Thermo
Fisher, United States of America), which was programed to perform the
following: 10 minutes (mins) at 50°C (to enable reverse transcription), 5
mins at 95°C (to activate “Hot Start” Taq polymerase), followed by 40 cycles
of 95°C for 10 seconds (secs) and 60°C for 30 secs. Melt curves (see Figure
2.5) were used both for primer specificity and to analyse the end products
of total gene expression and examine the quality of present RNA to ensure
that a single product was present. The purity of the primer was confirmed
by a single peak. Melt curves are useful in that they indicate primer dimers
or contamination by artefacts in the test run.
The mean CT values for duplicates for each sample were used to calculate
relative mRNA expression of the genes of interest (GOI) compared to an
experimental control and endogenous control gene (RPII-B). A threshold was
added to the PCR amplification curve within the lower third of the
exponential phase, in order to obtain a CT value for each sample.
The data were analysed using the comparative C t method, otherwise known
as the Livak method (Schmittgen and Livak, 2008), and the relative gene
expression 2(-∆∆CT) method using RP2β as the reference gene. The muscle
markers selected as primers (Table 3) were MYOG, indicator of myogenic
maturity or differentiation, and MMP 2 and 9 as indicators of matrix
remodelling. The housekeeper primers were measured for optimal primer
efficiency and the following outcome was recorded: R 2 = 0.99, scope = -3.3,
efficiency = 100.6%.
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Figure 2.5: This is an example of a melt curve from this project for the RNA
products of RP2B (right peak) and MMP9 (left peak). The appearance of a single
peak can be seen. This relates to the amplification of a specific (pure) product,
which provides evidence for the specificity of primer annealing and for the
successful amplification of the desired product.
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Figure 2.6: qRT-PCR amplification plot for the markers MMP9 and RP2B. The
content at the beginning of the graph is noise from replication in the two-step
qPCR process. Note the exponential increase in fluorescence followed by linear
and plateau phases.

Table 2.1 Calculation of normalised gene expression using the comparative ΔΔCT
method. Where the; GOI = gene of interest, CT = cycle threshold, RG = reference
gene. The ΔCT is the CT of the GOI minus the CT of the RG. The ΔΔCT
represents the ΔCT of the sample minus the ΔCT of the control sample (in this
example). Inculded is the qPCR Data analysis showing the derviation of relative
gene expression

Name

GOI

Sample 1a

CT

RG

CT

DCT

DDCT

2^-DDCT Mean & SD

MyoD 23.84

RP2B

18.01

5.83

0

1

Sample 1b

MyoD 23.53

RP2B

18.04

5.49

-0.34

1.27

Sample 1c

MyoD 23.01

RP2B

17.73

5.28

-0.55

1.46

Sample 2a

MyoD 18.34

RP2B

17.70

0.64

0

1

Sample 2b

MyoD 18.97

RP2B

17.84

1.13

0.49

0.71

Sample 2c

MyoD 19.01

RP2B

17.43

1.58

0.94

0.52

1.24 ± 0.23

0.74 ± 0.24
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2.3

SkM Primers

In order to detect the presence of particular active SkM genes of interest
known primers sequences are used (Table 2.2).
Figure 2.7: Primer sequences used for detection of differentiation and matrix
remodelling mRNA levels in the cells within the construct. MyoD was the primer
used

specifically

for

chapter

4

in

the

early

detection

of

the

initiation

of

differentiation (Sharples et al., 2010; 2012).

2.4

Cell viability assay Live/Dead

For biocompatibility testing, cell viability was carried out with a LIVE/DEAD®
Viability/ Cytotoxicity Assay Kit (Invitrogen). Samples were washed with PBS
and incubated in a dye solution containing 0.5 μΜ of calcein AM and 0.5 μΜ
of ethidium homodimer-1 in PBS. The samples were then incubated in the
dark at RT for 45 minutes. Thereafter, samples were mounted and imaged at
0, 22 hours (hrs) and 28 hrs. For the time points of 22 hrs and 28 hrs,
samples were counterstained with toluidine blue for a better visibility of
the cells, especially for the experiments with the collagen matrix.
The images were taken on a Leica DM2500 fluorescence microscope and for
each sample, images of three random fields of view were. The number of
live (green, calcein-AM stained) and dead (red, ethidium homodimer
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stained) cells were then assessed. EthD-1 has excitation and emission
wavelengths of 528 nm and 617 nm whereas Calcein has an excitation
wavelength of 494 nm and an emission of 517 nm.
2.5

Fluorescent staining

After culture period, the medium was removed from the wells and cells were
fixed using 4% paraformaldehyde (Sigma-Aldrich) for a minimum of 1 hour.
This protocol was applied for all the iterations of the constructs.
Subsequently, constructs were cut away from the attachment mesh and
fixed points and washed three times with 1X Tris-buffered saline (TBS).
Constructs were then submersed in 300µl of 0.2% v/v Triton X-100 (Thermo
Fisher Scientific, United Kingdom) diluted in TBS for 120 mins. Following
three further washes with TBS, constructs were incubated overnight with
rhodamine-phalloidin (Life Technologies, United States of America) diluted
1:200 v/v in TBS. The following day, constructs were washed three times
with TBS prior to incubation with 300µl of 4',6-diamidino-2-phenylindole
(DAPI) (Life Technologies, United States of America) diluted 1:2000 v/v in
TBS for 10 minutes. Following a final three washes with TBS, constructs were
placed on polylysine-coated microscope slides (VWR, United Kingdom) and
mounted to a coverslip using Fluoromount™ (Sigma-Aldrich, United States of
America) mounting medium.

2.6

Microscopy and image analysis

Cell micrographs were obtained using:
A Leica DM2500 fluorescence microscope for fluorescent micrographs
A Leica DMIIL-LED microscope was used for phase contrast micrographs.
A

Confocal

Microscope

(Zeiss

LSM

880,

Carl

Zeiss,

Germany)

(in

morphological results later seen in Figure 3.8) for a better visualisation of
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the myotube within the collagen hydrogels once removed from the
chambers.
The taken images were analysed with a Fiji (Java 1.6.0_24) analysis software.
For myotube analysis, fibres were considered myotubes when cells were
polynucleated (i.e. had three or more nuclei; see Figure 2.8) and presented
an elongated morphology. For myotube width, the measurement was carried
out by drawing a line perpendicular to the axis of the length of the myotube,
this is also known as the myotube diameter. For myotube length the rule of
measure was taken from one end of the myotube to the other within the
images (see Figure 2.8). The line tool presented in Image J was used for both
the measure of myotube width and length. Likewise, for counting the nuclei,
the cell counter plugin of Fiji was used.
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Figure 2.8: Visual representation of data collection for the different parameters of
the myotube index. The image shows how the parameters of length and total
nuclei count as well as width were employed to assess the outcomes for the
myotubes within the constructs. Myotubes are those cells that contain three or
more nuclei within an elongated and continuous membrane.

2.6.1 Semi-quantitative data using FIJI (/Image J)
Software
All Images (micro and macroscopic) were analysed using FIJI Software by
Image J (NIH, Bethesda, MD) to collate the data for the different parameters
of assessment.
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Setting a scalar of images of a known pixel number to accurate length in nm
based on a scale bar. The scale bar is created based on the known length of
an individual pixel. This length changes based on the resolution of the
microscope used to create the image.
2.6.1.1 Image analysis
The following list of measurements were obtained for each image: myotube
width, myotube length, fusion index, number of myotubes, myotube cell
density and the number of nuclei per myotube; hereafter, within this thesis
and collectively this list of parameters are referred to as the myotube index.
Myotubes were classified as elongated structures containing 3 or more
nuclei within a single membrane structure. Further limits see that irregular
mass, clumps or multi-branched aggregation conformations (complex
dysmorphic myotubes) with three or more nuclei were not counted as
myotubes. Most myotubes were aligned, to the uniaxial isometric lines of
strain within the gel. However, also include in the data count were singular
unbranched dysmorphic myotubes.
Myotube diameter was calculated as the average of 10 measurements along
the myotube length (Agley et al., 2012; Rommel et al., 2001) for a
representative measure. The fusion index was calculated as the number of
nuclei incorporated into myotubes expressed as a percentage of the total
number of nuclei in the image frame (Martin et al., 2015).
2.6.2 Scanning electron microscopy (SEM) – See
Simvastatin chapter
For SEM analysis, samples were fixed in 2.5% glutaraldehyde (in 0.1M
sodium cacodylate buffer) for at least 1 hour and were subsequently washed
with 0.1M sodium cacodylate buffer. Fixed samples were then dehydrated
with a series of ascending alcohol concentration (10, 20, 30, 50, 70, 90%
(v/v)) and hexamethyldisilazane (Aldrich, (date) USA) treatment overnight.
The dried samples were then sputter-coated with gold-palladium (K550,
Emitech) and imaged at 15-25kV on the SEM (JEOL JSM-7800F SEM, Japan).
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2.7

Simvastatin concentrations

These are calculations to provide better clarity for chapter 5 on the testing
of novel biomaterials. LIQ (simvastatin in its free form), in both aqueous and
SIM-NP forms, was reconstituted in PBS and briefly vortexed to ensure a
homogeneous solution prior to administration. The use of PBS for dilution of
aqueous LIQ was intended to match the delivery vehicle of SIM-NP with
typical agents; DMSO and ethanol elicit deleterious effects on HA-NP.
Concentrations of aqueous LIQ and SIM-NP were categorised as high
(333.33µM), intermediate (3.33μM) or low (0.03μM) with respect to the
total delivered drug content. To obtain the above concentrations, LIQ (5mg)
was diluted in 1.195mL to obtain a 10mM stock prior to being serially 1-in10 diluted to derive further stocks of 1mM, 100µM, 10µM and 1µM. Final
concentrations were obtained by adding 200µL (or 100µL for chapter •) of
each stock to 6mL of DM to simulate bolus drug delivery.
The calculation:
5mg SIM in 1.195mL = 10mM. 10mM was serially diluted 1:10 to 1mM,
100μM, 10μM and 1µM.
200µL of 10mM stock into 6mL = 333μM.
200µL of 100µM stock into 6mL = 3.33μM.
200µL of 1µM stock into 6mL = 0.03μM.
Drug-free nanoparticles (HA-D-NPs) were used as a negative control. A
further control of standard HA (333.33μM) was included to account for the
effect of its naturally occurring in the ECM. Constructs were administered
with drug conditions for 24 hours on day 14 prior to a further six days in
culture to investigate the efficacy of LIQ delivery mechanisms. Twenty-one
day no-treatment controls were also included, for both LIQ and SIM-NP
separately, to account for increased SkM construct maturation over time.
Please see supplementary material chapter 9 for further preliminary doses
examined.
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2.8

Statistical analysis

All data are presented as the mean value ± standard deviation unless
otherwise stated in the corresponding results chapters. Statistical analyses
were conducted using IBM SPSS (International Business Machines Crop.,
United States of America). Significance was set at an alpha value of p ≤ 0.05.
Specific statistical analyses carried out have been highlighted in the
methods section of each chapter, as each experiment contained specific
statistical analyses, along with the appropriate post hoc test.
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3 Chamber Development and
Comparative Testing

3.1

Skeletal Muscle Constructs

All published SkM models/constructs fit into the definition of a bioreactor,
in that they facilitate the testing and prediction of tissue responses, (to
changes or manipulate biological cues and signals to molecules, e.g. the
addition/induction of growth factors, which is experimentally explored in
later chapters 5 and 6). The general goal of 3D skeletal muscle (SkM) tissue
engineering (TE) is to biomimetically emulate native muscle physiology (Bian
and Bursac, 2008, Khodabukus and Baar, 2015, Perniconi and Coletti, 2014,
Ostrovidov et al., 2014b, Ostrovidov et al., 2014a). Native physiology takes
the form of long aligned myofibrils, the approach to tissue engineering of
skeletal muscle is based on the lesson learned and understanding by
studying this native physiology. Observation sees that uniformity of
myofibers enables strength in contractual force. Therefore, based on this
understanding, it is a requirement for SkM TE to have uniaxially aligned
myotubes, to replicate the native structure (Figure 1.3). However, published
work on different SkM configuration, cannot be without proper myotubes
measures as outlined in chapter 2 for 3D constructs or based on limited
evidence of myotube characteristics in both 2D (Agley et al., 2012) and 3D
cultures (Snyman et al., 2013). Such measures, identified in this thesis, will
be discussed later on in this chapter. The parameter to be addressed were
effective in the assessment of the outcomes of myotubes within their
constructs.
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For muscle tissue engineering, there is no universal specification and
configuration. Consequently, a number of published TE 3D SkM models have
been reported, within the literature, for example, in forms such as
cylindrical (Vandenburgh et al., 2008, Vandenburgh, 2010, Okano and
Matsuda, 1997, Okano et al., 1997), mandrel (Okano and Matsuda, 1998),
tubular

(Huang et al., 2005, Martin et al., 2015, Khodabukus and Baar,

2009), cuboidal (Eastwood et al., 1994, Mudera et al., 2010, Smith et al.,
2012, Hodgson, 2015), (table 1). The general models regardless of geometry
or size are an oversimplified version of this complex tissue (Cen et al., 2008,
Bian and Bursac, 2009). Nonetheless, 3D biomimetic tissue models in vitro
need to be designed to meet basic specifications that help simulate in vivolike-characteristics. The fundamental prerogative of TE SKM model is the
relevance of the system towards in vivo native structures or assessments of
variables that can be tested. The SkM biomimetic model involves a high cell
seeding density on or within a scaffold that can facilitate cell growth,
migration, organisation (alignment), fusion and differentiation of the cells in
becoming functional tissue (Schneider et al., 2010).

3.2

Various Published SkM bioengineered Platforms

Despite the ever-growing list of published 3D tissue-engineered muscle
models, (Table 1.2) there is no explicit ‘gold standard’ model. In the creation
of these models, laboratories have to utilise diverse culture conditions, but
often following the growth to differentiation pattern, which is high serum to
low serum. This is a purpose that each model is designed for different
functions and final output(s) of measure. However, SkM TE aims to make
muscle-like structures consequently a standard list of parameters, which
could be used to measure common features distinct to the myotube feature
- i.e. Myotube width.
Before the analysis or comparison of models, to efficiently create 3D TE SkM
constructs, basic constraints need to be met and successfully incorporated
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into both bioreactor assembly and the ECM of choice for the development of
the desired construct. Importantly, for in vitro experimental purposes, TE
SKM constructs need to be repeatable for it to be a useful basic research
tool, as well as consistent between laboratories (for possible comparisons)
(Snyman et al., 2013, Khodabukus and Baar, 2016).
As address in chapter 1, the hurdle to overcome in 3D SkM is not just the
development of the bioreactor-chamber but is finding an appropriate
extracellular matrix (ECM) that can allow cell migration and proliferation
and cellular contraction of the encapsulated cells. Biocompatibility of both
scaffold and bioreactor are high on the agenda. Scaffold-based constructs
used in SkM TE require that the use of hydrogels, such as fibrin, collagen,
alginate, which are highly porous and allow homogeneous seeding, (as well
as potential vascular ingrowth support after implantation) (Bartis and
Pongrácz, 2011).

3.3

The fabrication of the SkM bioreactors chambers

The bioreactor chambers used in this thesis to replicate in vivo SkM
physiology. Native-like SkM constructs were designed for biological testing
and not functional assessment, subsequently, did not to require the
operation of cyclic or tensile loading. The biological chamber of use was the
bioreactor or a static insert chamber into multi-well as two separate
entities. The custom-built chamber facilitated the development of the
muscle tissue (construct) in a sealed aseptic environment. The chamber also
provided the tissue reservoir with appropriate access to surrounding media,
which must be quickly replenished, to enable a constant delivery of
nutrients and remove any waste produced. The chamber was required to
accommodate a maximum sample ratio of 1:4 length construct volume to
medium volume. However, a smaller chamber, i.e. 24-well had to reduce the
volume of media to construct ratio; this may have reduced cost of the
consumables but at the expensive of construct viability.
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The additional requirements that can be considered for the static chamber
bioreactor specification identified in Table 3.1 increase the versatility of the
bioreactor. It was necessary for adequate media to surround the constructs
within the chamber and provide an adequate turnover of media (and
nutrients) per day, to the construct and removal of any waste products upon
daily media replenishment. Experiments could run for a duration ranging
from a few days, two weeks to 1 month in culture (on the provision that
detachment of the construct from the fixed points does not occur before
endpoint). Finally, the bioreactor was required to fit into a standard
humidified incubator, regulated to set conditions aforementioned in chapter
2 for temperature and CO 2 .
Table 3.1 The general specification of static SkM bioreactor chambers. This is the
outlined spec of features that can be factored in the chamber's design for
experimental investigations of this thesis. Based on Cheema et al 2004, Sharples
et al 2010, 2012.

Bioreactor Static Chamber Specification Design
Chamber volume
Chamber
geometry/
dimensions
Chamber design
type

0.25 – 25 mls – these limitations are the capacities capable
of successfully replicating aligned SkM (without construct
failure) within Lewis ; Mudera labs (Capel et al 2018Manuscript pending)
Can be any geometry, dimensions must scale up-to a
volumetric capacity of 5mls
Custom hand-built or manufactured

Tissue must be able to be clamped, fixed, and positioned
Tissue fixation
within the chamber. The fixture must be able to withstand
passive tensile loading (cellular/ECM contraction)
User defined
Can allow for possible external application of mechanical
Stimuli parameters stimuli, should experimental process require
Can be dynamic - mechanical loading or Static culture- No
Loading
mechanical loading required (this project)
Chamber should be in closed system and sealed to prevent
contamination.
Bioreactor must be easy to assemble/ disassemble (if
Other design
required). The chamber/well forms the bioreactor. The
requirements
material should allow for transparency to permit optical
analysis from the top or bottom or sides of the chamber.
The design must allow for the changing of medium and
cleaning of components
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The chamber design was classed into two categories: manufactured or
handmade. Bioengineering of skeletal muscle (SkM) has always required the
customised chambers or complex casting techniques to produce the
expected outcome of myotubes. For the specification of this model, it is
important to choose the best material(s) that are suitable for both cell
survival and experiment longevity. In addition, have one that would be costeffective.
. These chambers RMO and PEEK are 3x smaller in volume than the 8-well
and being scaled down as well as their scalability has importance to improve
current technologies, in relation to fundamental work with primary humanderived cells (i.e. MDC). These are often limited in number due to the
complexities associated with recruiting tissue donors, as well as variability
in donor cells, linked to cellular senescence associated with continued
passaging (Capel 2018- in press).

3.4

Aims

The focus of this chapter was to introduce the SkM models that were custom
developed (handmade versus commercially-available) and tested against an
established model. The successful and selected construct would be used as a
SkM tissue-like platform for screening and testing and referred to in more
detail in the later chapters of this project.
●

To develop and build a reproducible chamber and its subsequent

construct.
● To use a range of parameters that will enable tests for the outcomes of
myotube differentiation.
● To collate this outcome data on the parameters and enable assessment of
the different bioreactor chambers in comparison to the established
chamber.
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3.5

Chapter 3 hypotheses

The hypotheses of this chapter are given as statements, where the
experimental work sought to investigate the outcomes (positive or
negative):
-

It is possible to develop a three-dimensional (bioreactor) chamber that

will facilitate a 3D SkM construct, as well as being comparable to an
established SkM TE construct.
-

It is possible to develop a chamber that was composed and assembled

from basis lab consumables, that can facilitate a 3D SkM construct
-

There are relevant parameters (referred to in this thesis as myotube

index) that can be used to compare and measure the morphological and
gene characteristics/outcomes between constructs.

3.6

Methods

For source materials please refer to chapter 2.
3.6.1 Cell culture
All C2C12 myoblasts cultures were kept in a humidified incubator at 37 °C
and 5% CO2 for the duration of the experiment. (Please refer to chapter 2
methods and material.)
3.6.2 Cell seeded collagen skeletal muscle constructs
Type 1 collagen hydrogels were polymerised as previously described (Smith
et al., 2012) and Chapter 2). The change in this chapter is in relation to the
time duration of the experiments.
3.6.3 Fluorescent staining
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3.6.3.1 Phalloidin Staining
The outline for this particular methods can be found in chapter 2.
3.6.3.2 Live-Dead Staining
Using a Live/Dead viability assay (Invitrogen, Molecular Probes), cell viability
was analyzed on day 4 of culture. Briefly, the collagen constructs were
washed twice in PBS for a total of 1 min. Following on, Live/Dead solution
containing 2μM calcein AM (live) and 4 μM ethidium homodimer-1 (dead)
was added on the constructs (now removed from the well). Incubated was
30 mins in the dark at 37°C in a solution containing in PBS. Constructs were
washed in PBS twice and transferred to a cover slide for imaging.
Fluorescent images were obtained using a Leica (DM2500).
3.6.4 Biocompatibility testing of RMO – media pH testing
Using media surrounding the constructs in their respective chamber,
biocompatibility was carried out using litmus paper, this universal (litmus)
paper with a pH range of 1-14.
3.6.5 Microscopic & Macroscopic images
Images of fluorescently stained TE SkM constructs were obtained using a
Confocal Microscope (Zeiss LSM 880, Carl Zeiss, Germany) (Figure 2). Sets of
60 images were taken of myotubes within the constructs of each chamber
type. Macroscopic images of whole constructs within their chambers (to
assess macroscopic contraction) were taken throughout the experiment
(Figure 3B). Images captured were taken using a digital camera (PEEK) or a
flatbed scanner- (Epson V370) for macroscopic images of RMO and 8WC. The
macroscopic measure of construct failure was the total of complete failure
(full detachment to fixed point(s)) constructs over the total of success
constructs, as well as semi-failure (partial detachment to fixed point(s)) over
the measures of the total number of successful constructs, both measures
were calculated as percentages per condition.
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3.6.6 Image analysis of seeded collagen skeletal muscle
construct and other parameters.
The other parameters are outlined in chapter 2. Even so, further details of
extra assessed parameters exclusive to this chapter were measured, i.e. the
number of myotube branches. This was a simple count, to then gain the
average number of branches overall 60 images per chamber type. A similar
approach in measurement was taken for the distance between the
myotubes, in micrometers, 5 measurements were taken in the gaps between
myotubes along the myotube length and calculated as the average value per
condition. The number of myotube branches was measured as a count and
averaged per condition.
3.6.7 RNA extraction and real-time polymerase chain
reaction (RT-qPCR)
This method was used in this chapter. Please refer to chapter 2 for the
details outlining this method.
3.6.8 The experimental muscle configurations/model
As aforementioned in the chapter, the specification for the SkM model for
this project was one that had to be simple, small, reproducible construct.
The design of the bioreactor (chamber) was to be simple enough to be
assembled by any of my consortium partners involved in this overarching
BioDesign product but also effective in being able to maintain long-term
cultures.
The

chamber

configurations

had

two

different

shapes/

geometries;

rectangular cuboidal (commercial) and cylindrical (handmade) (Figures 2.1,
2.2, 2.3). Having more than one configuration for the SkM chamber is oneway to indirectly understand if the possible influence of configuration can
impact cellular performance. However, differences were not limited to the
configuration of the chamber and subsequent construct, but also in the type
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of attachment points between the SkM models (RMO/PEEK versus 8WC) and
volume for each chamber type (i.e. Custom-made versus Manufactured)
(Table 3.2). Hoop stress and delta zones are known to cause differences in
alignment (Eastwood et al., 1994, Eastwood et al., 1996, Han et al., 2017,
Roylance, 2001) therefore, such experience has shed further insight into the
understanding of the difference or similarities in cell behaviour due to the
difference in attachment points.

Table 3.2 Features of the muscle chambers. Highlights the differences between
the two muscle chambers used for our experimental research.
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3.6.8.1 Chamber 1: 8-well chamber (see Figure 2.2)
•

8WC set-up in a standard treated tissue culture plastic, in the formation

of rectangular 8-well chamber plates commercially available from Nunc Ltd
(* as well as Corning).
•

The attachment/anchor points are created for compaction of 3 layers of

polyethene mesh locked together by stainless steel wire.
•

The dimensions are 14mm x 30mm x 10mm and the volumetric capacity

is 1.5mls

3.6.8.2 Chamber 2: Revised muscle organoid (RMO) (see
Figure 2.1)
•

RMO set-up in a standard treated tissue culture plastic, multi-well plates

(6-wells, 12-wells, 24-wells; see Figure 3.2) are commercially available from
a vast majority of laboratory suppliers.
•

The infrastructure of this bioreactor is composited of a few components:

a well plate (6, 12, 24), stainless steel staples, superglue and silicone.
•

The construct dimensions for the respective wells were:

6- well 34.8mmØ x 2mm staple distance was 17.4 mm and media volume
volumetric capacity was 1mm.
12 – well 22.1mmØ x 3mm staple distance was 12.8 mm and media volume,
volumetric capacity was 1mm.
for a 24- well plate 15.6mmØ x 10mm, staple distance was 11.5 mm, the
volumetric capacity was 0.5mls (this was the well's size used for the
proceeding studies)

121

Figure 3.1 The RMO chamber developmental assembly. The design flow for the
construction of the fixed stapled post/ point with chamber/wells.

There were many iterations of the RMO (Figure 3.3) in the development and
optimisation stages of the RMO chamber. The failure rate ranged between
35 and 72% for iterations 1a, 1b and 2a. The iteration of choice was 2b, as it
ensured that the seeded contractile constructs remained secure within the
chamber. The iterations 1a, 1b restricted the construct (the cells within)
freedom of movement between the two fixed posts & 2a due to the
contractile nature of SkM cells within the constrcuts and poor fraction of
the fixed posts it prevented construct from remaining in the well, therefore
causing complete failure of the construct.
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Figure

3.2

RMO

chamber

development

iterations.

There

are

changes

and

improvements to the configuration of the chamber. Highlighting the different
iterations

as

well

as,

addressing

their

failures.

The

subsequent

chamber

configuration following 1a was built upon the strengths of those models. Then the
final version used for the following experiments was RMO iteration 2b.

3.6.8.3 Chamber 3: Polyether ether ketone (PEEK) chamber
(see Figure 2.3)
•

This polymer is a colourless organic thermoplastic that is biocompatible

for use with cell cultures (Panayotov et al., 2016).
•

The custom manufactured chamber has attachment/anchor points that

are set posts within the wells.
•

The dimensions are 10mm x 21.5mm x 5mm, and the volumetric capacity

is 0.5ml.
The PEEK chambers were kindly donated by Dr James Phillips (UCL, Eastman
Dental Institute). Due to the chemical structure of the PEEK material, the
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chambers wells could be cleaned and reused infinitely with no impact on the
surface chemistry or the preceding experimental results, even with exposure
to formaldehyde chemical to preserve the constructs for histology purposes
(A Modified version of the Victrex PEEK specification sheet 2015 – in
Appendix).
3.6.9 The experimental outline
These experiments were set-up to compare a new designed and assembled
chamber – the revised muscle organoid (RMO) as well as a newly introduced
chamber to SkM studies to the established 8WC chamber. The defined test
conditions in Figure 3.3 gives clear detail of how these experiments were
conducted. This overview gives a brief synopsis of the parameters that were
measured as well as the outcomes. The deformation was measured at
specific intervals over the course of 14 days, additionally, the other
parameters were measured as a means of endpoint analysis on day 14. The n
number for these experiements was n=18, 3 constrcts in each study from 6
independent repeats.

Figure 3.3 Outline of the experimental conditions for Chapter 3.
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3.6.10 Statistical analysis
All data are presented as the mean value ± standard deviation per condition
on day 14. These tests are outlined in the methods and material section in
chapter 2.

3.7

Results
3.7.1 Assembly of the RMO

The components of the RMO chamber required skilled assembly, to be able
to facilitate the construct set-up within the chamber. Assembly of this
chamber first required the positioning of two stainless steel staples at the
bottom of the well, outwards and adjacent to one another (see Figure 3.1
and Figure 3.2). The staples that were used were shortened at either end by:
2/3rds, half, and unchanged from their original size for 24, 12 and 6 multiwells, respectively. The stainless staples were secured to the base of the
well with superglue, once dried, the based of the well and the bases of the
staples were covered with silicone. As a result of building the RMO from the
rudimental components to its full assembly, biocompatibility tests were
conducted on day 1, day 4 and the RMO, and these further tests are defined
as described below.
3.7.2 Biocompatibility testing of RMO – media pH testing
(2D)
All the components of the revised muscle organoid (RMO) chamber required
biocompatibility testing, with the exception of the tissue culture plastic.
These components were measured using the media pH concentration in a 2D
study seeded with 10,000 cells per 24 well plate at day 0. Imaging was
followed up using phase imaging at 4 days analysis of the construct (see
Figure 3.5.) In order to investigate the biocompatibility of the components
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to the pH change in media that make up the RMO chamber, they were tested
individually.
Due to resource limitations the only way of measuring pH was based on the
litmus test, conducted 24 hours post construct casting into the 24 wellchamber. To support pH testing as it is slightly insufficient on its own,
LIVE/DEAD staining was assessed for 4 days (Figure 3.6). As both stainlesssteel (staples) and silicone (PDMS) have been extensively used in tissue
engineering over the years, biocompatibility pH tests (Table 3.3) were
hypothesized to give neutral pH readings of 7 for both stainless-steel
(staples) (early methods of plastic compression (Brown et al., 2005,
Hadjipanayi et al., 2011) and silicone (PDMS) development of SkM chambers
(Vandenburgh et al., 2008) , which was for both in the absence of and
presence of cells. However, the readings were expected to be lower acidic
values as the infrastructure of the RMO chamber required the use of
superglue to keep the post upright and anchored, because superglue is
known to be a very strong toxic and chemical adhesive. It was thought to
decrease pH as well as be a leading factor for the compromise of cellular
integrity and survival of the cells, it was expected to give very acidic
readings of 4-5.

Table 3.3: The individual components that comprise the RMO chamber were tested
in media for pH levels. Results were taken 24 hours after cell seeding. There was
generally no change compared to the control. These results were obtained by
observation and no variation was noted in the repeated measures. Therefore, no
significance is detected in these results. N=1 taken from three independent
repeats.
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(pH reading without cells)
3.7.3 Biocompatibility testing of RMO – LIVE/DEAD
staining
As aforementioned Live/Dead staining (Figure 3.5) was used to strengthen
the pH results and give acumen for the survival of the cells after 4 days. The
same 2D cultures for the pH test were ran in parallel to the 3D RMO
construct. The phase microscopy images gave an indication of the individual
components. However, the LIVE/DEAD staining was a reflection of the
chamber’s success to facilitate the development of the 3D construct, as it
was of all the components functioning together.

Figure 3.4: Biocompatibility (toxicity) testing for the RMO construct. This presents
phase microscopy of the cells in 2D monolayer after four days in culture with the
individual components of the RMO construct. A: superglue. B: control. C: stainless
steel staples. D: silicone (PDMS). Scale bar is 60µm.
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3.7.4 RMO only Results
Based on the underperformance and inconsistencies of the RMO constructs,
the data was mitigated from this chapter’s main results in comparisons to
8WC. The setback of the results are explained below.
Prior to construct formation in 3D within the test chamber, biocompatibility
readings for the individual components were taken. The component of the
most insert was superglue, were readings without the presence of cells gave
a reading of around 6 and with cells a neutral pH reading. This did not
indicate alarming results and therefore further investigation carried out
prior to Live/Dead staining of the 3D construct. Phase microscopy was a
means to gain a quick snapshot of cell morphology from the same 2D cells
used for the pH readings, to analyse how the cells looked and if they were as
expected.
To advance and gain greater insight leading on from the basic 2D phase
microscopy and pH tests. Silicone was added over the superglue was a
method thought to mask any possible toxic action, results were determined
by LIVE/DEAD staining. The longest duration in growth media is 4 days,
hence RMO Live/ Dead assay was conducted 4 days post-gel casting. For the
RMO constructs it was thought that the cells must have been alive long
enough, to then enable media change. Intense green fluorescence of the
calcein AM (live stain) was sparsely seen throughout the seeded gel
indicated that some cells were mostly alive and viable. Albeit, most of the
green dye was more so along the periphery of the seeded gel (where there
was maximum availability of the nutrient media). Dead cells could be seen
more towards the center core of the RMO constructs. As collagen autofluorescences an acellular control was used, the results produced a black
background with green specs. This indicated that neither dyes: green nor
red fluorescence were due to saturation or auto-fluorescence of the
collagen matrix.
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The measured list of parameters – myotube index, outlined in chapter 2,
could not be successfully extrapolated for RMO model due to the low yield
of constructs, for all measures, when comparisons were made to 8WC. This
is likely to be due to mass cell death and therefore explain why none of
these models were used going forward. Extensive tests were conducted, in a
bid to understand how the rescue of the cells within this model could be
established. Moreover multiple attempts were made to rectify this model
and very few myotubes were ever identimain fefied, within the gels that
successfully made it to end-point analysis. Failure (89% of constructs
created) to do so resulted in the termination of the RMO constructs.
LIVE/DEAD anaylsis
As a result, these constructs were no longer used. Based on the failure of
the RMO construct, the drive was to focus efforts of the PEEK constructs,
which remained continuous success when compared to the 8WC constructs.
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60µm

Figure 3.5: The RMO construct live/dead results for their respective chambers as
a biotoxicity test. A: Live/dead results (percentage values for both live and dead
cells) for the different RMO chamber types (6-well, 12-well and 24 well) versus
8WC percentage at the end of four days. The multi-well plates in comparison to
8WC showed no significant difference. B: Live/dead images for the 6-well type.
Scale bar: 60µm.

3.8

Comparisons of construct deformation for PEEK verses
8WC

Construct area reduction (deformation) is a non-functional measure of
cellular ability, its importance was to give insight into the cellular potential
for contractility over the experimental duration of 14 days (Figure 3.7). The
experimental conditions are defined for the 8WC and the PEEK (Figure 3.4).
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However, the construct deformation was measured over time at the key day
intervals of 0, 4, 7, 14 days. Morphologically, the percentage area of
reduction for the 8WC and PEEK constructs increased over time (4 days:
28.89 ± 7.55% 8WC versus 62.88 ± 5.44% PEEK. The mean percentage of
deformation (reduction in area) is greater in the PEEK than 8WC at all time
points analysed (excluding day 0)., p-value < 0.0001; 7 days: 30.57 ± 12.17%
8WC versus 64.86 ± 5.25% PEEK, p-value < 0.0001; 14 days: 47.87 ± 10.70%
8WC versus 69.39 ± 5.50% PEEK, p value< 0.0001). The failure rates for both
8WC and PEEK constructs. It was noticed that PEEK constructs only failed
within the first 24 hours due to failed attachment to the posts. Complete
failure (total detachment from anchor posts) and partial detachment was
more frequent for the 8WC than for the PEEK, suggesting collagen
attachment and remodeling is different between systems. Complete and
semi-failure rates, reported significant differences between chamber types
(Figure 2, Semi-failure: 50.21 ± 23.74% 8WC versus 0% PEEK, p<0.0001,
Complete Failure: 24.2 ± 8.44% 8WC versus 4.20 ± 4.60% PEEK, p = 0.05).
This highlights the difficulty in reliability and handling of a handmade
chamber and its construct respectively.
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Figure 3.6: 8WC and PEEK construct deformation (percentage of construct surface
area

reduction)

at

key

intervals

and

percentage

of

attachment

failure.

A:

Percentage construct deformation at the timed intervals (0, 4, 7 and 14 days). The
dotted lines with an asterisk show the links between the time intervals that have
significance (p-value < 0.05) within the chamber type. The dotted line with a
triangle has p-value < 0.0001 across the chamber types. B: Macroscopic images of
the constructs at days 0, 4, 7 and 14 showing the constructs’ deformation over the
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course of the experimental time frame. The upper images are of PEEK constructs
that have been enhanced by outlining to define the contrast within their chambers
against the surrounding medium. The lower row images are of the 8WC. Scale bar:
10mm. C: Attachment failure shows that 8WC has the highest construct failure for
both complete and semi-failure. The image inserts show a depiction of attachment
failures. For image C, significance p-values * > 0.05, *** ≥ 0.01 and **** ≥ 0.002.

3.8.1 Morphological parameters of C2C12 myotubes
within 3D tissue-engineered constructs in different
chamber configurations.
To determine the overall level of morphological differentiation (and variable
differences-Figure 3.8) in 3D TE SkM the myotube index was introduced
(Table 3.4). For the purpose of these experiments it is referred to as a
collection of measured parameters (width, length, number of myotubes,
number of nuclei per myotube and fusion index) based on fluorescent
imaging. Myotube index is a convenient term to summarise the key
parameters which can be used to determine the overall level of
morphological differentiation in TE SkM. The myotube index measures were
made between the PEEK chamber 8WC configurations (see Table 3.4– the all
figures ± SD along with p-values). The values for myotube index for the 8WC
model were found to be generally slightly higher than those of PEEK.
However, no statistical differences were noted for any measure (all p> 0.05)
between PEEK and 8WC.
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Figure 3.7 C2C12 myotubes within collagen matrix of 3D tissue-engineered
constructs. Confocal images at 14 days. Histochemical staining with rhodaminephalloidin (actin Filaments –in red). Cells nuclei are counterstained with 4 ,6diamidino-2-phenylindole (DAPI; Nuclei -in blue) . A and B. PEEK constructs and
C and D. 8-well constructs, images taken from experimen tal repeat 1 and 4
respectively two chamber types. Scale bars (same for all images) at 50 µm.
(N.B.Measurements were taken at 20X, image evidence at 40X.)

It is paramount to note that the systems are very different in set-up and in
size, however the myotubes within the 3D TE SkM constructs of both design
types (PEEK and 8WC) produced similar myotube measures. The link
between construct volume size and possible links to failure in mechanical
ability is further explored in the discussion.
134

Table 3.4 Parameters used to assess morphological difference (myotube
index) at day 14 with p values. Mean measures of the myotube parameters
and their units from their respective constructs (chamber type). Muscle
constructs showed no significance for any of the measurements between the
construct of the two chambers. Mean values are from across repeats, with
significance is indicated by the corresponding p values. Key: au- arbitrary
units. *Due to the limitation of the image frame myotube length
measurements are possibly greater than that measured. n=18, 3 constrcts in
each study from 6 independent repeats.

3.8.2 mRNA expression levels for differentiation and
remodelling matrix markers at day 14.
mRNA was tested to investigate to give some insights as to where the
constructs are in their gene regulated path to maturity. For the primers
used (Table 2.2) levels of mRNA expression was an indication of
differentiation and remodelling matrix markers (Myogenin MYOG) and
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matrix metalloproteinases (MMPs: 2 and 9) were compared between PEEK
chamber and 8WC (Figure 3.9). There were no significant differences
between the two chambers for all markers, with similar p-values (all P>
0.99). However, it should be noted that values for all markers were lower for
the 8WC compared to the PEEK chambers, despite no morphological
differences in myotube measures. Due to the sensitivity of this assay, the
inconsistencies of the constructs of the RMO, more importantly, the low and
compromised quality of RNA, the RMO constructs were never assessed for
markers of differentiation and remodelling.
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Figure 3.8 mRNA expression levels for differentiation and remodelling matrix
markers of the 3D C2C12 constructs for both configurations 8WC and PEEK. Gene
expression at day 14 for A. MYOG, B. MMP2 and C. MMP9. No significance
difference ((n.s.) with p values >0.99) between the constructs of the two chambers
types, but shows a trend of reduced levels of MYOG and MMPs for the 8-well
compared to PEEK 3D SkM TE culture chamber (p values all measured >0.99)
Stats based on Mann Whitney U. The data is shown as the mean values with ± SD.
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3.9

Discussion

The early biocompatibility tests for the RMO chamber components were not
particularly effective, especially due to the limitation of litmus paper pH
tests. There is lack of accuracy in measuring the acidity of the media in the
presence of the individual components that make up the RMO chamber.
Although readings came back as neutral in the presence of cells for all
components, it highlighted that acidity is the unlikely cause of cell death for
constructs developed in this chamber. Morphological evidence by live/dead
staining, is a good way of measuring cell viability (Boulos et al., 1999,
Berney et al., 2007). Live/dead staining supported cell death for the large
majority of cells within the RMO (24 well) constructs by day 4. Possible
causes could be leaching or insufficient adequate nutrients to the core of
the structure, although the latter is less likely, due to the nature of the
matrix. Whereas comparison of histological images of all the PEEK chamber
versus 8WC constructs shows no morphological changes between the
myotube architecture, with single unbranched myotubes observed in both
configurations. The 8WC to PEEK constructs had single unbranched
myotubes observed. However, significance was noted for all parameters,
this is due to the lack of cells present and alive to form myotubes. More
than isometric strain is needed for cell survival (Cittadella Vigodarzere and
Mantero, 2014, Larkin et al., 2006), this may include the need of ECM cues
for directional signalling to initiate the cellular differentiation process; as
both models are suited for long-term cultures (up-to 6 weeks). This can be
compared to 2D untethered cultures which can lack anisotropy and
longevity.
Detrimental necrosis effects, similar to the RMO constructs, when noted in
the experimental SKM constructs by (Okano and Matsuda, 1997, Okano and
Matsuda, 1998, Okano et al., 1997), Construct configurations were similar,
were high cell density and disruption in cell-matrix cues and interactions
may affected matrix remodelling ability and can indirectly affect the
diffusion gradient of nutrients. As a result, this prevents sufficient nutrient
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flow and leads to insufficient space for proper matrix remodelling by the
cells, causing a decline in the functional ability of the construct (Khodabukus
et al., 2007, Okano et al., 1997) and, ultimately, leading to influence the
success of myotube formation. Similar outcomes seen with

(Okano and

Matsuda, 1997, Okano and Matsuda, 1998, Okano et al., 1997), could help
explain the failure of the RMO constructs. This is possible if there is leaching
effects due to the superglue or stainless steel post that compromises the
constructs (Brennan et al., 2015).
As a result of construct deformation, the 3D TE SkM constructs undergo
matrix remodelling (MMPs), of both active multinucleated myotubes as well
as mononucleated myoblasts. Despite no RNA expression differences
between 8WC compared with PEEK chamber for both of the MMPs
examined, there was a clear difference in the degree to which the
constructs

formed

macroscopically

throughout

the

culture

period.

Therefore, it suggested that matrix modelling has taken place, and this can
be seen visually, however there must be another factor in relation to
contractile properties. Cell spreading causes a cytoskeletal tension within
the cells, when cells retract as they remodel and migrate within the collagen
hydrogel, which mimics natural contraction (Langelaan et al., 2011). Cellular
attachment, then subsequent fusion creates a macroscopic characteristic
bowing of the constructs (Sharples et al., 2012), causing loss of interstitial
fluid (Phillips, 2014). There is a failure of the 8WCs to deform to 50%
before 14 days. This is a limitation that prevents increased numbers of
myotubes reported for this configuration. Nonetheless, the length of the
construct is maintained by the fixed-end attachment points. In an unrelated
study by (Shi et al., 2006) that used collagen hydrogels and different
geometries, had similar findings were constructs that had poor cellular
contractile properties failed to contract the matrix, which is speculated to
be caused by mechanical failure of the constructs. Previous work (Mudera
et al., 2010, Smith et al., 2012) demonstrated similar expression patterns of
myogenin in similar tissue engineered models. Although these are different
comparative studies, the similarities in these profiles for myogenin
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expression, could help confirm that the myoblasts within constructs have
indeed differentiated (and maybe on their way to further maturity).

The

MMP and Myogenin data of this study showed no differences between
configurations tested, suggesting the molecular regulation of matrix
remodelling and differentiation is not altered between conditions.

As

differentiation

of

of myotubes was

being

investigated,

consideration

measurement of later differentiation markers would have been appropriate
for this study at day 14. Such markers as troponin 1 and myosin heavy chain
are known to be late gene markers for expression (Schiaffino et al., 2015).
Had time permitted, these later markers would have been assessed to
provide insight as to the position of the cells in the lineage of myoblast cell
differentiation.
Furthermore, the morphology of myotube- in terms of appearance is the
same regardless of the chamber (only PEEK and 8WC) in this study may be
supported by the expression of myogenin, which is a late muscle marker of
differentiation. Likewise this does not reflect similarities in the number of
myotubes between the chamber types. It would have been good to have
gained data from RNA for the RMO constructs to understand variability to
then reflect the status of the cells within the construct. However, due to the
inconsistencies of the constructs and apparent death of the cells when
morphological assessed, the low and poor RNA quality of the RMO
constructs in producing myotubes, lead to the failure of being assessed and
compared for markers of differentiation and remodelling.
The obvious difference in the constructs is linked to the 3-fold difference in
the volume (figure 1) between the three constructs (8WC versus RMO and
PEEK), in retrospection to this fact it is unlikely to that volume has a part to
play in the lack of deformation of the 8WC. If cells can proliferate in
collagen and there is no longer volume required for space, possible distress
cues could be released by the cells, as commonly reported in cases of
necrosis. Then it was speculated that mechanical factors could be a
contributing part of the delay in 8WC construct deformation. It provides
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reasonable interpretation for the longer timeframe needed for the majority
of the cells in the 8WC to gain the same unidirectional cues throughout the
gel, in order for cells to pull the matrix and achieve enough force to enable
macroscopic contraction visibly. It is also likely that mechanical differences
mean that the matrix is remodelled differently in each of the construct
types. Such mechanical differences would have been investigated if time
permitted.
Differences in myotube formation may not be limited to configuration, but
can also include other parameters that are overlooked such as design type
(i.e. Customised versus Manufacture). Customised handmade chamber
fabrications meant that there was more chance of variation within and
between experiments (Snyman et al., 2013), this is inclusive also of
variations between researchers of whom may try to reproduce results.
Moreover, is not inclusive of the well-known batch-to-batch variations or
reagents and consumables (Khodabukus and Baar, 2014, Khodabukus and
Baar, 2015). The 8WC model is customised handmade attachment points
(flotation bars) (Cheema et al., 2003, Player et al., 2014, Mudera et al.,
2010), and the PEEK model is a custom manufactured component. Albeit,
some of the components of the 8WC are too, commercially available.
Manufactured chambers are likely to limit and reduce the variability of
chamber assembly, which can have effects on both casting and gel setting.
Ultimately, this can impact construct attachment to the fixed points. The
failure rate of these two chamber types is 33% for 8WC and 11% for PEEK
(Figure 3.7C). Manufactured chambers provide improvements regarding
reproducibility and repeatability, consistency in gel casting and setting, as
well as the final results obtained (Pandiripalli, 2010).

The attributes, as

mentioned earlier, of a manufactured component enables the SkM PEEK
chambers to facilitate constructs that can be used as a diagnostic tool. The
improved reproducibility of such a chamber and its subsequent constructs
could potentially be widely integrated into other research labs linked to this
field of study. Due to ease of experimental design set-up and size of the
PEEK constructs (saves on consumable used), it is recommended for use in
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future experiments. Where on the other hand, the particular scale and setup of the 8WC constructs could be a contributing factor for the failure rate
of its constructs. The fundamental hypothesis of this chapter suggested that
8WC constructs would be more variable in their results, however, when data
was compared to those seen with the PEEK chambers, this was not the case.
For the manufactured chamber such variations and human-errors would be
reduced. It was speculated (based on data evaluation) that this could lead to
potential improvement for possible future use in high throughput systems
(HTS) (Vandenburgh et al., 2008, Vandenburgh, 2010, Nam et al., 2015).
Manufactured chambers that are prepared with the use of automation
techniques may result in potential benefits for drug screening and as a 3D
diagnostic tool. This is due to their capacity to minimise the use of manual
handling, thereby reducing the likelihood of secondary infections. In short,
manufacture chambers may lead to improved reliability as well as reduction
of systematic errors (Vandenburgh, 2010, Nam et al., 2015). However, also
manufacturing the constructs (i.e. pipette automation, etc.) could be a
suitable direction for future research in this field.
Limited published data exist, to date, regarding the parameters that
comprise our proposed myotube index (Rommel et al., 2001, Dennis and
Kosnik, 2000, Agley et al., 2012). In this experimental chapter, it has been
shown that chamber configuration does not affect myotube morphology
(this is only in relation to 8WC and PEEK comparison). However, it has not
been possible to determine if differences in geometric chamber shape may
influence the success of myotube formation due to differences in spatial and
temporal cues. The limited published data on myotube analysis in SkM TE
models have made setting a benchmark for the quality and quantity of
desired and essential measures of differentiated myotubes, considerably
more challenging. Thus, it is proposed that a provisional list of measures be
used to assess myotube outcomes for SkM construct success.:
Width (µm); Gel deformation (%); No. of Nuclei per myotube (au); Number
of myotubes (au); Fusion Index (%); Cell density(total nuclei count) (au);
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Length (µm), distance between myotubes and the number of branches, and
so forth.
This is not a definitive list of all parameters that must be measured for all
SkM experiments, but parameters must be used as and when appropriate to
help with cross-laboratory comparisons. Due to experimental differences
and hypotheses between research groups, values obtained from these
parameters should be as close to in vivo physiology and measures.
Ultimately in vitro regenerative SkM research should thrive to gain similar
characteristics and measures to in vivo myofibres. Thus, if the proposed
parameters were to be adopted, it would allow more straightforward
comparisons of such constructs across this multidisciplinary field

and

beyond.
The myotube index list of parameters were used for the assessment and
comparison of the constructs cultured in their respective chambers.
Although not explicitly studied in this experimental project, cell function
and its regulation are much harder to assess. It is a speculated topic of
discussion, because only the chamber configurations were the variable
factor and the seeded collagen gel constraints remained consistent for all
chamber. It is known that cells sense the ECM and its signals and then
responds accordingly. The growth and differentiation of the myoblasts into
multinucleated myotubes, and subsequent tissues patterning (i.e. alignment
to the principle lines of strain) is regulated by external (and internal)
signals. The four top sources are (Korossis et al., 2005):
1. Soluble factors for growth and differentiation
2. Insoluble and soluble ECM constituents
3. Intercellular interaction i.e. cell-cell, cell-matrix
4. Environmental stresses e.g. non-directed mechanical stimuli – gravity,
media flow/replenishment, ECM stiffness.
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These stimuli applied individually or in combination can have a dramatic
impact (both good and bad) on tissue growth. If manipulated correctly can
modulate cell commitment, differentiation, recapitulating the events
occurring during tissue development for in vivo processes, which can be
amplified in vitro conditions to complexities seen in vivo (co-cultures of
multiple

cell

types).

It

also

provides

an

explanation

for

lack

of

differentiation of the cells within the RMO constructs.
Muscle cells are sensitive cells that are anchorage dependent. At the cellular
scale, interactions between cells and with the ECM are mostly involved in
creating the structure of the tissue, but may also facilitate cell-cell
communications. Typical tissue cells probe elasticity as they anchor and pull
on their surroundings. Processes such as this are dependent in part on
myosin-based contractility and transcellular adhesions (Discher et al., 2005).
Cells sense and use cues from their environment not only for their ability to
anchor but also to survive. This may be a factor of contribution to the
success of 8WC and PEEK and the failure of the RMO constructs. The
optimisation of these sources and stimuli aforementioned by (Korossis et al.,
2005). This is one way of improving and aiding construct development within
their respective chambers. Therefore, the focus for the next chapter looks
to improve or understand further the influence of the latter of these
sources, which is the environmental stresses in relation to optimisation by
changing the timeframe in which the constructs are exposed to growth and
differentiation medium.
The purpose of the development of the bioreactor chambers discussed in
this chapter was to design one that would be cost-effective, but more
importantly, reliable, easily replicated and reproducible as a small testbed
model that could be easily assembled and created for universal use in any
laboratory. A multi-well (96 wells, or more) design would have been
preferred as a way to increase the throughput of such a model as a
diagnostic tool. High throughput is an advanced factors/characteristic for
smart TE, and SKM models for this that should be investigated further in
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future studies. With confidence in the evaluation of the models developed
in this chapter, PEEK chamber and is respective construct showed the most
promise for further investigation, and was chosen to move forward as the
lead constructs for the remaining experimental studies of this thesis.
3.10

Conclusion

One of the key challenges in SkM TE is to recreate the proper structural
architecture to match the organisation of native muscle. Organized aligned
myotubes in TE are formed by generated tension. The tension generated by
use of fixed ends of engineered constructs, allows for isometric strain for
the most efficient transmission of contractile force. Therefore in this study,
3D TE SkM constructs were fabricated using both commercially available
PEEK and custom-built 8WC chambers (Jones et al., 2018). Notwithstanding,
the custom-built RMO chamber failed to facilitate the development of its
construct, as a direct result the chamber had to be terminated from further
experimentation.
Engineered muscle fabricated using PEEK and 8WC were comparable in
myotube morphology and mRNA expression, however, the collagen matrix in
PEEK constructs deformed and remodeled faster than in the 8WC setup.
Importantly however, the variables measured showed less variability in PEEK
configurations compared to 8WC, and displayed dramatically reduced
experimental failure rates. A suggestion for this, is that customizedhandmade chamber of the 8WC and the RMO produces more variation and
inconsistencies. Manufactured chambers reduced variations and human
errors are reduced. This could be better for (high-throughput drug screening
(HTS) and automation processes).

Importantly however, the variables

measured showed less variability in PEEK configurations compared to 8WC,
and displayed dramatically reduced experimental failure rates. The PEEK
chamber offers a consistent and reliable system to engineer SkM.
Nonetheless, with no apparent differences in the myotubes that are
produced,

the

resource

and

particularly

the

application

should

be

considered when selecting chamber type.
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4 Optimizing experimental conditions
for myotube formation in tissueengineered skeletal muscle
4.1

The rationale for optimisation by the change in culture
conditions Advancements and optimisation in SkM Tissue
engineering

To understand if optimisation of constructs to have the potential desired
outcomes effectively and successively, primary studies have to be executed,
to understand the process of muscle regeneration potential in vitro. The
necessary linear flow for the regenerative processes for in vitro muscle is
cellular attachment, alignment, differentiation and fusion to obtain mature
in vitro muscle. This is governed by the change in media conditions, more
specifically a drop-in serum concentration. However, optimisation should
thrive to gain in vivo like-outcomes is what is often sort for, if the aim is to
achieve better results than previous research (or comparisons to in vivo
structures, i.e. muscle fibres, as there is likely to be differences between the
in vitro and in vivo). Nonetheless, quality and well formed in vitro muscle
has previously been published literature using 3D based models has seen the
success of early myotube formation as early as 10 days (Ito et al., 2014,
Bach et al., 2004, Fuoco et al., 2014), but commonly it is stated between 14
days and for further extended studies 21 days (Cheema et al., 2005, Cheema
et al., 2003). Therefore, by activating the change in medium condition
earlier than later is hypothesised to enable positive changes towards
differentiation sooner. Access to media is readily available for the standard
experimental setup changes to the method are simple, but could also be an
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efficient way to fulfil the aim without being costly or complex not requiring
specialised expertise.
Optimisation in this chapter was not by the common method of adding
growth factors or other development specific factors. Where the construct
composition remained constant, at a cell density of 4 million/ml, within type
1 collagen as the supporting matrix, as noted in the previous chapter. The
type of basal media high glucose DMEM also remained constant (2% FCS and
20% FCS) used containing 1% PenStrep. As these conditions, are a
prerequisite to producing predictable in vitro SkM constructs as previously
described in chapter 3. However, optimisation was achieved by changes in
condition timeframe to activate the myogenic lineage earlier. The shortterm study time durations were four and seven days long, with a few varying
conditions (the difference in the time switch between GM and DM in each
time course of four and seven days). Within these time constraints, it is
these culture conditions that will determine the outcome for the cells within
the construct. This was to understand if changes in media switch could
accelerate positive changes in behaviour response of the cell by speeding up
the acceleration process of myotube formation. The longer-term study was
the standard duration of 14 days. However, within the timeframe, culture
conditions were also changed, in a time-dependent manner. The standard
control experimental setup, as reflected in chapter 3 was a 14-day period: 4
days in growth media and 10 days in differentiation media. The longer-term
study had a different focus to the short-term, as from previous chapters it is
known that myotube formation occurs by day 14.

As a contingency, if

myotubes cannot be produced in a short study, then surely the myotubes
produced in the long-term will be produced that give better or give
desirable results for the parameters measured when compared to the
standard control. Both these short and long-term study conditions will be
further defined in the methods and materials section below.

148

4.2

Aims

Optimisation in this chapter was sort by triggering/activating cellularbehavioural processes earlier, in a bid to fast-tracked and speed the
"production time" of SkM differentiation.
The purpose of the short-term experiments was to conduct an investigation
into myotube formation, to see if it could be achieved earlier, by a change
to the timing of culture periods. To explain this further, the constructs were
cultured in GM and DM for different lengths of time.
The purpose of the long-term experiments were similar to the short-term
and followed on using the same method of the switch between GM and DM
for different lengths of time.
The data collected and compiled thus far throughout this thesis be
transformed into regression models data, which could have the potential to
predict outcomes for control and optimisation of the SkM constructs.
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4.3

Chapter 4 hypotheses

The hypotheses of this chapter are posed as statements, where the
experimental work sought to investigate the outcomes (positive or
negative):
●

There is a way to reduce the time it takes to create a muscle construct

(with myotubes)?
●

Can the reduction in time-frame be by changes to the conditions applied

to the developing constructs (over short-term or long-term study)?
●

Can (optimized conditions and timeframe) changes to the original

control (14 days) conditions bring an increase in the measured myotubes
present within the developed construct?
●

Is there a way of predicting the outcome of one parameter using the

data collected on another parameter (myotube width)?

150

4.4

Materials and Methods
4.4.1 Cell culture

This was with the use of the standard C2C12 myoblasts generic cell line
(Public

Health

England,

sourced

from

the

European

Collection

of

Authenticated Cell Cultures (ECACC)) – the conditions remain the same as
described in chapter 2.
4.4.2 Chamber configuration
For both the long muscle construct facilitation was by the use of Polyether
ether ketone (PEEK), a plastic chamber as described in chapter 2.
Comparisons were also made to 8-well (8WC) for the long-term study.

4.4.3 Cell-seeded collagen skeletal muscle constructs
Type 1 collagen hydrogels were polymerised as previously described in
chapter 2.1.6. Neutralised by sodium hydroxide (NaOH) of Type 1 collagen
(2.05 mg/mL), is paramount to producing a seeded collagen solution that
could be cast into the PEEK chambers. A volume of 6 mls of basal media in
either 2% or 20% FCS was used, with 1% v/v penicillin-streptomycin, which
was replaced every 24 hours and in accordance with the following
conditions that are outlined below.
4.4.4 Condition optimisations
4.4.4.1 Short-term conditions
The experimental durations were 4 and 7 days; each with three different
experimental conditions.
Each condition had its unique coded abbreviation – i.e. 2/2. The number in
front is the days in growth medium, and the number behind is the days in
differentiation medium. The sum of the numbers, when added together,
represents the experiment duration or amount of days of the completed
experiment.
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Day 4 conditions: 2/2, 3/1, 4/0.
Day 7 conditions: 2/5, 5/2, 7/0.
Growth medium and differentiation medium (DM) consisting of DMEM
supplemented with 20% and 2% v/v FCS respectively.
The duration time of 7 days was selected in half the time of 14 days study
and thought to be a suitable duration to try and obtain a muscle construct
with formed myotubes.
The duration time of 4 days was also selected as this was the day at which
media switched from GM to DM for the control, to understand if myotube
formation could start before or at standard control’s switch point.
Comparisons were made to 14 days control which was the original control
duration and thought to be a suitable duration to try and obtain a muscle
construct with formed myotubes.
4.4.4.2 Long-term conditions
The experimental duration was 14 days. There were three conditions:
Day 14 conditions: 1/13, 4/10, 7/7.
Each condition as in the short-term study has its unique code abbreviation,
i.e. 1/13. The number in front is the day or days in growth medium (GM),
and the number behind the slash punctuation is the days in differentiation
medium (DM). The example is the following the constructs were kept in 20%
FCS for 1 day, then the next 13 days in 2% FCS, is given the nomenclature of
1/13 days.

Both mediums used a 6 mls volume of with the appropriate

concentration of FCS. The total duration in days, is when added both the
numbers are added together 1+13 = 14 days.
The 4/10 is the switch to differentiation media after four days is based on
the experimental methodology by Smith et al., 2012 and Player et al., 2014,
this 4/10 days is the standard control. This was based on the observation
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that cell confluence was reached in the 2D cultures, hence, the switch in
differentiation media for the 3D cultures, that ran in parallel to the 2D
culture. This paralleled study was conducted as it was harder to assess 3D
matrix confluence after cell seeding. Both short and long experiments were
used to evaluate the outcomes of the cell behaviour towards differentiation
(i.e. the formation of myotubes.) Images were taken and analysed. Myotube
index assessment was used where appropriate. To recap the myotube index
consists of the following parameters: myotube width, length, number of
nuclei per myotube, number of myotubes, cell density also RNA extraction
was conducted. Six replicates were created for each concentration in three
independent experimental repeats. The total n number was 6 constructs per
condition: 3 for histochemistry and 3 for qPCR (gene expression).
The duration time of 14 days was selected as this was the original control
duration and thought to be a suitable duration to try and obtain a muscle
construct with formed myotubes.
4.4.5 Fluorescent staining
Constructs were fixed using paraformaldehyde for a minimum of 1 hour. The
process hs not changed as described in chapter 2. This is inclusive of the
volumes, dilutions, repetitions, incubation periods.
4.4.6 Microscopic and Macroscopic images
Images of fluorescently stained TE SkM constructs were obtained using a
Confocal Microscope (Zeiss LSM 880, Carl Zeiss, Germany) and 40X oil
objective. Using FIJI Image J, as the basis of analysis and assessment from a
known measure was the same process and procedure as described in
chapter 2.
4.4.7 RNA extraction and real-time polymerase chain
reaction (qPCR)
3D TE SKM constructs were detached from their anchor points within sterile
conditions were analysed and the following muscle marker genes MMP2, 9
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and MYOG [Table 1: Primer Sequence Table – can be found in Chapter 2]. A
new muscle marker was added MYOD- a key player in early myogenic
differentiation. This marker was to analyse better where the cells within the
construct en-route towards differentiation. Data were analysed using the
comparative Ct otherwise known as the Livak Method (Schmittgen and Livak,
2008) and relative gene expression 2(-∆∆CT) method using RP2β was the
reference gene. The samples were normalised to their internal control for
each of the simvastatin types. The procedure for RNA extractions and qPCR
were as outlined in Chapter 2.
4.4.8 Regression models
The purpose of the regression analysis in this thesis was to test the
relationship between two or multiple variables, as well as to explore the
limitations of these relationships (Mendenhall, 2017). Linear was conducted
first as the introduction to understanding and evaluating the relationship
between the independent variables- the number of nuclei in myotube,
length, construct deformation against the dependent variable myotube
width. Data used to create the bivariate linear regression model was based
on a few of the parameters from the myotube index, for the condition
4/10days. The extent of myogenic differentiation of the constructs was
further investigated by comparison between the relationship of two defined
characteristics, myotube width in comparison to the number of nuclei per
myotube and the length of a myotube. This knowledge of regression enables
greater in-depth of the influence one has in/with respect to the other,
which could later be used for predictive purposes within the upper and
lower (limit) bounds of the variables. The multiple regression was carried
out for an overview of the significance of the overall data.
4.4.9 Setting the limits for linear regression
Before any assessment and possible predictions using the regression of the
linear line equation, the limits of the parameters: width, length and nuclei
were outlined and can be seen in Table 4.1.
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The limits were set to determine the extreme outlier values, and these limits
could later be used when placed into the predictive equation, to suggest the
extreme either end of the range. The limitation ranges were based on
restrictions constricted by the experimental limitations such as the
maximum field of view or construct dimensions that are an unchanged
caveat and constraints of these experiments. As seen in Table 4.1, which
displays the defined upper and lower limits of the parameters measured for
width, length and number of nuclei per myotube. For the parameters length
and the number of nuclei for the upper and lower limits were given two
options as opposed to one. This is due to limits based on the chamber or
based on the image frame's field of view.

Table 4.1 The limitations of regression for the parameters of width, length, no. of
nuclei per myotube.

Measured upper and lower limits of the aforementioned

parameters.

4.4.10 The experimental outline
In the short-term (and long-term) studies for the PEEK constructs, myogenic
success towards differentiated myotubes was investigated. Constructs were
observationally analysed by images at incremental intervals during the SkM
construct culturing towards differentiation within 3D TE collagen hydrogels.
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This section presents the results for a method to achieve faster formation of
myotubes, as well as improve myotube formation for the short-term studies
(4 and 7 days) and longer–termed experiments (within a 14-day period). The
procedures carried out for the conditions is outlined in Figure 4.1. All the
experiments were conducted separately.

Figure 4.1 Outline of the experimental conditions for Chapter 4.

4.4.11 Statistical analysis
All data are presented as the mean value ± standard deviation per condition
on day 21 unless otherwise stated. Normality tests were conducted to
evaluate the distribution of the data. One-way ANOVAs were performed for
myotube Index using GraphPad Prism software (GraphPad Software inc.,
United States of America). Factorial (two-way) ANOVA was used for
construct deformation with respect to the different time points recorded for
this measure and conducted using IBM SPSS software. For all statistical
measure the right post hoc was applied, depend on the normalization data.
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Both statistical tests types were used to determine if statistical differences
existed between the two different treatment types of simvastatin. Statistical
data of the regression model was run through the SPSS software using the
bivariant linear and multiple regressions. For all stats that apporiate posthoc tests were used. All significance was set at an alpha value of p ≤ 0.05.
4.5

Results
4.5.1 Short-term study (4 and 7 days)
4.5.1.1 Morphological observations

The general overview observations of all constructs in the short-term
studies (day 7 and 4 constructs) by immunohistological staining (Figure 4.2)
showed that the constructs had little if any evidence of morphological
differentiation of myoblasts into myotubes when cultured according to any
of the outlined methods above. Inferior morphological outcomes were
noted, to those compared to controls that are 14 days old. The majority of
images showed undifferentiated cells in both GM-only and GM/DM mixed
conditioned constructs. Mostly for the 4-day conditions. It was noted even
in the 7/0 days constructs, were there a few undifferentiated cells, these
were the constructs with the most prolonged condition in GM only. Although
there were very few observable myotubes, there was cellular alignment
which clearly occurs within 4 days regardless of the changes in condition.
This observational evaluation of alignment was based on the majority of
cells uniform in a uniaxial. direction (with the exception of 2/2, 2/5
conditions). The constructs used in the 7 days study condition, in particular,
showed alignment within singular cellular direction regardless of the
changes in condition.
Based on morphological observations it was determined that conditions 2/2
(4 days) and 2/5 (7 days) had similar appearances. Within these constructs,
there were irregularities in the alignment of the cells (as described above,
also see Figure 4.2).

The conditions 3/1 (4 days) and 5/2 (7 days) have

similarity in morphology, in that the cells appeared or seem to be closer in
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proximity. These cells are elongated as if to start initiation of the early
fusion process. The 4/0 (7 days) and 7/0 (4 days) conditions were compared,
but are not similar to the former two grouped observations. They were
entirely different from one another in that the 4/0 (4 days) there are one or
two early myotubes that seem to have emerged even in the low cell density
(the number of nuclei per field of view). Whereas for 7/0 there appeared to
be more early myotubes present, in slightly higher cell density (the number
of nuclei per field of view) than the 4/0 (days condition).

Figure 4.2: Morphological observation of myotubes for the short-term study of 4
and 7 days within the C2C12 3D constructs for PEEK. Images show the myotube
outcomes for their respective conditions. A trend profile for alignment is noted, as
it increases from left to right for conditions of both 4 and 7 days. In the
nomenclature of ‘4/0 days’, the number before the slash gives the days in growth
media, while the number after the slash gives the days in differentiation media.
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4.5.1.2 Number of Nuclei
Observations showed that the number of nuclei per field of view increases
as time in GM is extended. Table 4.2 shows the results that overall there are
more nuclei in the 7-day conditions than the 4-day irrespective of the
conditions. 4/0 and 7/0 were the most extended conditions in GM only.
When the conditions were compared for 4/0 and 7/0, the following results
were 46.0 ± 4.4 and 75.3 ± 7.5 for the two-time intervals respectively with a
38.9% difference in the number of nuclei present per field of view. Where a
simply t-test gave p value is >0.001.
Table 4.2: Total number of nuclei for the different conditions. This data is taken
per image frame for the respective conditions of the short-term study. N=3 images
per condition in which each image comes from an independently repeated study.
The significance of the results was not measured. In the nomenclature of ‘4/0
days’, the number before the slash gives the days in growth media, while the
number after the slash gives the days in differentiation media.

4.5.1.3 Gene expression/RNA
No statistically significant difference was noted within or across the
conditions for the mRNA muscle markers: MMP2, MYOD, MYOG. However,
MMP9 mRNA expression was altered across conditions. Figure 4.3 showed
large variations in the mean values between the two different conditions
4/0, 7/0 days, where all other conditions show significance to the day 14
control having p values <0.05.
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4.5.1.4 Summary of short findings
The differences between the two conditions durations 4 and 7 days are
unquestionable, this can be seen in the morphological data summarised in
Figure 4.2 as well as Table 4.1, which clearly portrays the 7-day study as an
improvement to the 4-day study in the quality of myotubes producded.

Figure 4.3: Relative expression of RNA in short-term studies of C2C12s 3D PEEK
constructs at time intervals of 4 and 7 days. Muscle markers were MMP9, MMP2
and MYOG. A significant difference is noted only for MMP9, an early marker in
remodelling the matrix. Significance is indicated by the horizontal bars along with
asterisks to indicate p-values: * > 0.05; ** > 0.001. In the nomenclature of ‘4/0
days’, the number before the slash gives the days in growth media, while the
number after the slash gives the days in differentiation media. N=3 for each
condition from three independent repeats.
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4.5.2 Comparison of Chambers: Long-term study
4.5.2.1 Long-term study Myotube Index Data
Once the preliminary short-term experiment was completed on the PEEK
constructs, further assessment was conducted on the constructs of both the
PEEK and 8WC chambers, as a way to further investigate which chamber was
more robust in fulfilling the aim set to improve the quantity or quality of the
myotubes produced in the constructs. This comparison of the two different
chamber types (PEEK and 8WC chambers), was to find out if optimization of
the constructs was different due to the configuration of the chamber, but
also to know if the configuration is superior to the other, in the bid to gain
improved quality in myotubes. The base conditions (i.e. seeded matrix
composition) were kept consistent for this comparison study to ensure that
if any difference was observed it was due to the cellular behaviour.
The myotube index is a list of assessments assembled for analysis of
myotubes as well as a comparison between the two different configurations.
The list is as follows myotube width, length, no. of nuclei per myotube,
number of myotubes, cell density and SkM RNA expression was conducted to
understand if differences in the morphological observational analysis are
support by the data collected. Morphological data showed myotubes in both
conditions (1/13 and 4/10 14 days) for both chamber types and were clearly
visible within the construct (Figure 4.4). Whereas, the conditions 1/13 days
showed few myotubes for both the PEEK and 8WC constructs, while the 4/10
study showed an increase in the number of myotube present.

161

Figure 4.4: Differentiation activation times for two configurations of C2C12
myotubes within the collagen matrix of 3D tissue-engineered constructs. These
are confocal images at 14 days showing histology staining with rhodaminephalloidin (red) for the cell membrane. Cell nuclei are counterstained with 4,6diamidino-2-phenylindole (DAPI; blue). A and B: 8-well constructs for 1 day in GM
(1/13 days) and 4 days in GM (4/10 days). C and D: PEEK construct images taken
at 1 day (1/13) and 4 days (4/10). In the nomenclature of ‘4/0 days’, the
number before the slash gives the days in growth media, while the number after
the slash gives the days in differentiation media. The white arrows indicate the
location of a myotube. Scale bar: 50µm. (N.B. Measurements were taken at 20X
and image evidence at 40X.)
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An overview of all data showed a trend in results for constructs grown in
conditions 1/13 regardless of the chamber type verse 4/10 condition. Data
showed that there were lower mean values for the measures of constructs
of condition 1/13, in some cases significantly lower than the standard 4/10
days in growth media. Significant differences were noted (see Figure 4.5)
and are explained below, but never between the same condition for the
different configurations, i.e. 8WC 1/13-day versus PEEK 1/13 day. This is
very interesting in that it reiterates previous findings in the last chapter as
well as between the newly added data point in the condition 1/13 days,
suggesting that there is no difference between configuration regardless of
the condition. Differences were only noted across conditions 8WC 1/13 days
versus 8WC 4/10 days or 8WC 1/13 days versus PEEK 4/10 days. The
measurements for the myotube width for the 4/10 condition versus its 1/13
days comparison for 8WC showed very minimal mean differences. However,
the width measures found significance for p-values across condition within
the PEEK construct (p-value 0.0162) confirming differences between the
chamber types.
The fusion index (Figure 4.5) is an important variable for the assessment of
myotube formation, as this takes into consideration the number of nuclei
incorporated into myotubes as a percentage of the total number of nuclei.
At a glance, the fusion index shows both PEEK & 8WC have similar profiles in
values for both 1/13 days and 4/10 days, significance in this parameter was
noted between conditions within the individual configurations: 1/13 days
versus 4/10 days p values = 0.0148 and 0.004 for 8WC and PEEK
respectively. 8WC 1/13 days versus PEEK 4/10 days p values = 0.007. This
was also for 8WC 4/10 days versus PEEK 1/13 days p values = 0.008. This is
of interest because it enables some speculation that not only does the
chamber type have significance in the outcome of cellular behaviour, but it
also shows that treatment conditions within a chamber can also vary quite
significantly. Therefore, likely suggesting that the timing of when the switch
from growth to differentiation happens, plays a part in the outcome of
cellular morphology.
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The number of myotubes for both these chamber types the 4/10 days in
culture showed a higher number of myotubes present when counted in the
field of view. As stated previously the above evidence is supported by the
analysis. Similarly, to the fusion index, there was significance between PEEK
(1/13) days versus (4/10) PEEK p values = 0.023, 8WC (4/10) versus PEEK
(1/13) days p values = 0.003. This meant that difference across conditions
are only for the PEEK and this does not support data in favour of PEEK, but
does show improvement in the condition.
The Figure 4.5 shows for the other measures showed a general trend as
aforementioned, in that comparisons across treatments for the (1/13) days
8WC versus (1/13) days PEEK conditions showed 8WC had higher mean
values (exception of the number of nuclei per myotube and fusion index)
(visualised in Figure 4.5). Moreover, the data that has the PEEK mean values
higher than 8WC construct, the dataset, both helps explain why the fusion
index was higher for the PEEK which is significant as the fusion index is a key
indicature of successful myotube formation, as it means PEEK is better than
8WC. Even though the figures generally shows 8WC to be better than the
PEEK, this is not necessarily the case, as the fusion index, is a very important
variable for the assessment of myotube formation (it is the proportions of
nuclei to myotube), and leans in favour of the PEEK constructs.
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Figure

4.5:

Myotube

index

microscopic

analysis

at

day

14

with

mean

measurements of myotubes in their respective constructs (8WC and PEEK) and
differentiation activation times per condition (1/13 and 4/10 days). The error bars
are +SD. The statistical test is one-way ANOVA (post hoc test: Bonferroni).
Asterisks indicate a statistically significant difference in which p < 0.05. Due to
the limitation of the image frame, myotube length is likely more than that
measured. In the nomenclature of ‘4/0 days’, the number before the slash gives
the days in growth media, while the number after the slash gives the days in
differentiation media. N=3 for each condition from three independent repeats.

4.5.2.2 Long-term study Gene Expression/RNA
All mRNA muscle markers have a similar profile, in that there is a trend for
increased expression of the 4/10 condition days compared to 1/13 days,
regardless of the chamber type (Figure 4.6). However, no significance was
noted within or across chamber groups for any of the mRNA muscle markers,
even with large variations in the mean values between the two different
conditions. This indicates the standard deviation (SD) for the data
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retrospective of the 4/10 days construct are very variable and likely that
constructs are not uniform like the 1/13 days. It is a possible indication that
the constructs were at different stages due to outliers to the extreme ends
(limits) of the data, making it hard to challenge the significance of this data,
even with the obvious differences in the data profile.

Figure 4.6: PEEK mRNA expression levels for differentiation and remodelling
matrix markers at day 14. Muscle constructs show no significant difference
between the two chambers but do show a trend of reduced levels of MYOG and
MMPs for the 8WC compared to the PEEK construct. In the nomenclature of ‘4/0
days’, the number before the slash gives the days in growth media, while the
number after the slash gives the days in differentiation media. Statistical analysis
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employed a Mann Whiteny U test. N=3 for each condition from three independent
repeats.

4.5.2.3 Long-term study Deformation
Analysis of the construct area reduction (deformation) measured here
(Figure 4.6), looks at the comparison between 8WC and PEEK with an
additional time point 1/13 days, which is an added condition compared to
the previous deformation analysed in chapter 3 (3.7.1). The overall trend
noted was an increase in the percentage area of reduction over time, for
both the 8WC and PEEK constructs. Only the data for condition 1/13 is
reported in the following, but comparisons of all conditions will be
compared in the discussion. Deformation on Day 4, Day 7 and Day 14: 8WC
versus PEEK p-value < 0.0001. However, for all time points, there was
significance in deformation between 8WC and PEEK, where PEEK always
showed the highest percentage values than the 8WC at each time interval.
The percentage difference is 64.11%, 55.11%, 52.09% for days 4, 7, 14
respectively. What is interesting about the 8WC at 1/13 condition is that
data for the constructs would often fail to reach 50% deformation by
endpoint analysis, this is having more cells present within the volume of the
construct. Whereas, PEEK being 3 times smaller in size than 8WC, and is able
to reach 50% by approximately day 2 in culture. This is half of the surface
area that is measured, which is likely to represent half of the original
volume of the construct. Macroscopic construct deformation can be seen in
Figure 4.6B i and ii.
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Figure 4.7: Construct deformation of C2C12 cells within a 3D collagen construct.
A: Percentage construct deformation graph. B: Macroscopic images of collagen
gel contraction for the representative chambers and their conditions at day 14. B.i:
8-well (8WC) constructs (top to bottom) at 1/13 days and 4/10 days. B.ii: PEEK
constructs (top to bottom) at 1/13 days and 4/10 days. Scale bar: 10mm.
Statistical analysis is by two-way ANOVA (post hoc test: Bonferroni). Statistically
significant difference is found between 4/10 days PEEK and both 8WC conditions
of 4/10 and 1/13 in which p < 0.05. The error bars are ±SD. In the nomenclature of
‘4/0 days’, the number before the slash gives the days in growth media, while the
number after the slash gives the days in differentiation media. N=3 for each
condition from three independent repeats.

4.5.3 PEEK only
4.5.3.1 Long-term (14 days) study Myotube Index Data
This long-term study for 14 days is an extension to the observation and
analysis of the 8WC and PEEK data,but for the PEEK only where the gels
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were not set together with the same C2C12 cells, as these were individual
studies,

nonetheless

comparisons

are

made.

However,

because

no

significant changes were observed between PEEK and 8WC, for the following
experiments the PEEK chamber was used in isolation with the addition of an
extra condition/time point. The previous studies based on the time switch of
media cultures for the long-term 14 days experiments highlighted changes
between the conditions 1/13 days and 4/10 days. The following condition at
7/7 days was added and follows the same nomenclature as previously stated
earlier on in this chapter. This extra medium condition was used to assess
cellular behaviour and outcomes in a bid to see if optimization could be
enhanced, with longer incubation time in growth media (GM).
The general trend of the myotube index data showed that 1/13 days had a
lower mean value for all the parameters measured when compared to 4/10
days and 7/7 days. This was the same for 14 days 4/10 days when compared
to 7/7 days for all assessed measures in the myotube index. For all the data
with the exception of the number of myotubes, significance was never noted
between 4/10 and 7/7 days. Of particular interest for analysis is the width
with a p-value of 0.0001 for 1/13 days versus (7/7 days, as expected, which
when linked to morphological data there were seen as clustered cells
clumped together in the 1/13 days and spindle-like showing no real
definition of myotubes. Albeit the outlines of the myotube cellular
membranes could be seen, this may explain why the mean values were so
low for the with and fusion index, because myotubes were harder to
distinguish. The fusion index is as follows: p-value <0.0001 (1/13 versus 7/7
days). This clearly shows the underdevelopment of myotubes in the 1/13day condition, whereas 7/7 days likely to be far more developed, based on
their mean values. These long and short-term studies highlight that
conditions under which skeletal myoblasts are cultured in vitro are vital and
critical, not only to grow and differentiate but in turn on their
morphological characteristics that define myotube outcomes.
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Figure 4.8: PEEK-only observation of morphological changes over time. A: The
different conditions produced differences in the appearance of the myoblasts in
the short-term study. B: The various conditions in the long-term study also
produced differences in the appearance of the myotubes. In the nomenclature of
‘4/0 days’, the number before the slash gives the days in growth media, while the
number after the slash gives the days in differentiation media.

The overall trend for all muscle markers within their individual group is that
the data shows an increase in mean value as the days in growth medium
increases. This is the trend for the following parameters which are not
explicitly explained in further detail below. The myotube length’s p values
0.0024 (1/13 versus 4/10) and 0.0012 (1/13 versus 7/7) respectively. The
cell density’s (total nuclei) p-value 0.0195 (1/13 versus 7/7). The average
number of Nuclei’s p-value 0.0045 (1/13 versus 4/10) and 0.0021 (1/13
versus 7/7) respectively. Myotubes’ p-value 0.0082 (4/10 versus 7/7),
<0.0001 (1/13 versus 4/10) as well as for (1/13 versus 7/7).
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Figure 4.9: PEEK construct long-term study of microscopic analysis of myotubes
within the 3D muscle construct at day 14. Shown are mean measurements of
myotubes in their respective constructs (8WC and PEEK) and the differentiation
activation time per condition (1/13 and 4/10 days). Error bars are +SD. Statistical
analysis is by one-way ANOVA (post hoc: Bonferroni test); asterisks indicate a
statistically significant difference in which p < 0.05. Due to the limitation of the
image

frame,

myotube

length

is

likely

more

than

that

measured.

In

the

nomenclature of ‘4/0 days’, the number before the slash gives the days in growth
media, while the number after the slash gives the days in differentiation media.
N=3 for each condition from three independent repeats.

4.5.3.2 PEEK Only: Long-term Gene Expression/mRNA
For this RNA analysis (Figure 4.9), the conditions were compared to a Day 14
control (which takes the nomenclature (4/10)). This is the common duration
observed throughout this entire project. Ultimately, at this end time point
the level of (maturity) progression of the myotubes within the construct is
what is wished to be seen in these early activated constructs towards
differentiation. The general trend for the outcomes of myotubes within the
constructs was that the more time in culture, there was an increase in the
number of myotubes that were likely to be present (in the field of view). All
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muscle markers examined in this study (MyoD, MyoG) with the exception of
MMP-9 a late marker for matrix remodeling- when the conditions were
compared had no significant difference between themselves or to the 4/10
days control, see Figure 4.9. This data showed minimal variation between
the conditions for in the relative gene expression of these markers. This is
with the exception of 4/0 and 7/0, that both showed significance to the 14days control for MMP9. MMP9 significance gave the following p-values
against the 4/10 days control: p-values 0.048, p-value 0.006 for day 4 (3/1
and 2/2) respectively. The p-values 0.024 & 0.014 day 7 (5/2 & 2/5)
respectively. MMP9 is an indicator of late matrix remodelling and data
suggest that these constructs are unlikely to have advanced into late
differentiation as yet.
The mRNA expression for the condition 7/7 the extra time point for the
PEEK, enables a better opportunity to understand how a change in activation
of differentiation affects expression. The typical bell-shaped curve-like
profile of the expression was observed for the three conditions for all the
muscle markers (MyoG, MMP2, and 9). The p values were as follows for
MyoG: p values 0.89, 0.68 for PEEK 1/13 day versus PEEK 7/7 days and PEEK
4/10 days versus PEEK 7/7 days. MMP2: p values > 0.9999 PEEK 1 day versus
PEEK 7 days as well as PEEK 4 days versus PEEK 7 days. MMP9: p values >
0.9999 PEEK 1 day versus PEEK 7 days as well as PEEK 4 days versus PEEK 7
days. The p values above reiterate the lack of significance between the
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Figure 4.10: PEEK long-term study for mRNA expression levels for differentiation
and remodelling matrix markers at day 14. Muscle constructs show no significant
(* n.s.) differences between the conditions for any of the muscle markers. In the
nomenclature of ‘4/0 days’, the number before the slash gives the days in growth
media, while the number after the slash gives the days in differentiation media.
N=3 for each condition from three independent repeats.

4.5.3.3 PEEK only: Long-term Deformation
The previous section of this chapter which focused on the 1/13 and 4/10
conditions of the PEEK construct, tie in with the additional time point, 7/7
days. Nonetheless, the mean values for deformation across the time
internals show similar data profile to 4/10 study, and this was expected
(Figure 4.10). The measured deformation of the 7/7 days constructs over
time are as follows: 4 days: 62.33 ± 3.87%, 7 days: 67.37 ± 1.71%, 14 days:
70.23 ± 1.96%. No significant difference was noted between these two
conditions for any of the time intervals. This is likely as the percentage
differences between the time points were minuscule. The initial 7/7 4-day
time point shows a lower mean value than the 4/10 condition, a 0.87%
percentage difference, but this changes at the 7-day time point. The 7/7
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condition has a lead difference of 3.72% and 1.20% for the successive time
point at 14 days respectively.

Figure 4.11: 3D SkM PEEK construct deformation. Presented is a graph of the
percentage of construct (surface) area reduction over the time intervals of 0, 4, 7
and 14 days for the different conditions. Error bars are +SD. There was no
significance detected. In the nomenclature of ‘4/0 days’, the number before the
slash gives the days in growth media, while the number after the slash gives the
days in differentiation media. N=6 for each condition from three independent
repeats.

4.5.4 Overview of short and long-term studies PEEK only
To assess the findings of this chapter in retrospect, an overview of both the
short and terms study conducted on the PEEK chamber and its respective
construct can be seen in Figure 4.11. This figure clearly depicts in a
snapshot

view

the

power

of

this

experimental

investigation

into

optimisation, where the increase in time spent in growth media improved
the morphological outcome of myotube formation. Although myotubes were
desired to be developed in a short time frame, these experiments may have
been a little too ambitious owning to the fact that SkM is a complex tissue
and 4 and 7 days is not enough time for myotube formation and maturation.
Further work would have looked into continuing this optimisation with
alternative end times such as 10 or 12 days rather than 4 and 7 days for the
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short time endpoints, in a bid to improve myotube formation in the shortest
time frame possible without compromise to the quality.

4.6

Optimization and the use of regression

The motivation for the advancement of the chamber design in this thesis has
been translated to the methodical progress in the optimisation of the
standard SkM constructs 4/10 days used in this thesis. Regression graphs
were used to give further insight into links between data set, and is one that
enables the collection of data to understand the correlational and relational
trend between two variables (that may not be commonly analyzed together).
Regression in this thesis is based on using data of a known width of a
myotube in for a developing construct, and predicting what the likely
outcome will be for another myotube index parameter (length and number
of nuclei). It is hoped that analyzing regression graph relationship may help
boost innovative ideas for development and optimization.
In synopsis, regression seeks to understand the strength of data,
assumptions can be made based on the data collated (Figure 4.5, Figure 4.7,
& Figure 4.8) specifically, if a change in one parameter links to be a
contributor for the change in another. Regression linear or multiple have
scarcely been used in the field of tissue engineering, let alone the specific
niched subject area of SkM. However, in a study by Shaikhina et al. (year),
they explored the use of regression for further evaluating the micro-CT
scans of patients, as a means of predicting the correlation of age to the
severity of osteoarthritis in male and female patients. Although this example
is not an SkM-related example of regression, it is still one that has
successfully been developed to potentially be a predictive tool, on the
expansion of the data set in years to come.
For regression in this chapter, the myotube width was put as the leading
independent variable for comparison, although it too can also act as a
dependent variable as seen earlier on in this chapter. To re-examine the
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relationship of these variables, but in respect to chamber type regression is
also tested on the 8WC, as well as the PEEK for the condition 4/10 days.

4.6.1 Regression models for width versus number of
nuclei per myotube or length
Regression lines were created based on the data points of each graph
(independent variable as myotube width versus the individual dependent
variables), where the regression line of fit went through the points, based
on its relative and even distribution through the data points. The slope of
the line reflects the change in Y-axis (the independent variable) that is
accompanied by a change in X-axis (myotube width), and as a result, it is
possible to produce a value that reflects the slope of a line (Mendenhall,
2017).

Figure 4.12: The internal and external morphological changes of the 3D PEEK
constructs across the time intervals (0-14 days). This is a schematic of the visual
myotube morphological changes as well as of the construct area deformation that
took place over the experiment’s duration. In this case, the measure is change in
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the

width

of

the

PEEK

construct

within

its

well

2

(mm ).

This

takes

into

consideration the number of nuclei across these time intervals.

Based on the limits see (Table 4.1) the angle of the slope when interpreted,
states the relationship of the data, a steep slope means that a small change
in X is accompanied by a substantial change in Y. The regression graphs
(8WC Figure 4.13- and PEEK Figure 4.14 for 7/7 days condition) for the
number of nuclei versus myotube width generated a steep slope, which
means that a large myotube width indicates that a higher number of cells
contribute to the formation of a myotube. Whereas a shallow slope means
that a large change in X is accompanied by a small change in Y. The
shallowest slope from the data is PEEK's graph number of nuclei versus
myotube width graph in Figure 4.14, so in other words, broad myotube
widths from the mean indicate that there will be a few number of cells that
constitute to the formation of the myotube. The slopes for both PEEK and
8WC indicate a positive relationship between the independent variable and
the myotube width.
The regression line of particular interest is the number of nuclei (see Figure
4.14) the slopes of the lines are slightly different, when comparing both
chamber types. PEEK had a shallow slope (the equation of the line: Y =
0.3084*X + 3.987), which is likely due to a few outliers in the data set, that
have implied strong skewness in the linear fit. This skewness is expected to
have affected the PEEK's linear regression R2 value (otherwise known as the
correlation coefficient). An R2 value closer to one indicates a very strong
(perfect) relationship between the two variables of 1 effectively represents
100%. Therefore, the values of R2 can be converted to a percentage form.
The PEEK's R2=0.1906, converted to 19.1% is low, therefore 19.1% of the
data shows a correlation between the two variables tested. Although a low
correlation is given, there was noted to be opposite significances between
these same two variables with a p-value of <0.0001, which suggests that
there must still be relevance between both sets of data. Whereas, the slope
of the 8WC linear regression (Y=0.3638*X + 1.406) shows better strength in
the relationship between the two variables (myotube width versus the
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number of nuclei). This is because the 8WC R2 = 0.45, equates to having a
45% correlation between the two sets of data, this showed a moderate and
strong relationship. Significance between the two variable is also noted in
the p-value <0.0001 for 8WC.
The graph for the nuclei verses myotube width showed optimisation when
the PEEK 7/7 constructs were tested, and an improvement on the R2= 0.51 =
51% p<0.0001, which is an improvement to PEEK 4/10. The data points are
closer to the line of fit as opposed to loosely scattered around this line. The
linear regression for the length of both chamber types, were calculated as
seen in table 4.3. The slope of the line as seen in Figure 4.13, Figure 4.14,
the R2 as percentages are given as for 8WC 6.6% p-value =0.0080 and PEEK
R2= 3.2% P=0.0251. PEEK 7/7 model, p-value <0.0001 and the R2 = 0.1522,
which is an improvement on the similar chamber type for 4/10 condition, so
much so that the appearance of the slope has also changed, becoming
steeper, representing the strength of the relationship.

Figure 4.13: 8WC construct linear regression graphs. Regressions for the lengths
of myotubes and the number of nuclei are each shown against the myotube width
for

the

respective

8WC

and

appropriate

conditions

at

4/10

days.

In

the

nomenclature of ‘4/0 days’, the number before the slash gives the days in growth
media, while the number after the slash gives the days in differentiation media.
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Figure 4.14: PEEK construct linear regression graphs. Shown are regressions for
the lengths of myotubes and numbers of nuclei versus myotube widths for the
respective PEEK constructs and appropriate conditions (4/10 and 7/7 days). In the
nomenclature of ‘4/0 days’, the number before the slash gives the days in growth
media, while the number after the slash gives the days in differentiation media.

Using the upper and lower limits of in Table 4.1, when these values were
plugged into the equations generated from the slope of the line once
regression was plotted and the values of prediction of the extreme ends of
the data limits can be seen in table X. An example of an application for
prediction is for the upper limit of myotube width. If the limit value is added
to the X of the equation for nuclei versus width PEEK 4/10 days Y = 0.3084*X
+ 3.987 – in Table 4.3. The value generated is just provision to what could
be expected should the experiments follow the average expected outcome
for the tested experimental condition.
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Table 4.3: Linear regression equations and calculations. These are the upper and
lower limits of the parameters plugged into the y equations to provide the
calculations

for

the

respective

chamber

types

(8WC

and

PEEK)

and

the

appropriate conditions (4/10 and 7/7).

4.6.2 Linear regression for deformation
The linear regression for deformation was tested on the PEEK 4/10days only.
Figure 4.4 shows a range of R2 values for the different interval days. The
general trend is that the regression increases over time (exception of day
18). The R2 are as percentages: Day 4 R2= 65%, Day 7 R2= 47%, Day 14
R2=61%, Day 18 R2 = 1%, Day 21 R2=79%. This follows the trend that the
linear line changes from a negative relationship then the data shifts towards
a positive relationship over time (Figure 4.15). The equations of the lines for
the time interval can be seen in Table 4.4. The outcome of the regression
graphs showed that day 4 and day 14 are the best for predicting myotube
width as the collagen is constructed by the cells.
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Figure 4.15 3D SkM PEEK construct deformation regression graph against width
for the 4/10days study, over the time interval of 21days. The lines of linear fit, for
2

the respective days, along with their R values.

The calculated limited addressed earlier on in regression sections of this
chapter, was applied again. These were the upper and lower limits that have
been generated for myotube width as outlined in Table 4.1 was plugged into
the missing data required for X in the equation of the line for deformation
of the respective days, outputs can be seen in Table 4.4.
Obscure data are where the equation of the line is given as a minus value,
i.e. day 4, day 14 and day 18, in this case this when predictions are longer
applicable, probably due to outliers (large SD) that causes the skewness of
the slope. A prime example of this is the equation for day 14 given as Y= 1.582*X + 77.39, inputting the upper limit for myotube with causes the
output value to be –80.81µm, this is not valid value output for construct
deformation, its interpretation like to be that myotube do not exist with the
construct, and on slope for day 14 morphological observation shows
myotubes are known to be present.
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Table 4.4 PEEK Deformation Linear regression equations and calculations. The
upper and lower limits for the PEEK construct for deformation of the construct
over the experimental duration. The limits were plugged into the R2 equations to
give the calculations for the respective days.

4.6.3 Multiple regression
As a part of further investigating linear regression, multiple regression was
conducted for the PEEK 4/10 days study to have an understanding of how
the data point significance sourced when tested against each other, (seen in
table x) where values closest to the value 1 are those that have the
strongest relationships between the appropriate test variables. The
outcomes of multiple regression revealed that all five input parameters
valued contributors to the myotube index (width, length, nuclei, day,
confirmation), showed significance between one another. Thus, the
dimensionality of the model cannot be reduced without compromising its
accuracy. However, the key focus of this test was the model summary and
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the R2 value produced was 0.45 as a result of this complex grid regression
model. This may be a low value, furthermore, with the considerations of
limitation of this study that will follow in the next section. This overview for
multiple regression is not bad, which taking into account the large variability
of the SDs of the data for each of the individual parameters, which make up
the myotube index.

4.7

Discussion
4.7.1 Short-term Study: PEEK only

This particular study is informative in investigating a process in which
myogenesis can be fast-tracked to gain differentiated myotubes. It is also
evident based on observation analysis, that the length of time the
constructs were in growth media (GM) affected myotube formation. The
longer in growth media, the better the success of the merging myotubes.
This is indicated by the 4 days conditions, as they increase in their time in
growth phase in particular (4/0) days. This was the longest in GM phase. It
was assumed that the cells might need a minimum of 4 days or longer to
start the process of myotube formation. This is consistent with the research
finding by (Smith et al., 2012) as well as the idea that skeletal myogenesis
needs both temporal and spatial cues for myoblasts cells perform and
behave in the correct manner (Hicks and Pyle, 2015). Therefore, they need
to receive the appropriate external chemical cues at the right time for the
cell to behave in the correct manner. Observations showed that there are
more nuclei present in the 7 days conditions than the 4 days. It is likely that
this is due to the fact that the constructs were longer in culture and an
assumption could be made that cells are able to proliferate in this time.
Therefore, increasing the number of cells present, this is because the
collagen hydrogel matrix is one that would support such growth. However,
deformation removes this assumption that the increase in nuclei/per image
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is a result of proliferation, but not that deformation would increase with
extended time in GM.
Additionally, without assumed possible proliferation, the constructs had a
long time to deform and contract the matrix bringing the cells into close
proximity to one another (than the 4 days). Close proximity is a key/
fundamental process for the formation of myotubes during myogenesis
(Mudera et al., 2010), without cells being close together in proximity the
success of fusion cannot occur.

The number of nuclei per field of view

within the images increased with the number of days in growth media.
However, this could have been due to the contraction of the matrix. This
was analysed in subsequent sub-studies within this chapter. Based on this
short-study it was insufficient to achieve both the aim and hypothesis set
for the short-term study, which was to compare to the standard 14 days
control (4/10 days), as described in the previous experimental chapter. The
results of the 7 days conditions (except 2/5) showed more promising results
than all 4 days conditions in achieving the aim of producing a fast SkM
construct, that would have comparable myotube to the standard control.
Due to the initial set back of this study, the focus turned back to the original
control duration of 14 days to try and obtain muscle constructs with
improved myotubes in terms of positive outcomes for the parameters of the
myotube index.
Myotube formation is driven by both mechanical cues and serum
withdrawal. However, the data for 4/0 (as well as 7/0) more importantly
indicate that mechanical cues may take a greater role than serum depletion
in this process.
Muscle-specific mRNAs essential to matrix remodelling and early and late
differentiation of skeletal myoblasts were assessed (see methods and
materials). The muscle marker, MMP9, was the only muscle marker out of
the four assessed to show variations in the expression levels. MMP9 is a late
marker of matrix remodeling where successive increased in expression duly
noted for 4/0, 7/0 and 14 days (4/10) respectively, highlighting the order of
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magnitude at which this mRNA needs to be expressed at stages on the
muscle construct development towards maturity. Based on the 4/0 condition
an assumption could be made that culture conditions may require a
minimum of 4 days in regular growth media before remodeling can occur.
However, condition 5/2 – skews this theory as it showed significance to the
day 14 control. To gain a balance between these sets of data it could be
suggested that 4-5 days may be needed to initiate matrix remodeling stage.
Here, it would have been best to test also for later markers of
differentiation (troponin 1 and myosin heavy chain).

Table

4.5

Multiple

regression

for

the

myotube

parameters:

(width,

day,

deformation, number of nuclei, length). Measuring each of the parameters against
the other parameters to observe the statistical differences. As well as the overall
significant value of the entire data set.

MyoD an earlier marker of muscle differentiation should be more likely
present in higher concentrations in the 4 days experimental conditions.
Conditions 3/1 and 4/0 had no sufficient time in the depletion of nutrients
185

to activate change in external temporal cues to trigger the later maker of
differentiation, therefore no fusion process could occur. Comparison to the
day 14 control showed opposite results. MyoG is a late marker of
differentiation, so by not having a significant difference in the 7/0 days or
the 4/0 days short-term constructs is likely that late differentiation may not
have fully commenced within any of their sub-conditions (3/1, 2/2, 2/5, and
5/2) these constructs, which is supported by observational analysis/evidence
that late differentiation is unlikely to have happened yet for the constructs.
4.7.2 Long-term study: Comparisons of Chambers (PEEK
versus 8WC)
The extent of differentiation of the SkM constructs, investigates the
condition 1/13 days were only a few myotubes were counted for both the
PEEK and 8WC constructs, whereas the (4/10) study showed an increase in
the number of myotubes present. An overview of all data showed a trend in
results for the myotube index for constructs of condition 1/13 days had
lower mean values, regardless of the chamber type when compared to the
4/10 days condition. In some cases there was significance in this
comparative data. One of the key parameters that have important
information is the fusion index data; as this takes into consideration the
number of nuclei incorporated into myotubes as a percentage of the total
number of nuclei. The fusion index was higher in PEEK compared to the
8WC. A possible reason for the observational and data differences, is the
PEEK model could have polynucleated myotubes– although they are already
multinucleated. What is meant by this, is that there are more nuclei found
on average within each myotube. In this particular study there is a
compromise between hyper-nucleation or polytrophy of the myotubes. This
leads onto further evaluation as to whether having more cells (more nuclei)
per myotube is better or if more myotubes are better for the overall success
of optimization- based on this work both are just as important as the other,
and a balance between the two is where success lay for SkM TE.
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The average number of myotubes is higher for the 8WC then the PEEK for
both conditions (1/13 and 4/10 days). This was expected (hypothesized) as
more cells are present within the constructs, and this is due to more cells
being present in the final volume of the construct. However, calculations of
the number of cells (cell density = the number of nuclei) per mm 3 at day 0
for both of the construct types. PEEK has more cells present per mm3 than
8WC at 0 days which gave the value 1075mm 3 versus 1400mm 3 per 2 million
cells. The percentage difference is 23.2% in the volume (mm 3 ) per 2 million,
and a likely reason to explain why there may be more nuclei per myotube for
the PEEK constructs. The data confirmed that 8WC constructs, frequently
had higher mean values than the PEEK construct for the all parameters
measured (Figure 4.5, Figure 4.7). However, these figures do not necessarily
mean that the 8WC is better than the PEEK, Equally, regardless of the time
spent in growth media, it does not affect the width size of the myotubes in
culture and therefore is a reason to accept the null hypothesis (no
optimisation). However, this is a contrast to the PEEK chamber construct,
where a change in condition by extension of 3 days extra in GM 7/7 days
sees a change in the width difference is 4.5%. Therefore, from these
experiments we can conclude that an increase in time spent in GM improves
myotube quality.
In normal in vivo skeletal muscle myogenesis requires a delicate balance
between enzymes within the ECM. Matrix metalloproteinases (MMPs) is
expressed in skeletal muscle. This is inclusive of the gelatinases MMP-2 and
MMP-9 (Kherif et al., 1999) that degrade collagen. In addition to secreted
MMPs, membrane type-1 MMP activates MMP-2 has proteolytic functions
near the cell surface (Ohuchi et al., 1997). mRNA effects changes not only at
the molecular level as sequential changes are likely to affect cellular level
(Malatesta et al., 2014, Chase et al., 2002, Kaessmann, 2010). Therefore, the
reverse would be true, were affecting morphologically (microscopic)
outcomes – i.e. the longer the time in growth media the more nuclei that
are present; as well as gel deformation (macroscopic), which could be linked
to increase in mRNA of MMPs that remodeling the collagen matrix, that has
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to occur in some form for contraction of the cell to take place. The overview
of the gene expression data helps to consolidate further the data collected
for the myotube index and deformation.
Analysis of the construct area reduction (deformation) does tie in with ECM
remodeling and its turnover, required for regulation of processes such as
cell migration, myotube formation, and degradation and reorganization and
of the matrix during muscle adaptation - muscle degeneration (Gillies and
Lieber,

2011,

Gillies

et

al.,

2017)

and

contraction

which

involves

deformation of the SkM construct. 8WC generally had lowered deformation
compared to PEEK, this did not interfere with the myotube index measures
and generally the data obtained for mean values of both 1/13 and 4/10 were
higher than PEEK. However, conflict in one of the key measures is the fusion
index, showed favour for the PEEK mould.
4.7.3 Long-term: PEEK only
The 7/7 days showed more myotubes on average present in the field of
view. The trend was noted that the longer the construct is in growth media,
the mean value for the parameters of the myotube index increases. The
information added from the extra time point 7/7, makes for an interesting
discussion. This is because the “gold standard” of muscle 4/10 day
constructs published by the following research groups (Cheema et al., 2003,
Mudera et al., 2010, Smith et al., 2012) may no longer be the gold standard,
this is dependent on the perspective in which the following data is analysed.
The 7/7 condition in comparison reported higher mean values than 4/10, for
all measure assessed for the myotube index. However, the significance is
often limited to comparisons 7/7 versus 1/13 rather than 7/7 to 4/10 days;
this is with the exception of the number of myotubes. Nonetheless, the
anomaly of this expectation is pivotal to this study in relation to
optimization, advancement and improvement of the constructs, partly
fulfilling one hypothesis of this chapter.
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Greater perspective on this study’s data shows that the 7/7 days versus 4/10
condition

are

more

polynucleated

myotubes

(although

already

multinucleated) and hypertrophic – what is meant by this, is that there are
more nuclei within each myotube and there are more myotubes than the
“gold standard”. However. there is no significance between 7/7 and 4/10
days, even though mean values tell a different outcome, this then begs the
question as to whether the process of optimization via this method is worth
changing subsequent studies.
The mean values for 7/7 days were similar to 4/10 study and there was no
significant difference noted over time, even though results highlight that
the percentage difference between the mean values of all conditions over
the timed intervals was noted. The trend that was observed in earlier parts
of this chapter, hold true to this condition, that the longer the constructs
are in growth media, this enables (a little more) contraction of the
surrounding collagen matrix to which the cells are attached.
The uniformed trend in the profile of the mRNA expression with the
additional condition 7/7 days, showed a bell-shaped curve for all the SkM
makers measured. The data suggests that an increase in the growth phase,
reduces the expression level of the measured markers. An assumption can
be made for MMP9 of 7/7 days as well as the other markers, in that they are
no longer needed, not because myogenesis is being hindered or prevented,
but that activation of later mature markers (i.e. Myf4) were required, and
suppression of these "earlier markers" takes place. Nonetheless, to prove
this theory, further tests would have been conducted for later makers of
expression to determine where the constructs are in the myogenic lineage,
this would have put morphologically observational analysis into better
context with the mRNA data, and adding creditability to this hypothesis.
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4.7.4 Regression
The regression limits imposed in Table 4.1 for the variable, were based on
the limitation of the chamber or composition, where significance has been
stated as this has enabled the rejection of the null hypothesis. The skews in
the data of the slope and the reflection in the final percentage value
calculated from R 2 is likely to be because of possible outliners. The
relationships of 8WC showed a stronger correlation between two tested
dependent variables than PEEK. However, this is contradicted when
observing the graph, as all the data points are at the lower left-hand side,
indicate that as the width increases, it does not actually mean that the
majority of the constructs lean towards having more nuclei per myotube.
Optimisation using 7/7days condition correlations with the earlier presented
preliminary data in this chapter on nuclei for the PEEK optimization, this is
because, 7/7 days verses 4/10 days showed an improvement on the number
of nuclei per myotube by a difference of 32.6%. The 7/7 days length versus
width graphs also become steeper, representing an increase in the strength
of the relationship. Suggesting that optimisation by 7/7 days condition may
be a better option for use in future prediction tool for in vitro SkM
assessments towards in vivo morphologies, even if the earlier preliminary
data in this chapter confirmed that there was no significance between 4/10
and 7/7 days. Comparison of the two different chambers showed that the
8WC slope is slightly steeper than the PEEK, representing a slightly stronger
correlation between the relationship of these variables of just over 3%.
Significance for PEEK only and not for 8WC as the p-value exceeds 0.05.
For regression on the deformation data, the weak regression relationships in
these instances, negative slopes as generated from the data. Negative
slopes help to underscore why predictive tools, equations or models are
simply a guideline of a single possibility, as with many scientific
experiments, unknown factors can skew data. In best case scenarios of use
of such predictive tools, equations or models, is when a larger samples size
is used for confidence in the outputs generated.
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4.7.5 Conclusion
These long and short-term studies highlighted that conditions under which
skeletal myoblasts are cultured in vitro are vital and critical, not only to
growth and differentiation, but in turn their morphological and behavioural
outcomes.

Without

over

complicating

the

plans

for

experimental

optimisation, it was aimed that changes in the culture conditions would
trigger cellular, behavioural change as a result of external and internal
changes to the construct and the cells within. However, this did not fasttrack cellular behaviour towards differentiation sooner to gain myotubes
compatible to the 14 days. The hypothesis of producing muscle constructs
with myotubes within a shortened timeframe, was unsuccessful in the shortterm study’s aims. Interestingly, for the long-term study the fusion index
can be explained for the 1/13days condition, where the early media switch
and extended time in DM, did not produce quality myotubes than the
standard control 4/10. For the PEEK only study, although there was lack of
significance between the 4/10 for PEEK versus 7/7days, the latter condition
did show progression by an increase in the mean value (more myotubes),
with no compromise on the quality of the myotubes. Plans for this
optimisation study is to explore more ways of optimization for both the
short and long-term studies for the SkM constructs. By combining, different
variables/factors, i.e. growth factors such as VEGF, IGF1, laminin and
fibronectin as other inputs to the method of optimization to fulfil the aim of
this study.
It is clear based on this data that 4/10 is better. PEEK is an improvement on
8WC for simplicity, low failure and better construct deformation.
The regression graphs have given insight into the use of these models as a
potential predictive tool. Furthermore, predictions using such regression
with data that is a very innovative tool to use for biotechnological and TE.
However, using regression for assessing the outcomes of future studies
could be a little far-fetched when using the small n number of this study, (as
well as that which has high standard deviation values). However, a larger set
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of test data (Mendenhall, 2017) for the model would be recommended for in
vitro, then possible clinical in vivo applications. As large data sets have more
reliability and credibility attached to them. The aim using regression data as
a predictive tool, the more data the better as it will take into account more
variation between repeated measures as well as its errors. Although either
one of these regression models (linear or multiple) gave high accuracy for
reliable future predictions using this data, a future study would have added
more data, reduced variability and strengthened the probability of
prediction accuracy of the data. The overview of the regression data is that
the 7/7 is superior to 4/10 days in terms of the data outcomes for
regression that shows tighter data points around the linear fit by giving a
higher value for R2.
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5 Biotesting drug delivery using
Simvastatin Nanoparticles
5.1

Nanoparticle application

The applications of nanoparticles (NPs) have become numerous and their
use has exponentially grown in both experimental and clinical settings
(Yildirimer and Seifalian, 2011). There are also a variety of different types of
NPs, with different compositions (i.e. natural or synthetic compounds).
Natural compositions are designed to be more readily biodegradable (i.e. to
free or control drug release) (Kadam et al., 2012). Like natural biomaterials,
synthetic NPs can be designed for biodegradability as well as stability and
durability (i.e. cell tracking- (Huang et al., 2011, Pan et al., 2011), cancer
cell targeting (Peer et al., 2007); (and) drug delivery or for medical imaging
(Gref et al., 1994). This chapter looks to explore the use of simvastatin in NP
form, as a means of reducing possible side effects of the simvastatin drug, in
relation to links to muscle myopathies.

5.2

Aims

In light of the fact that Simvastatin is poorly soluble, was to use a
biomaterial that would help with its delivery, as well as reduce its side
effects. The aim of this chapter was to use TE PEEK SkM construct as a
testbed/potential diagnostic tool:
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To explore and test new methods of drug delivery (crucial for increasing
efficacy, by minimising effects to no-drug targets, i.e. SkM)
To observe, measure the myotube index and compare the effects of
Simvastatin in two different states: Liquid (LIQ) and nanoparticles (NPs).

5.3

Chapter 5 hypotheses

The hypotheses of this chapter are posed as statements, where the
experimental work sought to investigate the outcomes (positive or
negative):
The use of the biomaterials (a type of nanoparticle - HA-DOPA) will help to
highlight or shed light on how the developed SkM construct can be used as a
diagnostic or screening tool.
The use of simvastatin in HA-DOPA nanoparticle form will reduce the side
effects of this drug on muscle morphology at low concentrations.

5.4

Methods
5.4.1 Chamber configuration

Muscle construct facilitation was by the use of polyether ether ketone
(PEEK), a plastic chamber as described in chapter 2.
5.4.2 Cell seeded collagen skeletal muscle constructs
Using standard seeding conditions as aforementioned to create and develop
SkM constructs. Procedures required the use of a humidified incubator at 37
and 5% CO2. The experimental duration was 21 days: 14 days were for the
development of myotubes and the next 7 days were post-assessment of the
drug's action on myotube morphological and gene expression outcomes. A
volume of 6mls of GM for 4 days, replaced with differentiation medium (DM)
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for 17 days with 1% v/v penicillin-streptomycin, which was replaced every
24 hours. Six replicates were created for each concentration in three
independent experimental repeats. The total n number was 6 constructs per
condition: 3 for histochemistry and 3 for qPCR (gene expression).
5.4.3 Preparation of Simvastatin
Simvastatin Liquid (Sim-LIQ) 5mg powder (Sigma-Aldrich, United States of
America) was suspended in PBS solution to 1mg/ml w/v. The appropriate
concentrations were created from the suspension by four series dilution by
a magnitude of 10% from the stock solution. The concentrations were
0.017µM, 0.03µM, 0.17µM, 0.33µM, 1.67µM, 3.33µM, 16.70μM, 33.33μM,
167.00μM and 333.33μM. Not all are explained in the results and discussion
sections below – this was to focus the study (see appendix for all data). The
simvastatin in liquid form was a comparative reference for the use of the
nanoparticles, which is the primary experimental focus of this study. For the
calculations of Simvastatin concentrations see chapter 2.7.
To test an alternative delivery mechanism for simvastatin, nanoparticles
with the natural composition of hyaluronic acid and dopamine (HA-DOPA)
were used. These lyophilised simvastatin nanoparticles (Sim-NP) were kindly
donated by Prof. Oommen Podiyan (Uppsala University, Sweden –BioDesign
consortium partner) and were refrigerated at 2-4°C and stored in the dark
prior to suspension in PBS. The pH of the solution used for suspension of the
nanoparticles is known to affect the swelling of nanoparticles (reference),
therefore, a neutral pH 7 was used, at which the nanoparticles are known to
be measured at approximately 250nm (Zhu et al., 2015). NP size was
confirmed by Scanning Electron Microscope (SEM), where the NPs size was
measured between 180-250nm (Figure 1.8). Active simvastatin within the
lyophilized nanoparticles is 10% (w/w) mass of the dry material weight and
Sim-NPs were suspended in PBS solution to 10mg/ml w/v, making 1mg/ml
active simvastatin. Both types of simvastatin suspensions (Sim-LIQ and NP)
were the same concentration of active simvastatin, before their addition on
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day 14 to the media surrounding the PEEK chambers. Prior to their addition,
they were refrigerated at 2-4°C in construct differentiation media.
5.4.4 Simvastatin Nanoparticle SEM imaging and size
characterization
The re-suspended nanoparticles were dried onto circular carbon tape
attached to SEM metal platforms/stubs in a drying oven overnight and were
sputter coated with a thin layer of conductive metal gold/palladium.
Conductive nanoparticles were imaged on a Scanning Electron Microscope
(SEM)

(JEOL-7800F,

United

States

of

America)

(Figure

1.8),

with

magnification set at 10000x. Six images were taken randomly around the
metal stub. Measurements of NP size were obtained by the use of Image J
from the scale bar embedded from SEM imaging. Three nanoparticles were
measured from each image.
5.4.5 Simvastatin treatments
The simvastatin solutions were briefly vortexed to enable homogeneous resuspension, prior to the drugs being added to constructs during a full media
change. From each indepentdent study a control constructs on day 14 were
stained and imaged to ensure that the cells had differentiated into
multinucleated myotubes. The rationale for using the concentrations of
simvastatin in this study is that simvastatin ranges vastly between published
research papers between 10 µM - 400 µM (Kaufmann et al., 2006, Mullen et
al., 2010, Taha et al., 2016, Skottheim et al., 2008). Where notably,
(Vandenburgh et al., 2008) in a 3D SkM TE study used Atorvastatin at
12.5mM, which is twice a potent than simvastatin. These are the final
diluted concentrations of the drug in 6mls of media. Later, they were
categorised into group based potency seen by their morphological effects in
this study: High concentration: 333.33μM; middle concentration: 3.33μM;
low concentration: 0.03μM. (Please see supplement additional material for
the full range of doses.) The positive control for both treatment types was
HA, and the negative control was empty nanoparticle carrier (CAR) (this was
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for the nanoparticle study only), these controls were both at the highest
concentration (333.33μM). Constructs were administered with the drug for
24 hours on day 14. It is worth noting that the concentrations used in this
study are approximately 100-fold higher than the calculated in vivo
concentrations stated by Bjormkhem-Berkman and Bergman (2011).
5.4.6 Myotoxicity Testing
To test for cell metabolic activity (it was defined as myotoxicity), an Alamar
Blue® assay was conducted. Upon media change, 10% (v/v) Alamar blue®
within the DM media was refreshed in each well. The incubation time for the
Alamar Blue® assay was 4 hours. On day 14, the assay was conducted postdrug addition. A volume of 0.5 ml was extracted from each well and 100ul in
triplicate was added to black (opaque) 96 multi-well plates (Nunc Ltd,
United States of America). Alamar Blue® assays were repeated for days 18
and day 21, with the same four hours incubation time (data not shown- see
supplementary). This was to observe sustained damage or possible recovery
of myotubes, without having to sacrifice any constructs for microscopic
observation. The absorbance was tested on Varioskan Fluorscan (ThermoScientific, United State of America) with 540-570 Excitation 580-610
emission. Cell metabolism for the treated simvastatin values were measured
to their internal control for that experiment.
5.4.7 Fluorescent staining
The volumes, dilutions, repetitions, incubation periods are the same as
described in chapter 2.
5.4.8 Microscopic & Macroscopic images
Images of fluorescently stained TE SkM constructs were obtained using a
Confocal Microscope (Zeiss LSM 880, Carl Zeiss, Germany) and 40X oil
objective. Sets of 12 random images were taken of myotubes within the
constructs of each concentration for each simvastatin type. The macroscopic
images of whole constructs within their chambers were taken throughout
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the experiment for deformation measures (Figure 1C) and for deformation
measurement were taken of the whole construct area. Images captured
were taken using an available digital camera, a scale bar was added with
images in FIJI Image J, based on a known measure.
5.4.9 Image analysis of seeded collagen skeletal muscle
construct
All Images (micro and macroscopic) were processed using FIJI Software by
Image J (NIH, Bethesda, MD), to collate the data for the different
parameters of assessment required for the evaluation of each concentration
for each simvastatin type. The following list of measurements are referred
to, collectively, as the myotube index and were obtained for each construct:
myotube width, myotube length, fusion index, number of myotubes, cell
density and the number of nuclei per myotube. Myotubes classification was
determined that a single elongated membrane structure had to contain
three or more nuclei within (Ge et al., 2014, Cadot et al., 2012). Irregular
mass, clumps (myo-sacs) or multi-branched aggregation conformations
(dysmorphic myotubes), with three or more nuclei were not counted as
myotubes. Most myotubes were aligned, to the uniaxial isometric lines of
strain within the gel. However, singular branched dysmorphic myotubes
were counted. Using an average of 10 measurements along the myotube
length enabled an average myotube diameter to be calculated (Agley et al.,
2012, Rommel et al., 2001) for a representative measure. The fusion index
was calculated as the number of nuclei incorporated into myotubes
expressed as a percentage value for the total number of nuclei in the image
frame (Martin et al., 2015).
5.4.10 RNA extraction and real-time polymerase chain
reaction (qPCR)
The RNA primers (Table 2.2) and procedure for RNA extractions and qPCR
were as outlined in Chapter 2.
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5.4.11 The experimental outline
Biotesting of simvastatin, a known (biochemical) agonistic drug to muscle
development, a result of side effects linked to the cardiovascular
simvastatin drug. To understand how drug delivery could improve and
reduce effects on non-specific targets, the effects of simvastatin in its
native form had to be studied alongside that of the NPs version– proposed
for more effective drug delivery. The outline is seen in the figure below
Figure 5.1. The measure was over a range of 8 doses including control
studied over the course of 21 days. Once the study was completed the
measures of the myotube index were assessed to evaluate the outcomes.

Figure 5.1 Outline of the experimental conditions for Chapter 5.

5.4.12 Statistical analysis
All Significance was set at an alpha value of p ≤ 0.05,( see chapter 2.8).

5.5

Results
5.5.1 Simvastatin alters the morphological appearance of
myotubes cultured in a 3D collagen matrix, and the
Myotube measures of Simvastatin treated samples
to the control

An observational morphological dose response was notable for both liquid
(LIQ) and nanoparticle (NP) forms of the drug shown in Figure 5.1. The
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highest concentration 333.33μM had the most detrimental effect on
degradation of the myotubes. Observational analysis saw physical myotube
disruption (i.e membrane fragments and compromised nuclei), this was later
converted and displayed as quantitative data by measurements of various
myotube characteristics, when compared to a typical morphology of in vitro
myotubes. These images in (Figure 5.2) clearly degradation of the myotubes
as a dose-response when the concentration of the drug increases, this can
still be assessed by the myotube index, showing that these measurements
are a good tool as they have great versatility.

Figure 5.2: Morphological appearance of myotubes within the 3D constructs in
response to simvastatin added to the media on day 14 for 24 hours. The images
are of constructs that were given 200μL of the specified dose at endpoint analysis
at 21 days. A and B are controls at days 14 and 21 respectively. C, E, F, I and K
are simvastatin nanoparticle constructs. D, F, H, J and L are simvastatin liquid
samples. Doses: C, D: 333.33μM; E, F: 33.33μM; G, H: 3.33µM; I, J: 0.33µM; K, L:
0.03µM. M and N are positive and neutral controls respectively. These images
show clear myotube degradation at the higher doses of 333.33μM to 33.3μM, then
progressive

myotube

preservation

after

33.3µM.

The

scale

bar

is

50µm.

(N.B.Measurements were taken at 20X, image evidence at 40X.)
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A list of parameters were measured, referred to in this project as the
myotube index – (supplementary data – for full listof measures) focused to
three main measures of interest (myotube width, number of myotubes, and
fusion index) (the extensive list of parameters measured can be found in the
supplementary data), which was(were) used to determine the overall level
of morphological differentiation in 3D TE SkM based on fluorescent imaging.
These parameters were used to assess the differences between the Sim-LIQ
and Sim-NP treated constructs (Table 5.2) at high, medium and low
concentrations (defined in methods and materials 5.3.5). There appears to
be a dose-response effect on all myotube measures investigated (as well as
those seen in supplementary data). Fusion index values reported for both
simvastatin types in high and low concentration. The high concentration was
significantly affected, in comparison LIQ was more affected 1.61 ± 3.81%
than NPs 2.87 ± 8.60%, where both gave p values that were < 0.0001.
Likewise, that (the) same was observed for the low concentration which
gave values of 55.31 ± 12.62% LIQ p-value = 0.0545; 78.98 ± 16.06% NP pvalue > 0.999. Where the reported P values for LIQ highlighted that even at
low concentration saw similarities in morphological observation to control,
there was nearly a significant difference between their fusion index.
However, this was not that case for NP. Also, HA NP values showed no
significance to the control (P value >0.999), but LIQ did (P value > 0.043).
Data also showed significance to the highest concentration for both
conditions (P values <0.0001 respectively). The response in the CAR data for
fusion index indicates that there is a significant decrease to its NP control,
which could be an experimental anomaly (P value= 0.0024). Myotube width
was also a measure of interest, because both conditions for the high
concentration had significant difference to control 0.47 ± 2.03µM LIQ, 1.33
± 4.02µM NP p values both < 0.0001, both HA had increased widths to their
respective controls, as well as HA to NPs and HA to CAR which were all
reported with significant values of P <0.0001. HA morphological evidence
shows hypertrophic sizes. Where the low concentrations were 18.09 ±
6.201µM LIQ; 16.68 ± 5.41µM NP, p values both > 0.999, which limited
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significance the low concentrations showed similarities to the control. CAR
showed no significant change to control or conditions P > 0.05. The number
of myotubes was closer investigated like the parameters assessed above the
high concentrations were reported as 0.40 ± 0.91µM LIQ, 0.75 ± 1.17µM NP
p values both < 0.0001 having significance to control in that there was a lack
of myotubes even when compared to control. The low concentrations were
as follows 5.54 ± 2.33µM LIQ p-value > 0.999; 9.22 ± 1.92µM NP p-value =
0.763. CAR showed no significant difference to the control, and the p-value
is as follows P > 0.999. However, significance was noted to high
concentrations for both conditions (p-value <0.0001).
The following parameters are outlined in the table below along with their
significant values. Parameters were compared to the control; nuclei size,
myotube length, cell density, number of nuclei per myotubes. As described
above for the parameters of particular focus, the trends of these parameters
to follows a dose-response, this was noted for both types of simvastatin
assessed. The results for these parameters are outlined in this chapter’s
myotube index, which generally favoured the use of HA-DOPA NPs.
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Table 5.1: Myotube index values. Here are mean measurements of the values for
the parameters of the myotube index and the p-values for their respective
controls. One-way ANOVA (post hoc test: Bonferroni). Data are mean values +/SD.

5.5.2 Simvastatin Myotoxicity in a dose-dependent
manner
Observations of disruption to the structure of the myotubes were noted in
some concentrations of both conditions (High and partly in the medium
concentrations), but low concentration and control. It was important to
assess metabolic activity as an indicator of myotoxicity. The myotoxicity
data (Alamar Blue®, Figure 5.2) showed a significant decrease in absorbance
(p < 0.05) for all concentrations tested (333.33μM, 3.33µM and 0.03µm) of
the Sim-LIQ when compared to control, with the exception of lowest
concentration (0.167µM see supplementary data). Whereas for Sim-NPs the
significance of myotoxicity was only reported for the high and medium
concentrations in comparison to the control, where the p-value is reported
as <0.0001 and =0.0009 respectively. While the overall data pattern showed
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a like-for-like trend with the dose response of the myotube index,
significance between conditions was also noted between the high and
medium concentrations, highlighting that there may be a difference in
myotoxicity between LIQ and NP. The data showed that there was
significance between NP and LIQ for concentrations 3.33µM and 333.33μM
where p values 0.333 and <0.0001 respectively. LIQ had lower metabolic
activity than NP, which may suggest that HA-DOPA NPs have a reduced
effect on the myotubes compared to LIQ. This result has importance as it
could also be suggested that HA-DOPA NPs should be used as a method for
possible drug delivery for cardiovascular treatment to minimise side effects.
5.5.3 Construct deformation is unchanged after drug
addition
Changes in myotube morphology can affect their behaviour within the
surrounding matrix, i.e. reduced myotube size may affect the passive tensile
properties within the surrounding matrix. Therefore, analysing construct
deformation provides an insight into how simvastatin treatment affects cellmatrix interactions. All constructs were non-drug controls until day 14 (day
of drug addition), with measurements being taken from the point of drug
addition (day 14) to the end of the experiment (day 2 Figure 5.3). As a
simple proof of concept, only the highest concentrations were recorded.
This is because the greatest effect in myotube morphology was seen at the
highest concentration, and was the logical step for further investigation of
the matrix in this condition. Construct matrix relaxation was noted to occur
after day 14. However, there was no significant difference in deformation
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Figure 5.3: Alamar Blue assay on day 21. This assay provides a measure of
myotoxicity caused by the drug simvastatin to the cells showing responses to
different concentrations compared with controls. The significance of the data
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compared to the non-drug controls for both treatment types the LIQ and NP
for days 14 and 18 (for the mean values and SD can be seen in Figure 5.4).
However, a decrease was noted on day 21, which was significant for control
of Sim LIQ to its high concentration (3.3mM) (P = 0.0037), as well as
between conditions NP and LIQ for the same concentration (P = 0.0061).
Lack of myotubes by disruption of their integrity (more so for LIQ than NP)
may be linked to the lack of tension/relaxation of the surrounding matrix as
a result of the high concentration of simvastatin. Factorial ANOVA analysis is
for day 21, which) also examined the sources of variation with main effects
between the overall data for simvastatin condition types- 11.85% P-values of
= 0.0068, which highlights its significance. The variations between the
concentrations- 27.80% with a P-value of < 0.001 is very significant.
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However, the interaction effect of both simvastatin type and their
concentrations with little variance - 9.66% and is not significant with Pvalues of = 0.128. The matching of subjects, which is the variation between
the single concentrations to the simvastatin condition type is 69% P-values
of = 0.6926. This deformation data has weighted importance as it suggests a
dose effect (of the concentration) of which corresponds with other data
patterns seen in this study, and confirms unanimously that the higher
concentrations

have

a

negative

tissue

response,

and

the

lower

concentration more positive in tissue response, suggestive of low drug
toxicity.

75

Point at which
drug is added

* p=0.0061
# p=0.0037

70
65
60

Control NP
Control LIQ
333.33µM NP
333.33µM LIQ
* = sig from control
# = sig from HA-SIM-NP

55
50

da
ys
21

da
ys
18

da
ys

45

14

Percentage area redcution (%)

Simvastatin
Construct Deformation

Time (Days)
Figure 5.4: 3D SkM (C2C12) construct deformation measured at time intervals
across seven days after drug addition for the simvastatin study. The graph shows
the area of the construct from the point reduction over the course of the
experiment. Between day 7 and day 14, there was approximately 30% area
reduction (wastage) for the 8-well constructs. This inadvertently highlights an
increase in the contractile force of cells within the constructs compared to PEEK.
The PEEK constructs showed a steady reduction over the timeframe of 4 to 14
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days. Two-way ANOVA significance is between 333.33µM, its control and HA -SIMNP; the p-values are indicated in the figure.

5.5.4 Gene expression variability in response to
simvastatin
mRNA expression analysis of key myogenic and matrix remodelling markers,
supports both the microscopic and macroscopic data presented previously.
Myotubes in the low concentrations are likely to have transitioned to a later
phase of matrix remodelling and possible differentiation. Analysis based on
the morphology in Figure 5.1, it was known that the myotubes in the high
concentrations of both simvastatin conditions were degraded or apoptosis
occurs that saw their destruction. MMP2 activates MMP9 in gene lineage for
the processing of differentiated myotubes (Fridman et al., 1995), both
interaction and dose had an effect on the outcome on the genes of the
MMPs gene profiles. MMPs 9 and 2 gene profiles for this experiment are the
opposite in response to the SIM control (Figure 5.4). There was a 3-fold
increase in MMP9 for the Sim LIQ at the low concentration p=0.002. For
both types of simvastatin, the other concentrations analysed showed no
significant differences to their respective controls. The increase of MMP2
could have been a burst expression/or acceleration as a form of survival to
initiate the progression of myogenesis from the dying myotubes, as a result
of the increase in simvastatin concentration for Sim-LIQ. Whereas for MMP2
Sim LIQ, there was a 5-fold increase in the high concentration p<0.0001. For
MyoG only the medium concentration 16.7mM (supplementary/appendix
data) for Sim-LIQ showed a significant increase in expression for MyoG P
value =0.0014. Only Sim LIQ conditions showed significant differences when
compared to the control for both markers MMP2 and 9 (Figure 5.4), whereas
NP did not. Together, the overview of the gene expression data helps to
consolidate the morphological findings further. Therefore, these results
could suggest the high concentration spike in MMP2, maybe remodelling the
matrix with early makers as an effort to repair or restore myotubes within
the construct. Whereas the MMP9 increase in the low concentration is likely
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indication that cells are in better condition to advance n to later
differentiation, which is supported by the morphological appearance of the
myotubes (Figure 5.2).

5.6

Discussion

Statins have been extensively tested and they are generally safe and welltolerated drugs. However, they are also clinically known to have adverse
effects causing SkM toxicity or sometimes described as myotoxicity (Taha et
al., 2014). The conditions of myotoxicity range from mild (muscle fatigue),
to severe (muscle wastage and rhabdomyolysis) (Geboers et al., 2016,
Itagaki et al., 2009). Simvastatin has low solubility (Ganesh et al., 2015), the
consequence of this is that simvastatin has low bioavailability, less than 5%
(Kato, 2008, Padhye and Nagarsenker, 2013). Where modifications to
nanoparticles can help with problems of low solubility of a drug (Oh and
Park 2014), this is key for a statin drug such as simvastatin. Nanoparticles
are new era technology, which if modified for specificity can aid the
different process of non-specific delivery mechanisms (Zhu et al. 2015).
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simvastatin or across concentration. However, the profiles of the MMPs are the
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reverse of one another. Significance is indicated by the horizontal bars that link
one concentration with another (p > 0.05). Data (day 21) are mean +/-SD for N=3
constructs from three independent repeats.

Fusion

≈ 81%

Nuclei Size

Decrease

No. of Myotube

Decrease

Width

Decrease

Decrease

1.67µM

0µM

333.33µM

3.33µM

Simvastatin dose response effect
Mild

Figure

Potent

5.6:

Schematic

of

the

dose-response

effect

for

both

forms

of

the

simvastatin drug. Concentrations are compared to the control (non-drug). The
general trend shows a decrease in mean values for concentration as the drug
dose increases from mild to potent. Parameters measured include fusion index
and nuclei size. Effectively, what is occurring is a detrimental effect on or
reduction in quality or integrity of the myotube as the concentration of the drug
increases.

Investigated here is whether HA-DOPA NPs could reduce the adverse effects
seen in morphological appearance (Figure 5.1) when compared to LIQ. The
dose-response in this study for both NP and LIQ treatments coincides with
reports to have been found with other statins in 2D studies, that at high
concentrations saw shorter or thinner myotube width, with cellular
degradation, wastage and death (Taha et al., 2014). The definitive method
for statin-related myotube disruption is not fully known, however some
reports suggest that one of the contributing factors is apoptosis, which can
result in the disruption of the cytoskeleton (Yokota et al. 2008, Ruiz-Velasco
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et al., 2004). This is likely the mechanism which causes compromise to the
integrity of myotube and induction of myotoxicity, which may account for
some of the outcomes witnessed within the data reported here as well as
provide possible understanding for patient (in vivo) related myopathies
(muscle fatigue and wasting). In light of the fact that in vivo symptoms of
muscle

related

myopathies

indicate

muscle

fatigue

and

wasting,

understanding what the cells are doing within these construct is key to
underpin possible explanations for in vivo like symptoms. Therefore,
investigating construct relaxation was key to this study, as an increase in the
area of the construct, rather than the commonly decrease in construct area
typically observed towards endpoint analysis. This construct relaxation has a
significant difference between the high concentrations and its control for
Sim LIQ treatment, which was not observed for Sim NP. To support the
evidence presented in this study about the gel relaxation an independent
and unrelated study by (Verhoekx et al., 2013) using myofibroblasts, showed
that seeded collagen construct could relax tensile force as a result of death
or compromised cells within collagen the matrix. Later in this same study by
Verhoekx, it was noted that increased relaxation of the collagen gel caused
an increase in MMP2. Likewise, in this study disrupted compromised cells
(those in high concentration simvastatin) also showed an increase in MMP2.
Similarities of in vivo muscle morphology in vitro prior to the addition of the
drug, enabled myotube toxicity and gene expression measures using the
(PEEK) 3D SkM tissue engineered platform. Parameters of interest from the
myotube index are semi-quantitative measures based on in vivo likemorphological outcomes are as described above in the results section.
Similar, but limited measures were conducted in other statin studies (type
1). Investigations saw changes in cell/myotube contour, cytoplasmic
vacuolation, or disruption or loss of myotubes (Dick and Jones; Masters et
al. 1995), as well as thinner myotubes in a concentration-dependent manner
(Hanai et al., 2007; Cao et al. 2009;), similar to the results observed in this
study. The fusion index (Table 5.2) is a standard measure of the extent of
differentiation, measuring the percentage of myoblasts/ myogenic cells
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fused to form multinucleated myotubes. Both Sim conditions (LIQ and NP,
Table 5.2) showed Figure 5.5 (also see supplementary data). For the high
concentration (333.33μM), there was disruption of myotubes and total
nuclei and number of nuclei per myotube were low, or a reduction in size
was noted, this explains why the fusion index was so low. There were
marked changes in nucleus size for both conditions (LIQ and NP) at high
concentration of the drug (Supplementary data). Myotube fragmentation
and disintegration can be seen in some images at the same concentration
(See figure 3), and therefore suggests that the damaging effect of the drug
(in both forms) could be rapid apoptosis. In two separate 2D studies (Itagaki
et al., 2009, Kaufmann et al., 2006), using morphologic evidence by
fluorescent microscopy 4-,6-diamidino-2-phenylindole (DAPI) fluorescent
stain there were signs of apoptosis. Kaufmann et al., 2006, visualised using
L6 myoblasts treated with different statins (one of the four including
simvastatin), saw fragmented nuclei of the rat L6 cells after treatment with
10mM fluvastatin or simvastatin for 2 days. Whereas the 3D study of
functionality by Vandenburgh et al. 2008 showed that there was a decrease
in active force was seen within 1–3 days at high atorvastatin (stronger in its
effect than simvastatin) concentrations (2.5–25 µM) and 3–5 days at lower
levels (0.01µM).
The construct was given one dose only and incubated for 24hours, with no
replenishment of the drug at any later time points . Based on literature, this
may not be the ideal incubation time, as it does not match clinical patient
administration (i.e. repetitive dosages). However, for this simplified SkM
model, this is a long enough timeframe for incubation, especially given the
question of these experiments: when one drug is given, what, if any, is the
recovery or regeneration of the 3D SkM model post-administration. In
retrospect, the result obtained in this chapter was a perfect combination to
understand and investigate the premise of this study. As noted, cytotoxicity
was seen, as described in the morphological appearance of the myotubes
within the construct.
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Cytotoxicity assays (is referred to as myotoxicity in this chapter) were used
to measure the mitochondrial and metabolic activities, as well as cell
viability of skeletal muscle cell lines (RD and L6) after incubation with
various concentrations of statins (Kobayashi et al., 2008, Kobayashi et al.,
2007, Masters et al., 1995). The value of the myotoxicity Alamar Blue® assay
data coinciding with the morphological observation, the assay confirms
depletion in cell metabolism or increase in myotoxicity based on redox
(metabolic) activity of the drug to myotubes within the suggested range
when compared to the control. Lipophilic statins (which is inclusive of
simvastatin) reduced cell metabolism significantly, predominantly in a dosedependent manner, this was also confirmed in (Sacher et al., 2005), as well
as seen in this study.
Analysis between the simvastatin conditions demonstrated that Sim LIQ had
a prevalent detrimental effect than Sim NP on both cell viability and
morphology, as well as reduced MMP9 in the high concentration. For Sim-NP
the drug’s action could be minimised by the presence of hyaluronic acid
(HA) (Oh and Park, 2014, Tripodo et al., 2015). The conclusions of the data
are therefore likely to suggest that there may be controlled release of
simvastatin from NP carrier or a counteractive effect of the drug when
delivered in nanoparticles. Concerning the RNA results, gene expression is a
function of time, cells can potentially be ordered by time (Ocone et al.,
2015), Therefore, it needs to be acknowledged that the expression of all
markers is a snapshot at a singular time point and that expression could
change over time in a dose-dependent way. However, further work will need
to be done to confirm this speculation.
Alamar Blue data was showed the similar profile as seen in figure 6, when
compared to days 14 and 18 (supplementary data). The mechanism by which
NPs are reducing the effect of the simvastatin drug is not known or
mentioned in the literature. Nonetheless, a study by (Chang et al., 2014)
reported that hyaluronic acid in the presence of simvastatin or pravastatin
was found to potentially have beneficial effects on osteoarthritis treatment,
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but also looked at the production of pro-inflammatory cytokine, and
inflammatory mediators to understand how HA can influence a positive
change. They also reported that HA with these lipophilic statins (pravastatin
and simvastatin) was able to lower NF-kB activity further than they were
when administered without HA. It was reported by (Bae et al., 2011) that
sustained release of Sim was observed in HA hydrogels loaded with 1 mg of
Sim, as a result a significant influence on osteogenesis was noted for both in
vitro and in vivo experiments using the HA hydrogel loaded with 1 mg of Sim.
As previously addressed, some drugs like simvastatin have low solubility and
bioavailability. Pharmaceutical sciences are using nanoparticles to reduce
toxicity, increase the availability of delivered molecules as well as to reduce
the side effect of drugs (De Jong and Borm, 2008). An emulsification study
by (Zhu et al., 2015) using different compositions of dopamine hyaluronan
nanoparticles (DOPA-HA-NPs), concluded that the dopamine moiety in the
copolymer, enhanced the surface activity of the DOPA-HA-NPs in oil-water
interaction. At increased pH (above pH 7.3), the disassociation of the DOPAHA-NPs occurs; therefore enabling the release of the drug. Hence, based on
the morphological evidence of the study, it is known that there is releases of
simvastatin from the NPs and can therefore speculate drug released could
be determined by change pH (Zhu et al., 2015) from neutral to more alkaline
basal medium.
With the disassociation of the NP, explained above, describes a possible
mechanism of drug release, but the effect of residual material was also
considered. HA is known to have advantageous properties (Tripodo et al.,
2015), hence the reason natural biological material was used in the NP
formulation. The action of Sim-NP form and its interaction with tissues and
cells is not solely based on its chemical properties but also greatly depends
on the actual composition of the nanoparticles formulation (Borm and
Muller-Schulte, 2006). Toxicity of the empty carrier (CAR) is key to
understanding if the effects seen in this experiment are not governed by the
composition of the nanoparticle (De Jong and Borm, 2008, Borm and Muller-
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Schulte, 2006). This is important to report as it shows that NPs could
potentially be used for other purposes. Based on the Alamar blue® study
toxicity, no significant difference was recorded for the control and is further
supported by the results obtained from the myotube index. The clear
mechanism that causes statin-induced myopathy has not been identified
(Copaja et al., 2012, Taha et al., 2014). Nonetheless, investigative measures
are being organised to reduce its adverse effects are being investigated
through the use of nanoparticles.
Targeted drug delivery also reduces waste of expensive medications that can
be lost to these non-specific target sites (i.e. absorbed) (Ganesh et al.,
2015). However, the nanoparticles in this study were not immuno-tagged
and possible retention of the NPs within the cells or surrounding EM (large
pore size in proportion to the nanoparticle) is not likely. The failure to
detect fluorescently tagged NP intensity at endpoint analysis after one dose
(24 hours), using confocal microscopy at 40x, is understandable. For
possible future detection of these NPs, sacrificial constructs would have
been fixed and imaged after the 24hours drug incubation period for possible
detection.

Natural NPs often release its cargo faster than synthetic,

depending upon the composition (Borm and Muller-Schulte, 2006, Zhu et al.,
2015). The action and release of the NPs loaded with simvastatin in this
study was concluded by morphological assessment on day 14, and were
assessed as outlined and explained above.
5.7

Conclusion

Presented in this chapter is a generic C2C12 model that 3D TE SkM construct
as an in vitro 3D TE SkM screening platform, which acted as an intermediary
in vivo-like replacement (saving significant time, expense in resources, and
usage of animals in moving pharmacological compounds forward towards
the clinic), to understand the action of simvastatin in vitro. The use of novel
Sim HA-DOPA NPs was used as a delivery mechanism and compared to the
reference Sim LIQ, where it was possible to investigate the cellular and
molecular mechanisms of statin myopathy to further characterise adverse
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effects based of the difference in the delivery mechanism. At high
concentrations, simvastatin caused severe disruption of the cytoskeleton
and low measures for width, length, number of myotubes, number of nuclei
per myotube and fusion index more so for Sim LIQ than NP. This was also
reflected in a dose-dependent manner. Due to the reduction in myotube
measures collectively, delivering of simvastatin via HA-DOPA NPs may be a
more suitable way of statin administration to prevent potential side-effects.
With promising positive results of HA and its derivatives seen in this and
other studies, it is disappointing that there is lagged integration into clinical
applications and that there are very few HA-based drug delivery systems
evaluated in humans in clinical trials (Tripodo et al., 2015). Future work
related to nanoparticles, can see lower dose administer by exploring NPs to
be designed/tagged to have a high affinity to increase (or decrease in other
cases) bioavailability and dissolution of the drug (Rao et al., 2010), as well
as increase in residence time and lymphatic uptake (Aungst, 1993, Padhye
and Nagarsenker, 2013). Further experimental work can also include the use
of HA-DOPA nanoparticles explored on individual patient cells within 3D SkM
TE constructs for diagnostic purposes. However, whilst HA-derived NPs build
momentum, increased complexity in the cell types used (i.e. heterogeneous
populations of cells or human-derived cells or patient-specific cells –
increasing clinical relevance) in 3D TE SkM constructs. This shows the
multiversity of the 3D TE SkM platform/testbed as well as in the in vitro
setups (i.e. changes to pH at exercise (lactic acid) versus rest) this
investigates the efficacy of mechanism for drug delivery as would be
experienced in a human body. In further studies, tests for metabolic
products of muscle injury (i.e. creatine kinase and lactic acid) would have
been conducted and compared to levels in the control. This would have
allowed for deeper understanding of the effects of the NPs and offer a
means to further verify whether they preserve myotube integrity as
compared to the free form of the drug (LIQ).
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6 Biotesting degradation of PLGA
polymer microspheres & myotube
formation
6.1

Understanding the clinical need for testing degradable
systems such as PLGA

As discussed in the previous chapters (3.3, 3.5, 4.7, 5.1), 3D TE was created
as an intermediary platform to enable the testing of drug delivery systems
as a possible means for better clinical translation (i.e. “from bench to
bedside”). In the prior chapter, drug delivery to the 3D TE SkM test bed, was
by the using natural composition – HA-DOPA. Rather than observing the
effects of drug delivery systems it was investigated, the use of a
biodegradable polymer polylactic acid-co-glycolic acid (abbreviated to
PLGA). If used as a drug release polymer, biodegradable polymers can
modify the kinetics or the location of the escape of the drug. Therefore, in
this chapter synthetic polymer degradation is discussed in the context of
polylactide-type polymers more specifically PLGA. As an increasingly
relevant part of the medical device and controlled release industry (i.e.
growth factor and hormonal delivery), this polymer is used as a synthetic
biodegradable polymer. These are used to fabricate temporary scaffolds for
tissue regeneration, medical sutures, and drug or delivery vehicles on the
nano- or micro- scale (Gref et al., 1994, Ringsdorf, 1975). As addressed in
chapter 1, PLGA is frequently used as polymers for scaffold fabrication
because of their wide range of biodegradability in addition to their wellaccepted biocompatibility (Anderson and Shive, 1997, Ji et al., 2012).
Synthetic PLGA is already used in clinical application (i.e. in the use of
sutures) and can undergo bulk degradation once implanted into the human
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body (Makadia and Siegel, 2011, Wang et al., 2000). There are benefits and
shortcomings to the use of PLGA, where on clinical implantation, they are
over time metabolised to be degraded by the tricarboxylic acid cycle into
carbon dioxide and water in vivo (Sequeira et al., 2018, Félix Lanao et al.,
2013). However, before this release its degradation by-products, lactic acid
and glycolic acid, both these components are acidic. As a result of local
temporary disturbances in pH, by the presence of the acidic by-products,
induction of inflammation (bacteria-free) occurs to the surrounding tissue
(Yang et al., 2006, Zhang et al., 2014) or may result in inflammatory
reactions (Anderson, 2001). Controlling degradation rate of the polylactidetype polymer may reduce the release of the acidic polymers, or counteract
the release by utilising copolymerization, where the degradative products
create other byproducts (monomers or oligomers) that can neutralise the
(Ma, 2008, Ma, 2004, Catledge et al., 2004).
6.2

Uses of novel fluorescent PLGA

The PLGA used in this study was fluorescently tagged with rhodamine B
isothiocyanate, which was kindly provided by Ms K. Barnsley of Keele
University, UK. It was created similarly to the study by (Gaumet et al., 2007).
The composition of the PLGA material consisted of equal proportions of
lactic and glycolic acid, which together is known to increase degradation
than just PLGA. The fluorescent rhodamine was covalently bound to the
PLGA, these bonds are not easily broken by hydrolysis, so degradation
products can be traced by measuring fluorescence within the construct, or
in the surrounding ECM-like structure or culture media.
The ability to track the biomaterial is fundamental in enabling, in some
instances, real-time assessment as well as understanding long-term
consequences in a tissue-like environment. This study aims to track
biomaterials as they degrade within an in vitro 3D tissue model. The
fluorescent PLGA microsphere particles which were requested 50-100µm
diameter were embedded or encapsulated within the 3D TE SkM ECM,
however measurements saw that they were smaller (see 6.6.1 for MSP
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clarification) . Hydrolysis of PLGA materials are known to enable them to
return to the monomer constituents. It is hypothesised that with time, these
degradation by-products can be detected by a decrease in fluorescence will
diffuse away from their embedded/implanted site, and can be found in
fragmented parts within the tissue construct and its surrounding culture
media.
The hypothesis is that formation of myotubes would aid PLGA to degrade
within the collagen hydrogel.
6.3

Aims

In this study the ECM and cellular involvement are used to assess the PLGA
empty microspheres materials present within 3D collagen hydrogel. As
introduced in all the experimental chapters outline in this thesis (Chapters
3-5) that measure for myotube analysis has been an extensive list of
parameters. However, to narrow the focus of this chapter and due to
limitations of this study the four focused parameters of interest were gel
deformation, cell density, fusion index and image intensity. The latter not
measured in the standard myotube index (this indicates the flexibility of this
recommended list of parameters and there are no specific limitations as to
what is to be measured). This selected shorten list was chosen because it
helped to focus the results as well as assess the possibility of both positive
and negative outcome of PLGA efficiently.
To measure PLGA degradation by its distribution as a measure of
fluorescence intensity in the surrounding matrix (as an indirect measure of
material degradation), as well as measure the myotube index, where
appropriate or possible (rational outlined above).
To use the observational and semi-quantitative analysis to gain better
insight into the use of biodegradable polymers and their use in SkM TE.
To investigate in a twofold manner, the outcome of the cells and
biomaterial.
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6.4

Chapter 6 hypotheses

The hypotheses of this chapter are posed as statements, where the
experimental work sought to investigate the outcomes (positive or
negative):
The use of the biomaterials help to highlight or shed light on how the
developed SkM construct as a test platform for testing a biopolymer.
The use of PLGA microspheres in the presence of contractile C2C12’s
increase its possible degradation.

6.5

Methods
6.5.1 Chamber configuration

Muscle construct facilitation was by the use of polyether ether ketone
(PEEK), a plastic chamber as described in chapter 2.
6.5.2 Cell seeded collagen skeletal muscle constructs
Using standard seeding to create and develop SkM construct procedures
using a humidified incubator at 37˚C and 5% CO2. Using the standard control
conditions of 4/10 days and the same 6 mls media volume. A more detailed
description of experimental setup can be found in chapter 2. Three
replicates were created for each concentration in three independent
experimental repeats. The total n number was 3 constructs per condition;
and 3 for histochemistry only.
6.5.3 PLGA Preparation for use
The rhodamine B isothiocyanate-tagged PLGA µ-particles (50-150 µm). All
PLGA material was stored at 4°c in a desiccator or with silica beads and the
vial foil wrapped to prevent the hydrolysis of the material and bleaching of
the fluorescence during storage.
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Before sterilisation, the rhodamine-tagged PLGA µ-sphere particles are
weighed to the following masses: 1mg, 5mg 10mg and 15mg. Sterilisation of
the weighed rhodamine-tagged PLGA was achieved by 100% isopropanol
treatment or 15 minutes and subsequently washed in sterile PBS three
times. Suspended PBS solution PLGA µ-sphere particles were recovered by
centrifugation at 12000rpm for 2 minutes, this process was repeated.
Finally, resuspension was in 1ml of PBS for the PLGA µ-particles the
following concentrations where created of 1mg/ml, 5mg/ml, 10mg/ml
15mg/ml. The suspension was sonicated for 10 minutes (due to the robust
nature of the microspheres, however, sonication did not affect their
integrity). The MSPs were then vortexed just before addition into hydrogels
to obtain a heterogeneous suspension within the solution. This was due to
as the PLGA µ-particles aggregated together in small clumps, even after
sonication. A 100 µl was added to per ml of seeded hydrogel per
concentration. The rhodamine B isothiocyanate-tagged PLGA was added to
the neutralised gel after the cells were added, then it was cast into the
chamber wells, where 0.5ml of gel contained the following grams of PLGA
respectively as mentioned above for each of the concentrations 0.05mg,
0.25mg, 0.5mg, 0.75mg.
6.5.4 PLGA SEM imaging & size characterization
The dry (powder form) loose PLGA microsphere were pressed onto circular
carbon tape stuck to SEM metal platforms/stubs and were sputter coated
with

a

thin

layer

of

conductive

metal

gold/palladium.

Conductive

nanoparticles were imaged on a Scanning Electron Microscope (SEM) (JEOL7800F, United States of America) (Figure 1.9), with magnification set at
10000x.

6

images

were

taken

randomly

around

the

metal

stub.

Measurements of PLGA microsphere sizes were obtained by the use of Image
J from the scale bar embedded from SEM imaging. 4 PLGA microspheres
were measured from each image. The size of the microspheres were varied
in size, the majority within the intended range/expected range of 50-150µm.
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6.5.5 Detection of rhodamine-tagged PLGA
Fluorescence of rhodamine-tagged PLGA was measured from the PBS (in 2D
assays) or the culture media surrounding the 3D model. Unless otherwise
specified, samples were measured in 24-well plates at room temperature
with excitation and emission wavelengths set at 530nm and 590nm
respectively (Infinite M200Pro microplate reader, Tecan).
6.5.6 Measure of rhodamine-tagged PLGA intensity
Measurement of image intensity was done using Image J tool of measuring
pixel intensity (InDen) of the images with the rhodamine-tagged PLGA. To
validate the measurement four-to-six random areas on the image with the
black background pixels were used of the image as a means of intensity
control. To normalise this data the mean value of the black background
control pixels measure for intensity was subtracted from the images with
the rhodamine (selected and InDen measured areas within image). The
InDen values were converted to percentage values for mean comparisons.
6.5.7 The experimental outline
The define test conditions for the PLGA experiments were outlined in Figure
6.1. This experiment was set up to investigate C2C12 cellular interaction and
performance in the presence of a biopolymer. As with the previous
experimental investigations the conditions remained the same, with the 4
days GM phase followed by 10days DM. However, unlike the drug delivery
mechanism using Sim-NPs, at the point in which myotube formation was
established at day 14, what was a key difference with this investigation was
that the PLGA microspheres (MSPs) were too big to be added after construct
setting as the MSPs or post myotube formation, as they would not have
been able to pass through the collagen matrix. Hence, they were integrated
and tangled with the matrix fibres pre-construct setting. Results were
measured at the end point analysis of 14 days.
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Figure 6.1: The outline of the PLGA experiment and workflow in chapter 6.

6.5.8 Statistical analysis
All significance was set at an alpha value of p ≤ 0.05 (for full detail, please
refer to chapter 2.8.)
6.6

Results
6.6.1 Characterization of the microspheres

The appearance of the microspheres was observed by scanning electron
microscopy (Figure 1.9) and the images indicated had cavities/pores in the
morphology for the MSPs. The mean particle sizes of the MSPs were
measured between lower and higher extremities of size 2.5-50µm, where
the mean value recorded was of 19.02 ± 9.68µm. Furthermore, this was not
the size expected. The size of the C2C12 average between 12 and 15 µm,
which means that the average size of the MSPs are close in value to the size
of an average cell respectively. As shown in Figure 6.1, the sizes of the MSPs
were measured within the acellular gel, and cellular 3D SkM constructs at
endpoint analysis of 14 days respectively. They had the mean values of
24.33 ± 5.68 µm and 23.12 ± 5.32 µm. The acellular gels were minutely
larger in size compared to the cellular gel, suggesting that there may be
some degradation or dynamic material cell interaction that changes only
slightly the size of the MSPs. However, because there is no significance, this
is not a theory that can be entirely supported.
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Figure 6.2: Time interval images at four time points (days 1, 4, 7 and 14) of the
PLGA microspheres at the concentration of 10mg/m L within the 3D collagen gel.
These are images from phase microscopy and fluorescent duplicates of the PLGA
microspheres within the collagen matrix over the duration of the experiment on
days

1,

4,

7

and

14,

highlighting

fluorescence

intensity

for

the

different

concentrations.

6.6.2 Fusion index and cell density
After the characterization of the PLGA MSP, the next stages in the
investigation was the myotube formation, by use of the myotube index
previously mentioned in and to indirectly measure the PLGA degradation as
a means of a decrease fluorescence intensity over time. Although, without
chemical analysis, this may not be chemical degradation, as these PLGA
microspheres are fluorescent, therefore it is speculated to possibly give
some indication to likely degradation, by visible fragmentation. To
understand cellular behaviour in the presence of cells in the 3D SkM model
observational analysis on the effect of PLGA degradation with and without
the presence of cells was noted. However, regardless of cell present within
the gels, clumping and aggregation of the PLGA MSPs occurred (Figure 6.1 –
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10mg/ml only). This particular clumping an aggregation of the PLGA MSPs
was regardless of the concentration of PLGA within the collagen constructs.

Table 6.1: Average diameter of PLGA microspheres for day 0 (acellular) and day
14 (acellular). The diameter of the microspheres is taken for the cellular
constructs at either end of the concentration range (1mg/mL and 15mg/mL) and for
the acellular construct only on days 0 and 14. One-way ANOVA (post hoc test:
Bonferonni). Data are mean values +/-SD. Significant differences between the
particles (if applicable) are indicated in the table along with the corresponding pvalues.

Due to the aggregates of PLGA MSPs as well as their failure of degrading
into visually smaller fragments, caused a lack of myotubes, to be present,
which caused obstruction and prevention of myotube formation at endpoint
analysis (Figure 6.1, Figure 6.3). Acellular constructs showed clear visibility
of the MSPs, similar to that observed in SEM images at day 0 (Figure 6.3E,
Figure 1.8 respectively). The fluorescent images were taken, these images
were collected and later converted and displayed as quantitative data,
taking a few of the measures from the myotube index (the extensive list of
parameters (myotube index) measured introduced in chapter 2 and 3), As a
point of iteration, to narrow the focus of this chapter and due to limitation
of this study the four focused parameters of interest were gel deformation,
cell density, fusion index and image intensity. The cellular treated
constructs seeded with PLGA MSPs (Figure 6.2) enable differences between
the cellular control-without PLGA to be assessed. The overview showed a
concentration-response

effect

on

all

four

myotube

index

measures

investigated. The fusion index values reported significant difference,
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however, this was only between control and the other concentrations (this
was accepted), but not between individual concentrations when compared
one with the other.
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Figure 6.3: PLGA parameters of assessment at endpoint analysis at day 14. MSPs
were added prior to matrix setting. The results show the outcomes for the
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concentration range (acellular collagen gel 10mg/mL to cellular C2C12-loaded
constructs at 15mg/mL). A: Cell density. B: Fusion index. C: Image intensity over
time. All of the data present in this figure illustrate a clear trend. In A and B, there
is a gradient in which, as the concentration of PLGA increases, there is a
decrease in these parameters. Data are mean values +/-SD. One-way ANOVA
(post hoc test: Bonferonni). The asterisks indicate the significant differences
between the conditions, with p-values of * > 0.01, ** > 0.001 and **** < 0.0001.
N=3 for each condition from 3 independent repeats.

The respective values for fusion index concentrations can be seen in Figure
6.2b, all the concentrations reported a p-value of < 0.0001 to the control
(4/10 days). The overall trend in cell density, like the fusion index showed a
dose response, where the higher concentration of PLGA MSPs has the lower
the reading measurement, with the exception of the acellular collagen gel.
This analysis of cell density (Figure 6.2b) gives greater insight and
understanding into the measured outcome for the fusion index, as the cell
density was always likely to decrease, this is because it was likely to
decrease due to the presence of PLGA (at least initially, as PLGA replaced
the cells within the seeded solution. The replacement of cells is due to the
size of the PLGA, as they are larger than the cells. Any possible cell
proliferation within a construct is unknown and never directly measured).
Although PLGA accounted for 5% of volume added to each construct (at 0.5
mls), this still had enough significance to cause disruption in the failure to
form a substantial number of myotubes within the constructs, hence the low
fusion index figures. All comparisons were made to the control for
evaluating significance where p-values for all concentrations reported a pvalue of < 0.0001 (Figure 6.2). This showed that there was a drastic
difference in the myotubes formed within the SkM constructs that contained
PLGA MSPs, based on the data myotubes failed to form or thrive regardless
of the PLGA concentration. However, the lowest concentration is the best of
these poor results.
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6.6.3 Analysis of the microspheres: Image Intensity and
Gel Deformation
Lack of changes in myoblasts morphology towards differentiation affected
their normal behaviour (previously characterised behaviour) within the
surrounding matrix (Figure 6.4). It is hypothesised that the more noncellular material present is going to affect the ability for cells to interact i.e.
the failure of cellular migration to come into closer proximity (as a results of
obstruction) reduced the chances of myotube formation and therefore
based on speculation, most likely to affect the passive contractile tensile
properties of the cells within the surrounding matrix. This is a phase dubbed
as community theory, where due to the absence of cells i.e. acellular
construct hydrogel or result of obstruction, as control was of a particular
use for the measurement of fluorescence intensity, to understand and
compare if degradation (by the indirect measure of intensity).
The increase in image fluorescence intensities coincides (speculation and
not cause-and-effect) with the contraction of the matrix as a result of
cellular activity as well as the PLGA concentration, i.e. high concentration,
gives a high-intensity reading which coordinates with the low gel
deformation. The following values are for intensity were on days 1 and 14
respectively of each of the concentrations 11.24 ± 1.07 7 days, 23.33 ± 4.99
14 days – 15mg/ml. 7.45 ± 1.40 7 days, 19.48 ± 2.32 14 days – 10mg/ml.
where between days 1 and 14 respectively for both concentration there was
an overall 51.82% and 61.78% differences. However, the opposite is seen for
the lower concentrations concerning gel deformation – where this has a
higher increase in percentage deformation. The following values are for
intensity on days 1 and 14 respectively for the low concentrations: 4.99 ±
0.95 on 1 days, 15.09 ± 1.01 on 14 days for 5mg/ml. The next set of data is
1.64 ± 1.07 on 1 days, 11.24 ± 0.98 on 14 days for 1mg/ml. The
concentration difference on days 1 and 14 were 66.90% (5mg/ml) and
85.39% (1mg/ml).
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Analysing construct deformation (Figure 6.5) provides an understanding of
biomaterials such as PLGA affects cell-cell interaction and cell-matrix
interactions in a bottom-up regenerative muscle model. The deformation for
all of the constructs was recorded, and the general trend in results unfolded
in a concentration-dependent manner, where the lowest concentration
1mg/ml had the highest matrix contraction of approx. 60%. Comparisons of
the lowest concentration to the control although no significant difference
the means values were 61.20 ± 9.524 control and 62.20 ± 11.32 1mg/ml.
Significance difference was noted between the PLGA concentrations.
However, the significance of the control and PLGA concentrations is of
particular interest to this study, as they are only the control yielded
myotubes. The values for the remainder of the concentrations were as
follows: 2.400 ± 1.673 acellular, 53.00 ± 17.54 5mg/ml, 37.00 ± 14.40
10mg/ml and 29.60 ± 6.066 15/mg/ml respectively showed significance
difference to the control. Whereas for the deformation measure for 1mg/ml,
5mg/ml did not have significance to the control.
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Figure 6.4: 3D muscle constructs with PLGA microspheres at day 14 within the
collagen matrix. The MSPs were added at day 0 and embedded when the gels
were set. Images A and B show the disruption of myotube formation by the
presence of myotubes. The nuclei are visible by the blue DAPI stain and the actin
filaments can be seen faintly in green. In C, the acellular construct shows the
intact spherical microspheres within the collagen gel. The arrows indicate the
presence of myotubes. The scale bar for all images is 50µm.
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This is likely as the results of the study showed that very few myotubes that
could be formed, due to less obstruction of the MSPs counted within the
constructs for these concentrations (see Figure 6.3 fusion index), it can be
assumed that the presence of myotube can also have involvement in matrix
contraction (Hinds et al., 2011, Engler et al., 2004, Engler et al., 2006,
Engler et al., 2007). Construct deformation normally happens within the first
4 days, and this is when myotube formation occurs (see chapter 3 and 4).
Therefore, deformation may help facilitate the formation of myotubes.
However, lack of myotubes supports the reason for low fusion index,
whereby the disruption to myotube formation, is likely to be the failure of
cells being able to join together in correct formation (end-to-end).
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Figure 6.5: 3D SkM construct deformation of the PLGA loaded constructs. A:
Schematic of the control construct deformation (top) normal deformation and
myotube formation. B: Schematic of a PLGA construct deformation and an
outcome explanation for the result of the addition of the microspheres. Schematics
are not drawn to scale. C: Experimental macroscopic images of the PLGA
construct deformation within the well for the 1mg/mL concentration. D: A graph of
PLGA concentration versus percentage deformation. Data are mean values +/-SD.
The asterisks indicate the significant differences between the different conditions.
One-way ANOVA (post hoc test: Bonferroni) with p-values indicated as * > 0.01, **
> 0.001 and **** > 0.0001.

6.7

Discussion

Internationally, biodegradable polymers, as well as other biomaterial
technologies, have made breakthroughs as a result of combined synergies
using tissue engineers, polymer materials scientists, and polymers chemists
engineering. Extensive research has been conducted on biodegradable
polymers, and it is known that numerous external conditions can threaten
and affect the stability of biodegradation of biomaterials such as PLGA.
These conditions include temperature, pH and fluid dynamics around the
biomaterial.

Intrinsic properties of the material also play a part in

biodegradation, such as the surface area, the biomaterial porosity, as well
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as the ECM composition. Construct volume dimensions could also be a
contributing factor that can influence and affect degradation of the
biomaterial. Additionally, other intrinsic biomaterial properties, i.e. its
chemical

composition

also

factors

into

determining

the

material’s

degradation (i.e. the charge of the biomaterial if applicable, which in turn
can determine its hydrophilicity/ hydrophobicity, mode of degradation
(hydrolysis, enzymatic, erosion). Similar intrinsic properties, such as
porosity, the complexity of the internal network and architecture are
discussed in chapter 1.4.15, which reflect the same desired requirements
considered when designing a smart TE construct, reiterating the point that
such properties are relevant across a range of different subject fields, not
just TE. Based on the observations of the PLGA, it could be seen from SEM
images that the MSPs appeared to have cavities on the external surface area
of the spheres. However, the internal organisation of these PLGA and MSPs
are unknown, nonetheless based on the external observations, it could have
been predicted that such properties could have threatened the integrity of
the MSPs, therefore likely to help speed up the degradation process of these
MSPs. However, it was learnt from the evidence that this would not have
been the case based on the results obtained and outlined above. Although
the composition of the MSPs were not verified, but trusted to be as desired.
There is some speculation as to whether these MSPs were indeed equal
quantities of PLA and PGA (50:50) based on the outcome of these results
when compared to previously published studies described below. This was
based on a similar study by (Wong, 2016) using these similar MSPs, reported
degradation which is a parallel finding to the one mentioned in the above
result section of this chapter.
As

reported

PLGA

commonly

undergoes

heterogeneous

degradation

(Engineer et al., 2011). In the literature reports on mass loss studies of PLGA
(50:50) demonstrated that the half-life of this polymer is around 15 days
(Anderson and Shive, 1997, Engineer et al., 2011) or 2 weeks in vivo and 3
weeks in vitro in the study by Lu et al., 2000. Predicting a rough degradation
time of the PLGA polymers is hard within the 3D TE SkM collagen gel, but in
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the presence of cells, it was hypothesised for this study that the process was
to

happen

quicker,

than

the

previously

established

studies

that

demonstrated degradation in 15 days. This is because the degradation rates
of the PLGA used in this experiment appears not to fit into this time frame
as recorded in literature. Degradation time of rhodamine loaded PLGA
(50:50) polymer of PLA: PGA was much higher than expected, with no
evidence of degradation observed after 14 days. The process of PLGA
degradation is known to occur in two stages as revealed in the literature by
(Engineer et al., 2011).
The first stage molecular weight decreases rapidly with little mass loss,
when as the preceding stage sees that the decrease in molecular weight
slowed down in PLGA 50:50. This only began after day 15, and severe mass
loss was observed. It is not uncommon for differences to be noted between
experimental groups as a contrast to the results by (Engineer et al., 2011),
the research by (Blanco et al., 2006) reported that stage two did not occur
until after 22 days. However, no degradation of the large microspheres
meant minimal or no remodelling or replacement of the ECM (synthetic
biomaterials) over time.
Polylactic-co-glycolic acid (PLGA) has been among the most attractive
polymeric candidates used to fabricate devices for drug delivery and tissue
engineering applications. Design implications and when to use degradable
biomaterials such as PLGA can be determined by the ability to calculate and
predict the rate of biomaterial degradation within a substitute/tissue like
the environment (Artzi et al., 2011). The degradation of 50/50 PLGA through
chain scission is known to take place at a faster rate in the bulk of the
polymer than at the surface (Sharma et al., 2016). However, in this study,
this degradation this was not the case and no degradation was seen to occur
at the surface, only a change in the diameter of the MSPs with a significant
difference between SEM day 0 and cellular 15mg/ml day 14 having the pvalue 0.044. Remembering that PLGA is the copolymer, the presence of the
methyl-side groups in PLA makes it more hydrophobic than PGA and hence
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lactide rich. PLGA copolymers are known to be less hydrophilic, absorb less
water and subsequently degrade more slowly (Makadia and Siegel, 2011).
Significance in PLGA size was only detected between SEM day 0 and cellular
15mg/ml day 14, the mechanism for this change is unclear in this study.
Likewise, an independent study by (Vert, 2009), they investigated the size
dependence of hydrolytic degradation of PLGA; unlike large-sized PLGA
polymer, i.e. scaffold devices, microspheres less than 300 microns in
diameter undergo a with the rate of degradation of the core being
equivalent to that at the surface [8]. Based on the SEM images (Figure 1.9) it
can be gleaned that the MSPs structure has some form of porosity, although
observational MSP surface fragmentation was not detected. Degradation of
the MSPs could have been happening within the centre. Reiterating a
discussion point made earlier, degradation did not appear nor was not
detected on the surface of the PLGA MSPs in this study. Based on the
literature it could be hoped that degradation of the microsphere may have
happened at the centre of the MSPs. However, this speculation is unlikely as
it is contradicted by the data presented for fluorescence intensity. This is
because there was an increase in intensity for all concentrations of PLGA
increase over the 14 days, whereas it would have been hoped that this
would not have been the case and a decrease in fluorescence would have
been noted, as this would have more coincided with degradation and a loss
of PLGA’s structural integrity.
Further analysis, other than semi-quantitative data, was tried to understand
if degradation took place even if external images and data collected proved
otherwise. However, the metabolite test was inconclusive as data failed to
give reading above or below the data collected for the background reading
of 2% FCS plus media. 2% FCS is the culture condition at the point of
experiment end. It is unclear why the MSPs of PLGA 50:50 did not degrade.
Further analysis of PLGA composition would have been paramount to gaining
insight into why no breakdown for the PLGA was observed. PLGA glass
transition above the average body temp, this enables durability of the PLGA,
but not prevention of its degradation. It is likely that the composition of the
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PLGA was not 50:50, if this were the case, it would be a valid explanation as
to why degradation failed, due to a change in the half-life of the polymer.
If failure of degradation was to happen on testing of biomaterials such as
any

polylactic

acid

polymer,

polyglycolic

acid

polymer

and

poly(caprolactone), another way to speed up degradation is to ensure
biodegradability of the PLGA microspheres in a biomimetic way (reduce
acidity and increase alkaline nature). Another method would have been to
synthesize the polymeric biomaterial that exhibited specific proteins for the
action of specific enzymes degradation or matrix remodeling enzymes, e.g.,
matrix metalloproteases (MMPs) (Ma, 2008). Although these enzymes are
produced by the C2C12 seeded with the surrounding matrix, the disruption
of myotube formation by the obstruction of the microspheres, is a possible
reason for the failure of these cells to produce these enzymes within the
gels and then failed to show valid evidence of the biomaterial degradation.
A similar approach to degradation by adding other natural ECM components
to the hydrogel (West and Hubbell, 1999). These copolymers are capped at
each end with reactive groups are polymerised to form cross-linked hydrogel
networks. Such hydrogels can be specifically degraded by the cell-secreted
MMPs (such as collagenase).
Some researcher reports suggested like (Lu et al., 2000), that PLGA is
exclusively degraded by hydrolysis and not by enzymatic activity. Therefore,
the difference between the cellular and acellular constructs in this
experiment was hypothesised and expected to portray the opposite to such
research findings. Enzymatic degradation was to occur in the two construct
types (cellular and acellular) regardless by the action of the cells or
hydrolysis when the collagen matrix is made up of 90% water (Brown, 2012)
then some form of degradation would occur either way. Furthermore, if
both likely possibilities were to occur simultaneously then, it was expected
that PLGA in the cellular constructs would have occurred. However, neither
cellular or acellular lived-up to experimental predictions, where it as
suspected that dynamic functional cells such as C2C12 or fibroblast that
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actively remodel the matrix would produce the necessary enzymes to break
down and degrade the MSPs sooner than previously stated by other
researchers. Consequently, the release profile (i.e. fragmentation or
dissolution) of fluorescent degradation products will have been mediated by
cell-induced changes to the extracellular matrix (i.e. remodelling and
excretion of endogenic factors).
Expectations for this PLGA experiment was high and had this experiment
gone has hypothesized, another variable that would have been studied was
the fate of the degraded product, but this was not possible. The mode of
PLGA uptake had been previously investigated using PLGA nanoparticles with
epithelial cells (Cartiera et al., 2009) and macrophages (Tabata and Ikada,
1988), as well as PLGA fragments of degradation capability by phagocyte
(Tabata and Ikada, 1989). Even on ingestion of particles degradation rate
were controlled by the PLGA’s chemical composition (i.e. the ratio of PLA to
PGA, where 50:50 PLGA was found to be completely degraded within the
macrophage by 7 days). Although PLGA degradation or possible uptake was
not evident in this study this is due to the size of the MSPs. It is doubtful
that uptake of PLGA would ever occur due to the cell type used in this study,
as C2C12s do not have such capability and the likelihood of phagocytosis.
Studies by (Tabata and Ikada, 1989, Tabata et al., 2000) stated that particles
over 10 µm (in macrophages) could not be internalized by cells until further
hydrolysis took place for the PLGA microspheres. The PLGA often formed
clumped aggregates of the MSPs, further decreasing the likelihood of future
ingest even with the use of macrophages.
Commonly, it is preferred that the degradation time of biomaterials, such as
PLGA be in sync with the repair/integration time in vivo or in this case the
regenerative time of the model. Although it was hypothesised that the
posed indirect measure of PLGA degradation is to occur faster in the
presence of cells, this failed to occur within this experiment as the
dissipation or fragmentation of the PLGA were not observed nor was there a
decrease in intensity of the PLGA MSPs. Prior to any possible degradation
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cells firstly would remodel the matrix to encourage the dissipation of
degradation products to their constituent monomers lactic acid and glycolic
acid the biomaterial implant site, and also (in the case of PLGA) internalised
small degradation products (Sharma et al., 2016, Schoubben et al., 2012).
Maybe pH should have been measured in this study. This could have been
what upset the balance/homeostasis, because although degradation was not
visible and detection of damage minimal, micro changes to pH levels could
have been possible and a leading factor to what could have affected the
cells within the 3D models.
In vitro, 3D TE SkM construct can potentially be used to study and test the
effect of various biodegradable biomaterials, as well as the option to
explore different/individual cell types isolated from the target tissue (in
separate models). For example, with the advance in tissue engineering, coculture (C2C12 plus fibroblasts) with other cell types will help to add
complexity to match in vivo properties. Adding to a fully comprehensive
study of the biomaterial in a target tissue. Although this will not completely
replace the need for in vivo assays for material degradation, this will allow
for improved accessibility, and ability to test individual cell types for a more
comprehensive understanding of cell-biomaterial interaction. To further the
course of testing the biodegradable polymer PLGA, rather than the use of
MSPs as empty carriers for investigation of degradation, MSPs or
nanoparticle forms could be used to contain bioactive agents for therapeutic
application (Anderson and Shive, 1997). Later studies would have contained
bioactive agents for therapeutic application, used with primary donor cells,
could help reduce possible inflammation around the site of transplantation.
This would have enabled further understanding of the fundamental
processes involved the in vivo biodegradation phenomena as well as an
appreciation of cellular and tissue responses which govern and determine
the biocompatibility of the PLGA biodegradable microspheres (Anderson and
Shive, 1997). Nonetheless, these empty PLGA microsphere can be used for
transplantation purposes as it is, but not for constructs that are desired to
contain some tensile strength. Nonetheless, PLGA degradation and potential
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drug release can be accelerated by a range of changes to the composition of
the material, i.e. greater hydrophilicity, increase in chemical interactions
among the hydrolytic groups, less crystallinity and larger volume to surface
ratio of the device. All of these factors should be taken into consideration to
tune the degradation and regenerative process as well as potential drug
release mechanism for the desired application (Makadia and Siegel, 2011).
It is known that the morphology and size of the PLGA MSPs can be
controlled by altering the following process parameters (Sharma et al.,
2016): (a) Polymer concentration (b) Quenching temperature (c) Quenching
time (d) Solvent composition (e) Stirring rate (kinetic motion). Where the
presence of SkM cells can help to change the polymer concentration and the
cells dynamic movement and matrix remodelling could parallel to kinetic
motion. Therefore, hoped that it would aid PLGA degradation.
These microspheres are too large to get through the matrix and were
stationary within it, only likely to migrate by forceful movement due to the
remodelling of the matrix. The microspheres take up a great deal of space in
the matrix. Nonetheless, the effect of the MSF on the function of the
collagen fibres is unlikely to have changed, largely because degradation is
not noted to have occurred.
With entended time in culture PLGA would have been expected to have
broken down into one of its smaller constituents, of which one of these is
lactic acid. Therefore on degradation, this acid is likely to decrease pH, and
lactate dehydrogenase (LDH) enzyme controls the conversion of lactic acid
to pyruvate. This would be a key enzyme measure. If time permitted further
sub-studies could have been conducted. As it was thought that if muscle
injury was to occur as a result of the acidic by-products of PLGA degradation
is key to test this hypothesis. This would have involved collecting cellular
metabolites such as creatine kinase (CK) a metabolic protein agent in muscle
damage that can be measured in FCS media surrounding the constructs.
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6.8

Conclusion

PLGA used in these experiments proved to be a hindrance for myotube
formation, but may have benefits in tracking biological or cellular matter,
this is due to the presence of the fluorescence tag. It was expected that
degradation of the PLGA was like to occur, this was not the cases. Moreover,
the data that was obtained showed the parameters measured the less PLGA
MSPs present at the onset of construct setting (day 0), the increased
likelihood of myotube formation. Future work should look to investigate the
byproducts of PLGA over a longer duration of time (20-30 days in culture).
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7 General Discussion

This thesis was largely based on observational myotube analysis, either to
observe its formation or morphological change(s) in understanding the
influence of chamber type (configuration), manipulation and changes to
conditions or for the process of materials testing. All were in favour of
gaining use of an in vitro 3D TE SkM as a platform/tool, in a bid to
understand as much as possible for its potential application clinically. The
inspiration

and

drive

behind

this

project,

has

been

gained

from

Vandenburgh’s (original 3D TE SkM pioneer) early work on muscle model in
1988 (Vandenburgh, 1988), as well as his subsequent work years later on
drug screening high-throughput models using 96 multi-well plates with
similar 3D tissues models, brought to the forefront the need for tissue
engineering as an in vitro drug-screening model. The early pioneered work
has helped justify experiments that look to produce or improve in vitro SkM
tissue models (Eastwood et al., 1994, Shansky 1997, Mudera et al., 2010,
Smith et al., 2012, Hodgson, 2015, vandenburgh 2010). One of these
justifications if being able to produce 3D tissue engineering models is that it
has a basis for use in intermediary preclinical trials, prior to potential
clinical application. Based on such in vitro experiments, it can be concluded
that 3D TE SkM construct can be used as a potential test platform. This is
essential to identify key functional variables for the development and
optimisation

of

skeletal

muscle

models.

As

well

as

for
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refinement/optimisation will help create models that are closer to the
natural tissue environment as well as the natural tissue response. To further
substantiate the use of 3D TE models, obtained data can potentially be used
to predict outcomes of devices or functional material or bioactive material
are incorporated into the model, but also can provide insight into data
produced in the presence of/ natural human tissue response to the external
stimuli.
Although complexity is often desired in tissue-engineered models as this can
be a better representative of the natural tissue environment, basic models
are just as useful in assessing cell behavioural outcomes. A simple model
needs to be able to isolate test variables as well as possible to evaluate
tissue response to buy materials. Each chapter has explored essential
questions related to the 3D tissue engineered SkM constructs, from its
development through to its testing. These include:
Is biomaterials or apparatus used for the bioreactor, toxic to the cells or
ECM components?
What is the change of environment by the addition or subtraction or
rearrangement to the normal control conditions, or in other words what is
the response of the cell matrix material interactions?
Do changes (that are hypothesised to have a positive effect) have a good
outcome in meeting one of the major design briefs?
How do biomaterials in the presence of cells persists/ and degrade within a
3D tissue-like / simulated environment?
What is the effect of drug response (predicted to have a negative response)
on 3D SkM TE construct in ranging from dilute (low) to concentrated (high)
doses?
The development of 3D skeletal muscle tissue engineered constructs in vitro
biomaterials testing platform has the advantage of allowing suspension,
absorption or adsorption of cells within or on biomaterials. These processes
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can be applied before use clinically on animal or human subjects, allowing
for greater depth of understanding and knowledge in biomaterial-cell
interactions. Although there are limitations to 3D TE and other similar
models used as testing platforms (Ikada, 2006), such as variability of the
parameters and data that can be obtained, the evidence presented in this
thesis strengthens and supports the use of such platform for SkM testing.
This thesis has also supported improvements and progression of the model
by refinement or optimization, as well as model development for potential
preclinical tests or purposes of clinical diagnosis. Simplicity of the model's
design or assemble should still enable development and localised tissue as
well as cell behaviour and toxicity over time.
Much research has tested biomaterials in both in vivo and in vitro studies,
but have only understood the failure or complications of the respective
biomaterial in retrospect of their application within the human body or
animal subject. i.e. this can be seen for the original replacement joints for
the hip and knee surgery that cause inflammation to the surrounding tissue.
Nonetheless, 3D tissue engineering models can be used to improve our
understanding of tissue and cell, or in other words, cell and matrix or cell to
cell interactions as well as cell responses to biomaterials. Ultimately, this
improves material safety and the understanding and the underlying causes
overtime that governs the material successes or failures. Within this project
in vitro 3D SkM tissue constructs used, help both to understand and improve
their use for the purpose of clinical diagnosis. The beneficial outcome of the
experimental design was to shine a light on matrix or biomaterial
erosion/degradation or outcomes of drug analysis to study its effects on
localised cells. This helps not only researchers but also clinical teams. Even
with the lack of information on the systemic system, these in vitro models
still hold a wealth of data that can be used to maximum advantage.
For the reliability and reproductivity of the project, it was important to
identify and use cells that could be predictable (before future use of humanderived SkM cells), to understand possible and distinct features likely
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common for target all muscle cells types in vitro based on this C2C12 model.
Tissue models rely on the cell that makes up its constitution. For
regenerative medicine, SkM tissue models are more concerned with
functional cellular activity achieve tissue recovery. Consequently, tissue
recovery is influenced by the cells and how they perceive their surrounding
matrix.
The work of this thesis would not have been possible with the 3D matrix. A
natural matrix compound component found in most tissue structures and a
main structural protein of the ECM - which is type 1 collagen (Brown, 2012).
The collagen used throughout this project was monomeric and derived from
xenogenous of sources, still have conserved cell recognition sites that are,
which was key for the stability and survival of the cells. Nonetheless, it can
be further supported by incorporation of chemical factors in the 3D ECM.
This is another advantage of the use of collagen to improve the versatility of
the SkM model platform. The study was devised to be able to investigate
cell-matrix interactions over a period of time (often 14 days), this was
possible because of the versatility of the collagen.
The main course of this study was to design a model that would enable the
use of collagen for the creation of the next three generation SkM tissue
model that could have a broad medical application, with a particular focus
on decreasing the time published in the previous literature. In light of the
fact that clinical testing and diagnostic kits, they are often designed quick
and ready to go/use. In this project aim towards clinical use, a fast
developed SkM 3D constructs to potentially evaluate biomaterials on
cellular behaviour, would be receptive. With the urgency of quick diagnosis
in mind, along with reducing need or time for an elaborate and complex
setup, the chambers of the models PEEK and RMOs were made ready to go.
In that, there were no further alterations required that needed to ensure
attachment of the construct within the chamber, as dealt with the set-up of
the 8WC model.
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Two models were developed and tested against the established and
previously published model. One of the two chambers were selected, this
was the peak model, it was named after the polymer which the chamber is
made from. The use of this PEEK chamber was chosen because it was able to
maintain cell viability in long-term experiments as well as producing results
that were marginally better than the 8th well-established model. The
selected construct and its respective chamber configuration was designed
based on the 8 well model but significantly downsized and with different
attachment points.
7.1

Thesis closing overview

This complete project was conducted in three distinct sections:
As mentioned above, the fabrication and development of a skeletal muscle
contract which in capsulated live cells from a chamber that facilitated its
maturation over a specified duration period and particularly looking at
development over both short and long-term studies.
The second section looks at optimisation and this was aimed to achieve
faster formation of myotubes within the construct from the select chamber
of choice.
The final section was biomaterials testing of the skeletal muscle soft tissue
model developed in the former two sections to study as a potential
diagnostic platform to analyse the effects of either degradation or drug
delivery (simvastatin) propensity.
The overarching hypothesis for this study was that a construct (facilitated in
a chamber of choice construct) could be optimised to produce myotubes
faster than previously published SkM constructs, here cell responses or
behaviour can potentially predict in the future. Constructs could also be
used for testing biomaterials. This was important as in a clinical setting,
diagnostic or testing tools require quick-turnover. Therefore, there is a need
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for 3D SkM constructs that are in usable in a faster time-frame for diagnoses
or have better results similar to the native structure.
7.2.1 Part 1:
There are several published three-dimensional (3D) skeletal muscle (SkM)
tissue engineering models have been reported and exist within the
literature. Developing “next generation” SkM models using collagen
hydrogels matrix requires many specifications and considerations, such as
biocompatibility of not just the matrix, but the chamber that facilitates the
development of the tissue within. This was addressed in the first part of this
study (Chapter 3) in the chamber design. 3D SkM TE aims to recapitulate the
structure and function of native (in vivo) tissue, in an in vitro environment.
This requires the differentiation of myoblasts into multinucleated myotubes.
Consequently, it was noted that previous SkM models highlighted three
common

features:

i)

high

cellular

density

(Mudera

et

al.,

2010)

(Khodabuhus, 2007); ii) the extracellular matrix/scaffold used (Bian and
Bursac 2008, 2009); and iii) the presence of fixed points within the chamber
helps facilitate uniaxial (isometric) tension which enables cellular alignment
(see table 1). To assess the development of these myotubes with the
chambers, there are distinctive traits that can be measured, to which we
refer to as the myotube index (myotube width, myotube length, fusion
index, number of myotubes, cell density and the number of nuclei per
myotube).
To facilitate the development of muscle constructs, comparisons were made
between three different chamber types: PEEK, 8WC and RMO. However,
differences in chamber configuration, e.g. mandrel and cylinder (Okano and
Matsuda, 1997, 1998), does not always lead to desirable myotubes in SkM
TE. This was anticipated in the hypothesis of this paper, which suggested
that 8WC constructs would be more variable in their results. This is based on
the rationale presented above - having been custom handmade. To assess
the outcomes of the myotubes within the constructs, comparisons were
made to an established model that was analyzed based on the myotube
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index. Based on the evidence of the findings, there was no change or
significant difference in the measures of the newly introduced construct
configuration

and

the

established

construct.

The

RMO

constructs

performances were not as anticipated and results of these constructs,
recorded that the cells were not viable for comparison nor for the
continuation of experimental research due to the inconsistencies that were
recorded. Comparison of fluorescence micrographs of the PEEK chamber
verses 8WC clearly shows no morphological changes to the myotube
architecture,

with

singular

unbranched

myotubes

observed

in

both

configurations. This finding highlights the importance of isometric and
uniaxial strain providing ECM cues for directional signalling. Both models are
suited for long-term cultures (up-to 6 weeks).
However, when 8WC data were compared to those seen with the PEEK
chambers, the hypothesis was rejected, when statistically analysed. The
muscle markers showed no differences between the two configurations
tested, suggesting the molecular regulation of matrix remodelling and
differentiation is not altered between conditions. Furthermore, there is a
lack of morphology difference regardless of the chamber in this study. This
may be supported by the expression of myogenin, which is a late muscle
marker of differentiation (Tan et al., 2015). Nonetheless, there was a clear
difference in the constructs deformation macroscopically throughout the
culture period.
Moreover, PEEK custom-manufactured chambers, variations in repeated
data and human-errors would be reduced. It is speculated that this could
lead to potential improvement for possible future use in HTS. Manufactured
chambers that are prepared with the use of automation techniques, may
lead to potential benefits for drug screening and as a 3D diagnostic tool.
This is due to their capacity to minimize the use of manual handling, thereby
reducing the likelihood of secondary infections. In short, manufacture
chambers may lead to improved reliability as well as reduction of systematic
errors (Vandenburgh 2010, Nam et al., 2015). However, also manufacturing
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the constructs (i.e. pipette automation etc.) could be a suitable direction for
future research in this field.
Limited publications to date exist on all or a few parameters that comprise
the myotube index (Rommel et al., 2001, Dennis and Kosnik, 2000, Sharples
et al., 2012). This proposed parameters list (myotube index), it is not a
definitive list of the only parameters that can be measured, but one which
could be suggested for future and used to compare the morphological
characteristics of TE SkM myotubes, enabling effective cross-configuration
comparisons.
The myotube index suggested in this study could be used universally by
researchers related to this subject field, for measuring the morphological
characteristics of tissue-engineered muscle myotubes, enabling effective
comparisons. In this study, it was demonstrated and through the myotube
index data that TE 3D SkM constructs fabricated using the PEEK chambers (a
miniaturised version) and the 8WC, showed no significant differences in
(microscopic and mRNA) data, suggesting that PEEK chambers may be an
effective manufactured alternative for the 8WC system. Since the PEEK
chambers are commercially available and manufactured by precision
methods, it would therefore represent a repeatable and reliable system that
can be integrated into the wider SkM TE field. The use of such chambers
may enable more comparable results to be achieved across research
groups/fields. Based on the conclusions the PEEK constructs produced like
for like results to the 8WC and were carried forward for further
experimental studies in this thesis.
7.2.2 Part 2:
The second part of this study sort to optimize the PEEK constructs that were
tested against a published SkM model. One aim of this research was to
reduce the timeframe to produce SkM constructs, in doing so shows
different time durations were explored to gain a greater understanding of
cellular behaviour. However, the optimised constructs were hypothesized to
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have promise positive results, with a change in condition (an increase of
time growth medium), which is for both the short (4 days and 7 days only)
and long-term (14 days – 1/13, 4/10, 7/7) studies. The short-term studies
were PEEK constructs only, and showed lack of myotube formation, but did
show cellular alignment with the majority of cells orientated on a uniaxial
position. Results produced in the long-term study in this section of the
overall project study were to be translated to that latter section of this work
for biotesting materials / drugs on these refined constructs. Nevertheless,
overall comparisons of PEEK verses 8WC for 1/13 days verses 4/10 days that
were conducted showed significance. The patterned profile that resembled
exponential growth between these data points and showed significance
across configurations and within a configuration type for the different
conditions. This patterned profile within the chamber type indicated that
optimisation has occurred with the change in condition, linking to a
hypothesis that as conditions change (increase in time spent in GM vs
decrease in DM), the preceding condition will do better than its
predecessor.
The PEEK only showed significance 1/13 days verses both 4/10 and 7/7
days, but there was lack of significance between the 4/10, (and) 7/7 days.
Results of these sub-studies never entirely enabled the fulfillment of the
aims of this research, to produce muscle constructs with myotubes
compatible to the 14-day controls, but within a shortened time frame.
Scientific outcomes of these experiments were varied. Furthermore, there
was no significant data between the results 7/7 days and 4/10 days (within
the PEEK as well as the established SkM standard/control for the
experiments). Hence, the latter conditions remained the same for the
duration of the following biomaterials testing study. Long-term studies saw
no difference in the comparison of the 8WC vs PEEK optimisations. These
long and short-term studies highlight that conditions under which skeletal
myoblasts are cultured in vitro are vital and critical, not only to growth and
differentiation, but in turn their morphological and behavioural outcomes.
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The regression graph produced were used to give an insight into the
potential predictive use of these SkM models as an assessment tool.
However, using regression for assessing the outcomes of future studies
could be a little far-fetched using the small n number of this study.
However, a larger set of test data for the model would be recommended for
future in vitro analysis. The aim was to gain more reliability using regression
data as a predictive tool, to better support possible clinical applications. The
more data the better, as it will take into account more variation between
repeated measures as well as its errors. Although either one of these
regression models (linear or multiple) gave high accuracy for reliable future
predictions, such a study can be built on, for more reliant data. Its
development could be based on the contribution from other research and
researcher, to strengthen the probability and possibly limits encountered
during investigations, to ultimately reduce the variability of the data to
make it more trustworthy. It is worth noting here that the experiments for
4/10

days were conducted

before those

for

the

7/7

day constructs.

However, the positive results of the 7/7 study (more myotubes present)
compared to the 4/10 study did not see the 7/7 constructs used for the
biomaterials

testing

of

simvastatin

nanoparticles

and

PLGA.

Nonetheless, the outcomes of the 7/7 experiments are more relevant to the
simvastatin study, as the drug was added at the point at which
multinucleated myotubes are present rather than mononucleated myoblasts.
The relevance of the 7/7 days experiments reflects the aims of this thesis to
achieve outcomes that closely represent native muscle physiology. Had time
permitted, the biomaterial (simvastatin) study would have been performed
using the 7/7 day construct to measure the outcomes for myotubes.
7.2.3 Part 3:
The final part of this study links more cohesively with the first part of this
study than the second, and can be viewed as an intermediary in vivo-like
replacement involved in the testing of biomaterials (developed by other
groups apart of the BioDesign consortium). Smart biomaterials such as PLGA
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biodegradable polymers and simvastatin loaded nanoparticles were used for
the purpose of furthering and understanding regenerative medicine tissue
engineering, that has become an increased researched area. Where using
such biomaterial within the muscle constructs, enables the understanding
and the study of the effects on cellular behaviour.
To study biomaterial degradation novel fluorescently tagged, PLGA material
known to be degradable was used in a tissue-like environment. The
hypothesis was that the PLGA material would degrade or erode within the
surrounding matrix the faster in the presence of cells, where the cells would
be able to engulf small particles of the degradative PLGA matter. This was
investigated by incubating PLGA MSPs, at different concentrations from the
onset of gel setting. These encapsulated MSPs within the tissue model was
to study the cellular influence on the release rate of PLGA, an indication of
the trapped fluorescent degradative particles into the surrounding collagen
matrix. The results suggested that degrading of the PLGA MSPs do not occur
in any of the concentrations used, and that predictable myotube formation
was disrupted by the presence of MSPs. Disruption by the presence of PLGA
caused poor results for the fusion index, due to size and lack of degradation
or

change

to

matrix

could

have

interfered

with

the

cell-to-cell

communication. The intensity of the fluorescence for the PLGA MSPs
increased

as

deformation

of

the

construct

increased

for

all

the

concentrations. Although the experimental hypothesis set was not accepted
in this thesis, other studies have demonstrated this hypothesis to be true
even though these experimental studies failed to do so. Cartiera et al., 2009
showed in images that uptake of PLGA (in nanoparticle form,) was possible
in cells, a result of degradation. PLGA film within tissue model produced
mobile degradation products (Wong, 2016).
Biomaterials drug delivery used novel HA-DOPA with a simvastatin drug
cargo. For the modelling drug delivery in tissues using HA-NP as a loaded
carrier was compared to the reference Sim LIQ, where it was possible to
investigate the cellular and molecular mechanisms of statin myopathy to
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characterise further possible adverse effects based of the difference in the
delivery mechanism. At high concentrations, simvastatin caused severe
disruption of the cell's cytoskeleton and low measures for width, length,
number of myotubes, number of nuclei per myotube and fusion index more
so for Sim LIQ than NP. This was also reflected in a dose-dependent manner.
Due to the reduction in myotube measures collectively, delivering of
simvastatin via HA-DOPA NPs may be a more suitable way of statin
administration to prevent potential side-effects.
Finally, the efficiency of biomaterial encapsulation was highlighted with the
PLGA, as this was not a problem. This is probably dictated and dependent on
biomaterial’s size (microsphere vs nanoparticles – this is a change in
magnitude). A previous study reported by (Hadjipanayi et al., 2011),
addressed this size dependence of retention of particles within a collagen
hydrogel. Whereas the Sim-NPs, their retention or its presence within the
hydrogel or cells was not detected post its administration at day 14. Action
of its effect was determined by the evidence and results collected
biomaterial retention.
As consortium partners conducted an assay for measuring alkaline
phosphatase (ALP) activity on osteoblastic (MC3T3) cells, were conducted to
determine if simvastatin was active. Due to the reduction in myotube
measured more so for Sim-LIQ, delivering of simvastatin via HA-DOPA NPs
may be a more suitable way of statin administration to prevent potential
side-effects. With promising positive results of HA and its derivatives, more
need to be done to better drug delivery systems to specific sites in humans
in clinical trials (Tripodo et al,. 2015.).
7.3

Final conclusion

The sections within this thesis provided validated results into the design and
development of a 3D SkM construct through to its use as a test platform for
two biomaterials. It also outlined the current limitations within previous
experimental work, and how this was sort to be addressed. The limitations
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faced (and some overcame) are highlighted in all three sections of this
project, as nothing investigated, is nothing gained, or would be means to
learn nothing, therefore not aim to find a solution. As such, it is hoped that
this project’s work will aid future 3D TE experiments in overcoming or
avoiding similar issues related to 3D TE as well as the specific niche of SkM.
7.4

Impact statement

This thesis has presented novel data regarding the development and use of a
new in vitro SkM model (PEEK chamber and its retrospective construct) to
investigate the acute biochemical and molecular effect of mechanical
stimulation. This model was a valuable tool in delineating the mechanisms
that regulate SkM cell response and adaptation to mechanical signals.
Furthermore, there is valid use of this model as a pre-clinical tool that will
form a highly controlled environment to investigate various stimuli prior to
in vivo testing. As well as being an intermediary test platform that reduces
the animal numbers used for clinical trials and therefore limiting the need
for serial sacrifices.
7.5

Future Directions

The scientific evidence presented for this project have further knowledge
related to SkM TE for optimization as well as biomaterials testing. Tissue
engineering faced huge challenges to clinical translation—a situation that
changed only towards the end of the 1990s. In the Lancet Commission by
Cossu et al., 2017. It was argued that TE, in vitro & in vivo challenges are
still being faced today, even with the major advances in modern technology.
Debate raises the issue that small-scale bespoke experimental interventions
into routine clinical practice still need better support (i.e. clearer funding
models, more realistic hopes and expectations of possible outcomes), for
the field of regenerative medicine’s social license to operate. Such a
statement helps support and provides justification of producing in vitro 3D
tissue models that are a basis for intermediary to preclinical trials, and
projects such as this one helped to provide relevance for potential clinical
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application using 3D SkM models. One of the main purposes of the study
was to use a refined SkM model is to improve the efficiency and reliability of
in vitro biomaterial testing, and in doing so, such intermediary models
reduce reliance on in vivo models (which indirectly can be complex, variable
and have limited accessibility).
Further advances in technology have seen 3D culture evolve to micro
organs-on-chip which permit the study of human physiology, not just at the
cellular level, but in an organ-specific context. There is potential to replace
when necessary and significantly reduce the need for animals in research. Or
even scale up for the desired to transplant organs that can be used in drug
development and toxicity testing (Huh et al., 2011). The overarching study
of this thesis has been an intermediary model that has developed,
characterized and optimized a tissue-engineered muscle model that
demonstrated the ability to investigate the outcomes of behavioral 3D tissue
engineered SkM. The ability to control the physical characteristics of the
constructs was to maximize the predictability and reliability in this project,
as this was key for stable cellular behaviour within the SkM model, and its
perspective as a biotesting platform. The generic model (using C2C12) is not
indicative of the potential use of this platform for testing cells from human
donors, nonetheless the data gathered from the experience gives scope for
ethics and inform of possible outcomes.
Future work related to the work conducted in this thesis can explore further
the optimization and advancement of:
●

SkM chamber configurations – that look to improve the PEEK chamber

presented in this thesis, or complete revamp on the design, but also
designed for machine automation (batch processing) of tissue engineering of
SkM construct.
●

SkM constructs biomimetic physiological analyses of native skeletal

muscle within these PEEK constructs, which will require a greater
understanding of how to maximize the desired output of myotubes (number,
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size maturation etc.) The output of myotubes (increasing both the quality
and quantity) can be improved by changes to chamber configuration,
possible addition or combination of mechanical stresses and other stimuli.
●

SkM as a test platform –for various biomaterials which were used in this

experimental project, as well as the wide range of other biomaterials that
can be investigated. However, in reference to the Sim-NPs, used on this
project lower doses of the drug can be administered by explored NPs
designed/ tagged to have a high affinity to specific cells (to either increase
or decrease in other cases) bioavailability and dissolution of the drug (Rao
et al., 2010),
●

Whilst also exploring the option of increasing HA-derived NPs or HA

concentrations in NPs, is that they seem to have protective properties.
●

Increasing TE complexity by adding different cell types in 3D TE SkM

constructs. This increases the platform’s multiversity (i.e. heterogeneous
populations of cells or human-derived cells or patient-specific cells –
increasing clinical relevance). Moreover, it increases the similarities of
native recapitulation. The in vitro setups could also be increased in
complexity (i.e. changes to pH exercise (lactic acid) vs rest), to better
challenge the mechanism for drug delivery.
However, ultimately the results gained from these and others in vitro 3D TE
SkM or TE models in general will need to be correlated with in vivo data, so
running tandem studies, once enough data is extrapolated from in vitro
studies will help to establish the effectiveness of the current TE models in
predicting natural cell responses to biomaterial (or their other external
stimuli). Then the results from in vivo assays and studies will be able to
feedback into the 3D SkM TE models for further refinement (with
chemical/physical cues), in order to encourage resident (transformed or
primary) cells to behave in a physiological manner.
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8 List of abbreviations
•

2D: 2-dimensional

•

3D: 3-dimensional

•

8WC: 8-well chamber

•

˚C: Degrees Celsius

•

%: Percentage

•

CO2: Carbon dioxide

•

CT: Cycle threshold

•

DAPI: 4’,6-diamidino-2-phenylindole

•

DMEM: Dulbecco’s modified Eagle
medium

•

DMSO: Dimethyl Sulphoxide

•

ECM : Extracellular matrix

•

TE: Tissue Engineering

•

FCS: Fetal Calf Serum

•

IGF: Insluin growth factor

•

M: Molar

•

MEM: Minimum Essential Medium

•

Min(s): Minute(s)

•

Mls: milliliters

•

MMP: Metalloproteinase

•

MRFs: myogenic regulatroty factors

•

MYOG: Myogenin

•

MYFs: myogenic factors

•

μ: micro

•

NaOH: Sodium hydroxide

•

NPs: Nanoparticles

•

P and S: Penicillin and Streptomycin

•

PBS: Phosphate Buffer Saline

•

PCR: Polymerase chain reaction

•

PEEK (chamber): Polyether
ether ketone

•

PLGA: poly-dl-lactic-co-glycolic
acid

•

qPCR: Real time PCR

•

RGB: Red Green Blue

•

RPM: revolutions per minute

•

RT PCR: Reverse transcriptase
PCR

•

SD: Standard deviation

•

SEM: Scanning electron
microscope

•

SKM: Skeletal Muscle

•

Triton X-100 : t-octyl
phenoxypolyethoxyethanol
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Table 9.1 PEEK Resistance Sheet. List of test for chemicals that the PEEK
polymer has been exposed to at two different temperatures. The response of
PEEK to the chemical is rank in response to the severity of damage to the
polymer (present as a block) the key is given at the bottom of the table.
Adapted from (Victrex Plc, 2012)
Chemicals
Acid
Hydrochloric acid, Conc.
Alcohols
Ethanol
Isopropanol
Methanol
Aldehydes
Acetaldehyde
Acetone
Formaldehyde
Formalin
Bases
Sodium hydroxide, Conc.
Inorganics
Bleach
Carbon Dioxide (dry)

Temp °C

23

100

A

B

A
A
A

A
*
A

A
A
A
A

A
A
A
*

A

*

A
A
C
A
A
A
A

A
*
C
A
A
A
A

Chlorine
Sodium Chloride
Water, distilled
Water
Water, Sea Salt
Miscellaneous
Adhesives (not cyanoacrylates)
A
*
Detergent solution (non-phenolic)
A
A
Gelatin
A
A
Collagen
A
A
Soap
A
*
Wax
A
*
White spirit
A
*
Key: A- No interaction, B- Slight interaction, C- Severe interaction,
* Data not provided.
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“Nothing will work unless you do”, “you work all day long to achieve some kind of
success by nightfall, to sleep and wake up the next morning with the job still to be done.”
So you seek to find the solutions, as to counter what is to be done..but one must
remember ” All great achievements require time”. Therefore, your actions to fulfil them
should not be rushed!
Maya Angelou
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