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Abstract

Three-dimensional, porous collagen tissue engineering scaffolds can be produced using
freeze-drying. However, the stochastic nature of ice nucleation may lead to architectural
variability between structures created using nominally similar preparation conditions and
this can impact subsequent tissue ingrowth and function. Another common problem in
tissue engineering is inadequate nutrient supply to the scaffold centre, which can lead to
imbalanced cell distribution and tissue necrosis. The aim of the thesis was to address these
issues by investigating three different aspects of ultrasound application on the performance of
collagen-based tissue engineering scaffolds. The work has addressed underpinning research
questions, covering scaffold fabrication, the stimulation of cell migration within the structure,
and the ability to provide targeted oxygen delivery.

Collagen scaffolds were fabricated by freeze-drying and crosslinking using N-(3-Dimethyl-
aminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) with N-Hydroxysuccinimide (NHS).
Scaffolds were freeze-dried at -20 °C and crosslinked with a 15:6:10 molar ratio of EDC,
NHS and collagen carboxylic acid groups respectively. Micro-computed tomography (Mi-
croCT) was used to characterise scaffold architecture and to quantify the pore dimensions.
Pore size variability was noted through the thickness of the scaffold which, for consistency,
required sample trimming before further testing. For this reason, a possible method to reduce
the stochastic nature of the ice nucleation was sought.

Ultrasound was applied to supercooled collagen suspensions (40 kHz frequency, 0.2 W cm−2

acoustic intensity) to investigate whether ice nucleation could be stimulated. It was found
that the technique was an effective trigger, as characterised by an instantaneous increase in
temperature to the equilibrium freezing temperature. It was also noted that the nucleation
temperature correlated with pore diameter. The addition of 0.25 mg ml−1 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC)/polyethylene glycol-40 (PEG-40) stearate phospholipid
microbubbles in collagen slurry produced significantly smaller pore sizes (p ≤ 0.05) with
mean diameter of 84 ± 4 µm, compared to 102 ± 6 µm without microbubbles. The presence
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and impact of cavitation were confirmed through imaging of ultrasonic nucleation with
microbubbles. The work confirmed that ice nucleation could be controlled, as hypothesised,
but it was noted that the concomitant reduction in pore size would not be advantageous for
cellular infiltration into the scaffold. However, the cavitation caused by ultrasound offered
further possibilities to influence cellular behaviour within the scaffold.

The effects of cavitation and local pressures produced by high-intensity focused ultrasound
(HIFU) on directional migration in human dermal fibroblast (HDF) culture were investigated
by measuring cavitation response and cell distributions. HIFU was applied (0.5 MHz) to
HDF cultures with 0.25 mg ml−1 polystyrene cavitation agents in collagen scaffolds for one,
three or five days consecutively to investigate the impact of repeated HIFU exposure. HDF
culture was seeded at one end of the scaffold, with ultrasound applied parallel to the length
at the same end. After 5 days, HDF cells were distributed 15% further along the scaffold
length, parallel to the direction of ultrasound, relative to the control samples (p ≤ 0.05). It
was also noted that, as HIFU exposure increased, total cell counts decreased (p ≤ 0.01). For
this reason, methods were considered to increase cell viability via targeted oxygen delivery
using ultrasound.

The feasibility was explored of using DSPC/PEG-40 stearate phospholipid microbubbles as
oxygen delivery vehicles. Oxygen release was measured during ultrasound exposure (40 kHz,
0.3 W cm−2) and the effects on cell metabolism and cell viability in HDF and HT1080
populations cultured in collagen scaffolds were investigated. Oxygen-loaded microbubbles
were delivered to the centre of the cell cultures, using either 10 minutes or 30 seconds of
exposure to ultrasound, daily, for 10 days. While the metabolism of both HT1080 cells
and HDF cells was reduced, and the viability of HT1080 cells also decreased, the viability
of HDF cells was enhanced. Scanning electron microscopy (SEM) revealed that HT1080
cells exhibited less cell binding with ultrasound, and cavities were produced in the collagen
structure due to cavitation pressures. This work established the use of an oxygen-releasing
biomaterial with targeted characteristics to improve cell viability of 3D HDF culture and
inhibit viable HT1080 development.

The work carried out in this thesis developed three distinct approaches with ultrasound to
improve current techniques used in collagen-based tissue engineering. The results from
experiments using different acoustic frequencies and intensities have advanced knowledge
across the areas of scaffold production, cell migration and oxygen delivery.
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Chapter 1

Introduction

1.1 Background

First-generation biomaterials were predominantly concerned with replicating the physical
attributes of local tissue with minimal toxic response from the host [1]. Examples of these
include the use of titanium alloys for traditional orthopaedic devices such as plates, bolts and
screws, which have demonstrated long-standing clinical success as a result of their material
design [2]. Tissue engineering emerged as a field in its own right in the 1970s [3], and while
previous developments contributed to the underlying principles, this development inspired
creative innovation of biomaterials and allowed the design process to evolve. Biomaterials
science has progressed from the use of first-generation biomaterials to third-generation, and
the principal design emphasis has shifted with each generation from biological inertness to
bioactivity, and subsequently to biological stimulation. In this context, bioactivity refers to
an interaction with the local tissue in a desirable way, for example by permitted non-toxic
biodegradation of the biomaterial. Biological stimulation through biomaterials design is
the most recent advancement. This means stimulating a regenerative process in the local
tissue, thereby facilitating regenerative medicine as an application of tissue engineering.
Each of these defining attributes remain important and valid in the current design, but with an
improved understanding of molecular interactions with surrounding tissue, more innovative
and sophisticated approaches can be used to tackle complex challenges.

Collagen has been at the centre of research attention throughout this progress in the field, due
to its high content in natural connective tissue. Collagen is a naturally occurring biopolymer,
and therefore offers the appropriate biological and mechanical properties for viable tissue
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support. Its surface characteristics can also be modified, meaning that throughout the
evolution of biomaterial design, collagen has satisfied the key design principles in each
generation. Traditionally, synthetic materials may have been favoured due to lower costs
of using them and higher predictability of physical attributes, including their mechanical
and degradation properties. Recent advances in freeze-drying techniques to produce stable
and highly interconnected, porous, three-dimensional tissue scaffolds have addressed these
concerns when using collagen. The control of fabrication has improved by optimisation of
the thermal parameters involved, allowing the resulting architecture to be manipulated, which
has direct consequences on the success of tissue growth. Despite this high level of control,
the stochastic nature of ice nucleation produces variations in architecture, even when the
same methods are repeated.

In Chapter 5, a method of overcoming this variability and improving the consistency of
structural control by manipulating the nucleation temperature is explored. An approach that
has attracted increasing amounts of attention is the use of ultrasound to trigger nucleation
at a given temperature. This technique has previously been utilised in studies concerning
the freezing of food substances for improved preservation of texture and nutritional quali-
ties. Results suggest there exists considerable potential for the application of this in tissue
engineering approaches.

At present, three-dimensional tissue growth is limited in scale by a lack of oxygen and
nutrient transport in the centre of larger scaffolds. Cells remain viable within only a 200 µm
distance from any given nutrient supply, as this is the maximum diffusion distance of oxygen,
and this limits the size over which collagen scaffolds remain effective at enhancing tissue
regeneration [4]. It has been reported that, over time, a necrotic core develops within the
scaffold, which is a consequence that must be overcome to repair tissue defects effectively [5].
Ultrasound stimulation has had previous success in wound healing applications, and it can
also stimulate the release of loaded substances in cavitation agents by stimulation of cavitation
events. The concept of enhancing tissue growth with ultrasound techniques is explored in
Chapters 6 and 7 as a minimally-invasive and versatile approach. Chapter 6 explores the
use of ultrasound to stimulate cell migration and improve cell distribution, whilst Chapter 7
investigates ultrasound for targeted oxygen delivery.
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1.2 Thesis Objectives

The objectives of this thesis are to advance the understanding of biomaterial science and
tissue engineering through the application various ultrasound methods on type I collagen.
The aim is to improve upon the reproducibility of freeze-dried collagen scaffold fabrication
methods and improve their biological performance. The latter is characterised by ultrasound’s
influence on cell distribution, as well as the ability to deliver oxygen to live cells, over time.

1.3 Thesis Outline

Introduction: An introduction to the thesis, including a summary of the scientific back-
ground, thesis objectives and a thesis outline.

Literature Reviews: Chapters 2 and 3 explore previous scientific literature surround collagen
freeze-drying and ultrasound respectively. These literature reviews demonstrate the current
state of the art by discussing various theories and methods that have been applied, their
results and the relevant conclusions that contribute towards the thesis objectives and the
methods implemented.

Freeze-dried Collagen Tissue Scaffolds: Chapter 4 establishes the standardised methods
used to fabricate the collagen type I scaffolds by freeze-drying and their characterisation
through MicroCT and SEM imaging.

Ultrasound-assisted Fabrication of Collagen Scaffolds: In Chapter 5 the fabrication of
freeze-dried collagen scaffolds is investigated with the addition of ultrasound to trigger ice
nucleation. The feasibility of this approach is assessed using data collected with type K
thermocouples, while the impact on scaffold microstructure is characterised using MicroCT
and imaging.

High-intensity Focused Ultrasound Influence on 3D HDF Culture: In Chapter 6 the
impact of High-Intensity Focused Ultrasound (HIFU) on the distribution of Human Dermal
Fibroblasts (HDF) is investigated. This is characterised by quantitative analysis of cavita-
tion events, mapping cell distribution with fluorescent images and quantitative analysis of
cytotoxicity.

Ultrasound-mediated Oxygen Delivery for Regenerative Medicine: In Chapter 7 the
application of ultrasound is investigated as a method to trigger targeted oxygen release. This
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is investigated in order to improve cell viability in three-dimension cell cultures in collagen
tissue scaffolds. Oxygen release rates, cell viability and cell metabolism are characterised to
determine the performance of this method.

Conclusions and Future Work: Chapters 8 and 9 conclude the experimental chapters and
expand on some future work to be explored. The future work is discussed in ways that may
further contribute towards biomaterial science and tissue engineering using the approaches
outlined in this thesis.



Chapter 2

Literature Review: Tissue Engineering
with Collagen

2.1 Tissue Engineering Approaches

2.1.1 Biomaterials Selection and Engineering

In order to select a material for biomedical application, it must fit various criteria regarding
both its mechanical and biological performance. Mechanical properties such as stiffness,
tensile strength, degradation and surface characteristics all play an influential role in the
overall product performance. Furthermore, the impact of the material properties on the
biological host is crucial to the performance of a biomaterial for tissue engineering applica-
tions, and often evaluated by the measure of biocompatibility. According to the widely cited
definition by Williams, biocompatibility is frequently determined by the material’s ability to
perform its therapeutic function "without eliciting any undesirable local or systemic effects

in the recipient or beneficiary of that therapy" [6], and this can be a significant challenge in
biomaterials design. Specific factors such as cytotoxicity, biodegradation rates and bioactivity
are aspects that must be characterised as a measure of biocompatibility.

The effects of a given material property can change depending on the interacting tissue type
and its surrounding environment. For example, stiffness has been shown to play a pivotal role
in cell behaviour in determining the fate of stem cell differentiation [7]. Tissue culture plastic
substrates have a stiffness in the order of gigapascals (GPa), therefore it is clear these are
inappropriate for culture when trying to replicate soft tissues, which have a typical stiffness
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in the region of 1 kPa in brain tissue, to 1 MPa in tendons [7].

Freeze-dried collagen scaffolds with added hyaluronic acid can be optimised in stiffness
by manipulation of the collagen content within the porous structure, as exhibited by Her et
al. [8], whereby a range of 1-10 kPa was achieved. When exposed to transforming growth
factor-β (TGF-β ) at 1 kPa, mesenchymal stem cells (MSCs) differentiated to their neuronal
phenotype, whereas at 10 kPa, they differentiated primarily to glial phenotypes within one
week. Different results were demonstrated in this stiffness range in collagen gels by Park et
al. [9], with MSCs differentiating into chondrogenic or adipogenic cells at low stiffness and
smooth muscle cells at higher stiffness, demonstrating the sensitivity of cell behaviour to
their local environment.

Ultimately, the challenge with material selection is optimising both the mechanical and
biological performance as much as possible for a given application, and this has led to various
approaches to engineer synthetic and natural materials, to enhance their biocompatibility
or mechanical properties, respectively. Therefore, the physical and biological properties
must be optimised for the given application, which provides a complex challenge to selecting
the appropriate materials. An approach to overcoming this challenge is to look towards the
composition of natural tissue, which has provided inspiration for biomaterials selection due
to the suitable balance of physical and biological attributes found in the native proteins.

2.1.2 Collagen as a Biomaterial

Tissue engineering is a rapidly advancing field in which various innovative approaches hold
great promise. One such approach, which has progressed consistently in recent years, is the
use of engineered collagen to reproduce the natural extracellular matrix (ECM) in the form
of a tissue scaffold. Since the inception of tissue engineering, collagen has been at the centre
of research attention due to its natural role in facilitating tissue regeneration. Beginning
with the novel experiments of Yannas and Burke in the 1970s [10], collagen tissue scaffolds
have continuously been developed for improved clinical application. Anticipated in this
early study, collagen scaffolds have progressed to demonstrate success with dermal tissue
regeneration in chronic wounds, using commercial products such as Apligraf®. This has
resulted in the unrivalled clinical treatment of diabetic foot ulcers and venous leg ulcers,
healing faster by up to 49% [11] and 52% [12] respectively.

Dermal grafts have shown the path for viable commercial results in tissue engineering,
therefore research interest has also increased with regard to different tissue types. Fresh
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challenges are presented when considering other tissues due to their added complexity arising
from the cell phenotypes, ECM composition, physical properties and differing pathologies.
Collagen is particularly popular in soft tissue research due to its high distribution in the
natural ECM in these regions.

Collagen has remained a highly popular material choice for tissue engineering, particularly
regarding tissue scaffolding. Tissue scaffolds are typically designed to mimic the natural
ECM, and considering collagen is the primary constituent and ubiquitous in all connective
tissue, it is arguably one of the obvious candidates for tissue engineering. There are currently
at least 28 different known types of collagen [13] and collagen I is the most widely researched
due to both its relatively high content in connective tissues and its fibrillar structure, which is
favourable for scaffold fabrication and provides tensile strength to the scaffold [14].

Depicted in Figure 2.1, collagen I is a fibrous protein that is found in the ECM and is the
most abundant of the collagen protein family. The protein itself is approximately 300 nm
long and 1.5 nm wide, consisting of three coiled subunits, two α1(I) chains and one α2(I),
each with 1,050 amino acids in a right-handed helix structure [15]. The collagen molecules
pack closely alongside each other to form fibrils, which are similarly combined to form
collagen fibres. This hierarchical structure is important as it exposes specific cell-binding
sites known as integrins for the relevant surrounding cells to adhere to, which stimulates
further proliferation and, in the case of tissue engineering, tissue regeneration.
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Figure 2.1 A diagram illustrating the hierarchical structure of collagen I fibres within tendon physiol-
ogy [16]. Collagen I is ubiquitous amongst connective tissue, with strong mechanical and biochemical
properties. The highly directional orientation of collagen I provides high tensile strength, suitable for
tendon function, and is therefore particularly abundant in tendon tissue.

The versatility of collagen I has made it the most widely researched of the collagen family,
as has as its ubiquity in connective tissue, meaning it can be applied to a wide range of tissue
types while also being readily available at low cost. Collagen scaffolds can be applied to soft
and hard tissue types, with the most notable success seen in dermal regions with Food and
Drug Administration (FDA) approved commercial products such as Integra® being frequently
used [17], although other tissue types including tendon [18], cartilage [19], bone [20],
periodontal [21] and mammary gland tissues [22] have also seen significant regenerative
benefits with collagen scaffolds.

Illustrated by Table 2.1 below, collagen I is the dominant collagen type in skin, bone and
tendon amongst other tissues, which include some of the most in-demand areas for tissue
engineering. Collagen I is not dominant in the other tissue regions, but it still plays a
significant role in many of them, and therefore the methods used are transferable to other
tissue types with some adaptations. An appealing aspect of using collagen I is also its widely
researched and relatively well-known surface chemistry, which allows it to be carefully
engineered with specifically bound molecules that elicit a desired effect, including growth
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factors such as vascular endothelial growth factor (VEGF) [23], which is an area that tissue
engineers continue to innovate.

Type Polypeptide Composition Distribution
I [α1(I)]2 α2(I) Skin, bone, tendon, cornea, blood vessels
II [α1(II)]3 Cartilage, intervertebral disc
III [α1(III)]3 Foetal skin, blood vessels
IV [α1(IV)]2 α2(IV) Basement membrane
V [α1(V)]2 α2(V) Placenta, skin

Table 2.1 Collagen types I-V, their polypeptide composition and typical distribution in biological
tissue as a component of natural extracellular matrix [15].

The key peptide responsible for cell-ECM binding is GFOGER, which binds to the α2β1

integrin located on the cell membrane of many cell types [24]. This binding site can also
be chemically crosslinked using binding agents such as N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), which is especially useful in providing greater
stability to engineered collagen constructs [25]. This crosslinking does have disadvantages,
however, as the occupation of GFOGER peptides through crosslinking also diminishes the
cell-binding capacity of the collagen substrate. The extent of crosslinking is therefore a
compromise between mechanical and biological factors, which requires optimisation. The
aspect of chemical crosslinking is discussed in further detail later in this literature review,
and it is a significant factor in the clinical success of collagen tissue scaffolds.

2.1.3 Current Challenges

scaffolds for tissue engineering are often three-dimensional, porous structures that typically
demonstrate mechanical and biological properties that support tissue culture in three dimen-
sions. Tissue scaffolds have proven successful in enhancing tissue regeneration [17–22],
however over time the maturation of cell culture in the centre of larger scaffolds has been
known to become limited due to a significantly reduced availability of nutrients in specific
conditions [5]. Observations have confirmed that this occurs due to the formation of a dense
outer layer of cells on the scaffold perimeter, which physically inhibits transport of nutrients
toward the centre of the scaffold, leading to the formation of a necrotic core [5]. Adapting
the seeding method or applying dynamic cell culture conditions using bioreactors can delay
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the onset of this issue [26], although disproportionate cell distribution may still develop over
an extended period.

Dynamic cell culture conditions can mitigate the issues of core necrosis, however static
cell culture is a necessity in some instances, for example, in studies that investigate the
migratory behaviour of cells through the scaffold depth to mimic the cellular ingrowth
displayed during tissue regeneration. Additionally, cellular ingrowth that takes place in vivo

is primarily assisted by neovascularisation, which can be a slow process in many tissue
types such as bone [27], requiring cells to remain viable until sufficient vasculature has been
developed. Fibroblasts have been shown to migrate steadily through collagen scaffolds over
time; however, the maximum distance from a nutrient source such as a blood vessel, at which
tissue culture remains viable, is only 200 µm [4]. Scaffold dimensions can often extend to
10 mm or greater in width, height and length. Therefore, the issue of core nutrient supply
scales with scaffold dimensions, not only due to the increased distance from the scaffold
periphery, but also the time required for deeper vasculature to develop.

Radisic et al. [4] demonstrated that, within statically cultured cardiac constructs, there exists
a steep declining oxygen gradient toward the centre, which correlates to an exponentially
reduced viability of cultured tissue (Figure 2.2). This research demonstrated a flattening
of oxygen concentration gradient by using dynamic culture media conditions; however, as
mentioned previously, this is not always a suitable solution, particularly for tissue scaffolds
already in situ.

Another solution that has demonstrated success is using a controlled growth factor gradient
with cytokines such as VEGF [28]. This stimulates accelerated tissue growth in the scaffold
centre through cell signalling, and while this approach has produced impressive results, there
remains ongoing concern about the application of growth factors in clinical application, not
only for the associated costs but also due to concerns about increased carcinogen risk that
growth factors present [29]. It remains a challenge for products with growth factors to pass
regulatory approval, therefore it may be feasible to use a more physical approach while
maintaining low invasiveness. In order to encourage sustainable cell growth toward the centre
of the scaffold, it is reasonable to assume that an external stimulus may be required, and one
method that has gained increasing attention as an effective stimulus in numerous biomedical
applications is ultrasound.
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Figure 2.2 Figure reproduced from Radisic et al. [4] illustrating necrotic core formation after 16 days
static culture of myocytes in a collagen scaffold, fabricated as a cardiac tissue construct. The image
was produced from a flat cross-section. Green fluorescence indicates live cells, and red indicates cell
death at the scaffold core. Scale bar = 400 µm

2.2 Impact of Scaffold Architecture

2.2.1 Ice-Templated Fabrication

In order to harness the full potential of collagen tissue scaffolds, the fabrication process is a
research area of particular interest. A method of fabricating biocompatible scaffolds is by
lyophilisation of collagen I suspension. This method is used due to the high porosity and
variable interconnectivity that are achievable [30], both of which are desirable attributes for
tissue ingrowth as they allow for a suitable balance of cell-cell and cell-ECM surface interac-
tions, which is required for optimal cell viability and proliferation. Lyophilisation, commonly
known as freeze-drying, is an ice-templating technique by which an aqueous suspension of
fibrillar collagen I is frozen, with the resultant ice crystal growth expelling the collagen fibres
to the crystal boundaries until fully frozen, and the solid ice is subsequently sublimed at
low pressure. The resulting product is a dry porous collagen matrix of approximately 90%
porosity, which mimics the extracellular matrix in structure and biochemistry. However, its
features can be engineered by various methods of control throughout this multi-stage process.
These variables include the acid solvent used, freezing temperature, cooling rate, collagen
volume, collagen concentration, thermal properties of the collagen mould and the level of
chemical crosslinking used.
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Collagen Slurry Preparation

Water-insoluble collagen I fibres are required for fabrication via ice-templating methods
in order for the ice-templating to exclude collagen fibres. Therefore, collagen is usually
dissolved in acids such as hydrochloric acid (HCl) or acetic acid [31, 32]. This variable is
the first determinant of scaffold structure due to the influence on protein conformation of
the differing ionic strengths of the acids. Collagen scaffolds lyophilised in HCl have been
shown to demonstrate greater viscosity and larger pore sizes, while those lyophilised in acetic
acid demonstrate favourable swelling properties and promote greater cellular proliferation,
therefore acetic acid is often favourable for tissue engineering applications [32].

Additionally, the collagen content plays a key role in the pore size and interconnectivity as
a consequence of fibre density. The typical mass content used is 0.5-1.5 wt.%, as greater
collagen concentration has been shown to enhance cell proliferation and metabolic activ-
ity [20] and reduce the scaffold shrinkage induced by drying at low pressure [33]. However,
suspensions that exceed 1.5 wt. % become viscous and difficult to handle, increasing the risk
of air bubbles, measurement inaccuracies and other practical issues [34].

Once the collagen suspension is prepared, the fibres are randomly orientated in a hydrated
state. However, they do not yet form an interconnected network suitable for cell culture
due to the lack of pore architecture and a low pH, which is inappropriate for tissue growth.
Therefore, the suspension is frozen, with the ice crystal nucleation and growth taking place
between collagen fibres. Once the crystal growth is complete, the grain structure and size
determine the template around which the scaffold is formed, and thereby ultimately, the pore
architecture.

2.2.2 Freezing

Nucleation Principles

A current challenge in reliable fabrication of collagen tissue scaffolds is that ice nucleation
is a stochastic phenomenon that occurs over an approximately normally distributed range
of temperatures upon supercooling below freezing [35]. Aligned structures are relatively
reproducible by the overriding importance of a strong thermal gradient, however isotropic
structures typically demonstrate poorer consistency in pore architecture, even within the same
production batch and when exposed to identical thermal conditions [36]. The phase transition
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of a liquid phase to a solid phase, otherwise known as freezing, requires the medium to be
cooled below the equilibrium temperature of freezing. This equilibrium temperature is the
maximum temperature at which crystal formation can start to take place, and this happens by
the formation of solid nuclei within the liquid phase. Each nucleus encounters an energetic
barrier to formation due to numerous factors, including the reduction of entropy involved
as the system becomes more ordered, increased strain energy, and the increased inter-facial
energy at the liquid-solid interface [37]. Below their respective equilibrium temperature
for freezing, liquids or melts initially exist as a metastable supersaturated state. Over time,
saturated molecules aggregate to relieve the supersaturation and drive the system towards
an equilibrium state, thereby forming the clusters that are considered the nuclei that cause
crystallisation.

In a spherical cluster formation, as is assumed to occur in ice nucleation, according to
Classical Nucleation Theory (CNT) solid phase transition becomes a spontaneous process
once a given nucleus becomes sufficiently large, and this is achieved at the point where the
volume energy coefficient exceeds the interfacial energy coefficient. This point is reached at
the critical nucleus radius, given that the volume energy is determined by the volume, which
becomes exponentially greater than the surface area with increased radius, as illustrated by
Figure 2.3 below. This initial nucleation, which releases substantial amounts of latent heat, is
known as primary nucleation. An additional secondary nucleation stage takes place after this,
and due to the crystal surface area previously established by primary nucleation, the energy
requirement is considerably lower for further crystal formation [37].



14 Literature Review: Tissue Engineering with Collagen

Figure 2.3 Free energy diagram showing free energy versus cluster size, ∆G equates to the overall
free energy for nucleation, ∆Gv is the free volume energy, ∆Gs is the free surface energy, and rc is the
critical radius required for a cluster to nucleate and trigger spontaneous phase transition [37].

Nucleation occurs under two different regimes; homogeneous nucleation and heterogeneous
nucleation. homogeneous nucleation occurs in the way that CNT describes due to super-
saturation, however as this requires a relatively large degree of supercooling to provide
the sufficient driving force for this to take place, heterogeneous nucleation is energetically
preferable and more prevalent in the vast majority of real systems. heterogeneous nucleation
occurs in the presence of any foreign surface, such as impurities or solutes in the liquid or
the wall of the container that surrounds the liquid, such as the inner glass wall of a beaker.
The added surface area in the system reduces the overall surface energy, thereby reducing the
energy barrier to nucleation and consequently also the critical nucleus radius and the extent
of supercooling required.

Biological samples are never formed of pure water, including collagen scaffolds, and there-
fore in practice the freezing process only concerns heterogeneous nucleation, whereby the
crystalline ice phase nucleates on the surface of an impurity or surface boundary. homo-
geneous nucleation in pure water requires a supercooling to approximately -40 °C [38],
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but heterogeneous nucleation requires less supercooling. In homogeneous nucleation, the
interfacial energy correlates with that of a sphere, whereas for heterogeneous nucleation, the
interfacial energy is reduced since a proportion of the surface area is already provided by the
impurity surface at which ice is nucleating. This interfacial energy can be reduced further by
using hydrophilic surfaces or solutes, as this provides a reduced contact angle between the
ice nucleus and impurity wall [39].

Research by Amer et al. [39] found that collagen I fibrils have a wetting angle of approx-
imately 24° due to their hydrophilic surface chemistry (Figure 2.4), which has previously
been attributed to the glycolisation of the polypeptide. This low contact angle indicates high
wettability, and therefore a considerable reduction in interfacial energy when considering
the energy barrier to nucleation. Typical undercooling required for a 1% w/v collagen slurry
to freeze would be achieved at temperatures averaging at -8 to -11 °C [40], although this
value can vary from 0 to -15 °C or even lower, depending on the thermal conditions that are
applied.

Figure 2.4 Micrographs of wetting angles achieved with a water droplet on different material surfaces.
A lower wetting angle in this figure indicates greater hydrophilicity. Values provided were measured
in degrees (°). Figure reproduced from research by Amer et al. [39].

Primary nucleation events are relatively rare, therefore the secondary nucleation that is
subsequently triggered accounts for a substantial proportion of the final crystal structure. In
this mechanism, crystals grow into the surrounding medium, originating from a parent crystal,
and in doing so, act as a new nucleation site by the introduction of a solid-liquid interface,
lowering the surface energy of the system. Secondary nucleation was observed in studies
by Chow et al. by fragmenting ice crystals within sucrose solutions during freezing. The
cavitation caused by ultrasound was seen to cause shattering of ice dendrites into fragments,
which then act as nucleation sites [41].
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Solute Addition and Cooling Rate

The onset of spontaneous primary nucleation can be influenced by the thermodynamic
variables within the system. The addition of solutes within the liquid system can alter the
nucleation by providing an increased surface area on which heterogeneous nucleation can
occur. The concentration of solutes has been found to correlate positively with a reduction
in the resulting crystal size [42], an observation that is explained by the greater number
of nuclei that exceed the critical nucleus size for spontaneous nucleation in this condition.
With a greater number of growing crystals in a solution, each crystal will be limited in its
potential size by the increased number of neighbouring crystals also in the growth phase.
This trend is particularly true with the inclusion of specific nucleation agents, which are used
to increase the probability of nucleation within a specific range of supercooling. Common
nucleation agents include silver iodide (AgI) and the bacterial species Pseudomonas syringae.
Nucleation agents can work in different ways. For example, silver iodide works particularly
well in the nucleation of ice due to the crystalline similarities, meaning the nucleation agent
acts as a template for ice crystal formation [43]. Meanwhile, P. Syringae produces the protein
InaZ, which stimulates increased hydrogen bonding of water and increases its ordering while
also removing heat from the surrounding water, stimulating ice nucleation at temperatures as
high as -2 °C [44]. These agents are particularly effective compared to solutes and impurities,
which act primarily through surface energy contributions for heterogeneous nucleation and
stimulate freezing at temperatures of -10 to -15 °C [44].

The cooling rate of water also has an impact on nucleation due to the thermal impact on the
bulk liquid. The cooling rate has been investigated by freeze-drying methods, where the
cooling rate of the stage can be carefully controlled. The cooling rate of the freeze-drier does
not always equate precisely with the sample cooling rate, however, as this is also determined
by heat flow within the bulk of the sample and therefore depends on both volume and the
intrinsic thermal properties of the sample. Between 0.6 °C min−1 and 0.9 °C min−1, it has
been found that freeze-dried collagen scaffolds demonstrate consistently smaller pores in
collagen-glycosaminoglycan scaffolds than faster cooling rates [45], while quenching at an
average rate of 4.1 °C min−1 demonstrated high anisotropy and large pore sizes, contrary
to the observations under a lower, consistent cooling rate. Faster cooling rates have shown
to be beneficial in promoting complex directional scaffold architecture, and an approach
that has demonstrated strong potential is the use of liquid nitrogen with controlled heating
elements [46]. This approach has allowed for a fine control of heat flow within the scaffold,
with particular benefits for cardiac tissue engineering due to increased complexity regarding
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tissue alignment.

The nucleation temperature has been observed to be independent of cooling rate in hydrox-
yethyl starch solutions, for example [47]. A greater cooling rate can be attributed to faster
cooling of the sample and, therefore, a greater number of primary nucleation events during
the freezing process. This is true, providing the cooling rate or the sample volume is low
enough for adequate heat exchange because during quenching a significant thermal gradient
within the sample is introduced. Therefore, nucleation occurs locally within a sample, with
crystal growth from these local nucleation sites dominating the overall microstructure. A
cooling rate of 0.9 °C min−1 is now a frequently used for scaffold fabrication by freeze-
drying methods, as it allows for a relatively high amount of primary nucleation within a short
time frame. This theory has been utilised in further efforts to initiate primary nucleation
events throughout the bulk of a supercooled liquid by artificially stimulating spontaneous
nucleation.

2.2.3 Drying Phase

Once the freezing process is completed, the ice template structure is sublimed at low pressure
(typically 80 mTorr) [47]. Altering the parameters of this stage is considered relatively
inconsequential to the scaffold properties and performance, provided that sublimation is
allowed sufficient time for ice to be fully removed from the scaffold structure. On removing
the ice from the structure, sublimation provides the interconnected porosity required to
use a scaffold as a substrate for tissue culture. However, when considering industrial
processes, the drying stage of a lyophilisation process has larger implications to the scalability
and associated costs of fabrication, or in the case of pharmaceutical applications, drug
preparation [35]. Drying is typically required to be as fast as possible to manufacture
commercial products on the scales required here, and for this reason, there have been several
improvements and innovations in the drying stage. Much of the literature that surrounds
the topic comes from the food industry and the pharmaceutical industry, some of which
also carry an interest in the freezing stage as well [35, 48]. This currently does not impact
academic research of tissue engineering scaffolds, but it may be noteworthy for commercial
developments in the field.



18 Literature Review: Tissue Engineering with Collagen

2.2.4 Crosslinking

Chemical crosslinking of collagen is commonly used to enhance the mechanical properties
of a scaffold [49]. Collagen I fibres can be crosslinked using EDC in the presence of N-
Hydroxysuccinimide (NHS), which is a carbodiimide crosslinking mechanism that binds the
GFOGER cell-binding peptides of collagen I to the free amine groups of other collagen fibres.
GFOGER peptides are typically used for binding to the α2β1 integrins on a cell membrane,
which facilitates cell migration and proliferation. These are desirable characteristics for
tissue regeneration, and therefore it is important to maintain suitable availability of these
peptides for this function subsequent to crosslinking [50]. Cell-binding integrins are occupied
using this crosslinking method, therefore there is a balance in the extent to which this is
beneficial to cell culture, as it can reduce cell-binding capacity when used in excess. The
optimal compromise between cell binding and structural support has been observed to be
at a level of 30% crosslinking, which is the maximum crosslinking at which no significant
inhibition of cell binding has been observed [50]. This percentage is used as a proportion
of GFOGER peptides that are crosslinked, where the molar ratio 5:2:1 for EDC, NHS and
collagen I carboxylic acid groups respectively define 100% crosslinking [50].

This crosslinking approach has been shown to increase enzymatic degradation times when
exposed directly to collagenase, from as low as 2 hours without crosslinking, to beyond 7
days after crosslinking [51]. Therefore, the scaffold would quickly become useless when
placed in a biological environment without crosslinking, whereas afterwards it allows time
for the collagen to be naturally remodelled by the surrounding tissue.

Once crosslinked, EDC is eluted, and the structure is freeze-dried once more, allowing the
structure to remain highly porous under stress as opposed to collapsing under tension from cell
binding [50]. Failure stress has been shown to increase approximately 20-fold by crosslinking
with this method (from 0.54 ± 0.23 MPa to 11 ± 3.6 MPa), while Youngs Modulus was
increased approximately five-fold (5.66 ± 0.34 MPa to 31 ± 4.4 MPa) [52]. Crosslinking
has shown to demonstrate significantly favourable degradation rates and mechanical strength,
therefore it is a necessary step in the use of collagen tissue scaffolds. Research into alternative
crosslinking agents such as genipin or transglutaminase is currently ongoing to mitigate for
the occupation of cell-binding sites, which is the primary drawback of EDC-NHS crosslinking
methods [53].
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2.3 Summary

This literature review discussed the use of collagen I for use in freeze-dried tissue scaffolds
for regenerative medicine in Section 2.1. Collagen type I is used as a tissue substrate for
tissue engineering applications due to its high content in natural connective tissue, which
demonstrates its suitability for supporting regenerating tissue. Collagen I has a wide range of
suitable qualities for tissue repair, defined by a highly compatible combination of mechanical
and biological properties that assist in stimulating and integrating with the local tissue.
Freeze-drying is a commonly used method for producing tissue scaffolds with collagen I, and
produces highly porous, interconnected scaffolds at low cost and with a degree of control
over the porous architecture.

The pore architecture of a collagen scaffold is a key determining factor in its biological
performance, as discussed in Section 2.2. Freeze-dried scaffolds provide high porosity and
this provides adequate free volume and collagen surface area for cell migration and prolifera-
tion, as well as nutrient transport. The pore architecture, including pore size and anisotropy,
favours cell types in different ways. These physical aspects can be influenced by thermal
variables during the freeze-drying process. Freeze-drying relies on the stochastic nucleation
of ice crystals in the initial ice-templating process. Variance in nucleation temperatures
causes inconsistencies in pore architecture both within the scaffold and between samples,
limiting the degree of control that is exerted through optimisation of thermal parameters.
This has been identified as an area for improvement with ultrasound.





Chapter 3

Literature Review: Ultrasound in Tissue
Engineering

3.1 Ultrasound

3.1.1 Clinical Practice

Ultrasound is the term given to a frequency range of sound waves greater than 20 kHz [54],
which is inaudible to humans. Within this high-frequency range diagnostic imaging is usually
undertaken at 2 MHz or greater, as the shorter wavelengths provide greater spatial resolution,
albeit at the expense of reduced penetration. Ultrasound has been widely used for a range
of clinical applications as the high water content of living tissue provides low attenuation
of ultrasound relative to air, and as a result, the energy transfer is considered efficient. This
efficiency is beneficial in both diagnostic and therapeutic applications, allowing a given
acoustic pressure to be administered without excessive energy loss or heat build-up, which
would damage or burn the tissue. In specific applications, such as tumour ablation, this is the
desired effect and longer exposure times allow for rapid heat accumulation.

Imaging is the most commonly known clinical application of ultrasound, possible at high
frequencies as the tissue can reflect higher wavelengths better, and the amplitude at which the
reflected sound waves are received correlates to the tissue density, allowing tissue types to be
distinguished in this way. Ultrasound is emitted and received by a device called a transducer.
This is often pressed against the skin with a layer of gel between skin and transducer to
avoid contact with air, which demonstrates high acoustic attenuation. This method allows
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for characterisation of the internal environment without an invasive surgical procedure and
without detrimental side-effects.

Diagnostic methods such as ultrasonography are now commonplace in clinical practice,
and adaptation of the ultrasound variables can also allow for therapeutic methods to be
applied. With a strong fundamental understanding of ultrasound in a biological setting,
these principles can be applied to stimulate regenerative processes. Traditional methods of
influencing biological tissue in situ would frequently involve a surgically invasive approach,
which carries the associated physical trauma and the risk of further detrimental effects such
as infection. The use of ultrasound does not carry the same risk, and as such, is seen by many
as a safe alternative to current methods, if carried out correctly. Some key variables must be
accounted for when utilising ultrasound in this way and these are the frequency, amplitude,
duty cycle, exposure time and cavitation. In understanding the impact of these key variables,
the consequent acoustic pressure and thermal build-up can be controlled.

3.1.2 Ultrasound Variables

Frequency: The frequency of ultrasound is defined as the inverse of its wavelength. Starting
at 20 kHz, ultrasound frequency is beyond the audible range of humans [54]. In the ultrasonic
range, a wide range of frequencies is utilised for different applications. Common frequencies
for ultrasonic cleaning are 24 kHz and 40 kHz, as this lower range of frequency allows for
more sustained pressure due to greater wavelengths, with increased penetration. Conversely,
higher frequencies (exceeding 2 MHz) are regularly used in diagnostic ultrasound imaging
due to their lower wavelengths, which allow for high image resolution at lower penetration
depths.

Duty Cycle: Continuous ultrasound may be desirable, but the load of a circuit is often
controlled by establishing a specific duty cycle. The duty cycle, given as a percentage,
indicates the ratio of time the circuit is on, to the time when it is switched off. In effect, this
gives pulses of ultrasound rather than continuous application. In biomedical applications,
continuous ultrasound can be used for tissue ablation, for example, whereas for drug delivery,
the duty cycle may be limited to as low as 10% to prevent adverse heat build-up [55]. The
duty cycle is sometimes referred to as the correlated pulse length, given in units of time.

Amplitude: The amplitude of ultrasound is the volume of sound that is delivered. This
is an important variable as the resulting acoustic pressure is directly proportional to the
amplitude. The amplitude is a function of the voltage applied to an ultrasonic transducer, and
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the pressure is a function of amplitude and the acoustic properties of the medium through
which it propagates. Peak rarefractional pressure is of particular interest as this can quantify
the pressure or amplitude required to initiate stable or inertial cavitation [56].

Exposure Time: The exposure time is measured as the total amount of time that the sample
is subjected to the established acoustic conditions. This timespan may often range from
approximately one second to several minutes, depending on the particular objective of
ultrasound application. Low exposure times may be used to induce cavitation without the
effect of prolonged ultrasound or to avoid heat build-up. Longer times may be used to
generate heat, as used in tumour ablation [57], or to physically disrupt tissue, such as in bone
healing applications [58].

Cavitation: Cavitation is the formation of vapour bubbles in a liquid at regions of pressure
below the vapour pressure [59]. Cavitation bubbles can produce potentially damaging
impact in traditional engineering applications due to violent bubble collapse, which causes
shockwaves to travel through the liquid and produce physical effects, for example the erosion
of a marine propeller [60]. These effects have historically been deliberately avoided, but
more recently they have demonstrated potential in clinical practice, such as for drug delivery
applications with ultrasound [61].

3.1.3 Ultrasound-Induced Cavitation

Cavitation is a phenomenon that occurs in fluids subjected to fluctuations in pressure, whereby
dissolved gas is brought out of solution in the form of gas bubbles that subsequently oscillate
in dimension as a consequence of the pressure fluctuation. These bubbles either undergo
stable oscillation (stable cavitation) at lower pressures or oscillate vigorously and implode at
higher pressures (inertial cavitation). Bubble implosion produces high-pressure microjets
that cause considerable local disruption, which is generally considered an adverse effect,
particularly in marine engineering, where microjets can significantly and catastrophically
erode turbine surfaces. Conversely, the highly localised pressure can also be harnessed
for cleaning hard materials such as jewellery or, more recently, for therapeutic clinical
applications.

Stable cavitation has been utilised as a well-established protocol in clinical application for
diagnostic ultrasound, whereby engineered cavitation agents known as microbubbles, which
are safe due to their small diameter (2-10 µm), are injected intravenously into a patient. When
exposed to ultrasound at high frequencies (typically above 500 kHz), these microbubbles
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attenuate the sound waves and reflect them at a lower frequency, allowing the received signal
to produce an image with high contrast that displays the blood flow in a given area. Recent
research also suggests that these microbubbles, which are often comprised of a gas core
surrounded by phospholipid or polymer shell, can target specific tissue sites or diseased
tissue by functionalising the outer surface with the appropriate cell-binding ligands [62].
These microbubbles are frequently fabricated using bioinert or biodegradable materials.

Cavitation can be characterised using Passive Acoustic Mapping (PAM), which maps the
physical location and the acoustic energy produced in an ultrasonic transducer’s focal region.
Cavitation is characterised by significant bursts in energy relative to the background levels.
PAM demonstrates advantages such as enhanced resolution and reduced artefacts when
compared to traditional methods such as time exposure acoustics [63]. This allows cavitation
to be identified in real time, and quantified accurately and precisely, making PAM a suitable
method for analysis.

In order to produce cavitation, sufficient rarefractional pressure is required to firstly pull
dissolved gas out of solution and then to cause implosion where inertial cavitation is con-
cerned. The pressure at which this occurs is referred to as the cavitation threshold and will
depend on the surface tension of the bubbles produced. Larger gas bubbles tend to cavitate at
lower threshold pressures, owing to a greater gas volume and lesser expansion of surface area
relative to its volume, whereas smaller gas bubbles require higher frequencies and greater
amplitude to account for the lower sustained duration at the required surface tension per
wave. Smaller gas bubbles require a higher frequency as inertial cavitation occurs over a
range of bubble sizes, the range of which is approximately centred around the resonant
bubble size for a given frequency. The range of cavitation bubble sizes shifts to those with
a smaller radius as frequency increases. Wu et al. discovered that free air-filled bubbles in
water resonating at frequency (f), the linear resonant radius (R f ) can be approximated by the
following correlation [64].

R f =
3.28

f
;R f ≥ 10µm (3.1)

This correlation is true where f is in measured in Hertz (Hz) and R f in metres (m). The
surface tension of the liquid is neglected here. This correlation is best suited for lower
frequencies of ultrasound. This approximation results in the following resonant radius at
commonly used ultrasound frequencies given in Table 3.1.
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Frequency (kHz) Resonant Bubble Radius (µm)

28 117

40 82

80 41

120 27
Table 3.1 Resonant bubble radii of commonly used low ultrasound frequencies. Values are calculated
using the correlation determined by Wu et al. [64] in Equation 3.1.

The principles behind diagnostic ultrasound using microbubbles are becoming increasingly
applied to therapeutic applications too. However, the powerful pressures induced by inertial
cavitation have also shown to be beneficial, particularly in targeted drug delivery applications.
Due to the success observed in drug delivery, there is considerable interest in realising this
potential in regenerative medicine as well.

3.1.4 Cavitation Agents

Cavitation agents are frequently fabricated using a lipid, protein or polymer shell, which
stabilises a spherical gas bubble within the shell when the gas and the cavitation agent are in a
liquid environment. There are several advantages of fabricating cavitation agents, frequently
referred to as microbubbles, and these advantages can differ with the materials used. In
general, lipids and proteins are highly biocompatible, although synthetic polymers may have
more tunable surface characteristics.

Polymer Microbubbles: These have been fabricated to a shell thickness with varying dimen-
sions, up to and including 300 nm [65]. These synthetic polymers are the most robust and
rigid option presented here due to their relatively thick shells. Polymer chains are physically
entangled and chemically crosslinked for high-strength covalent bonding. Due to this high
strength, the material is more rigid than a protein or lipid counterpart and, therefore, more
resistant to compression and expansion. Commonly used poylmers include polylactic acid
(PLA) [65], polyvinyl alcohol (PVA) [66] or polystyrene [61]. However, polymer microbub-
bles may fracture with sufficient acoustic pressure, thereby releasing their gas core [67]. This
method of releasing the gas core and the subsequent cavitation of the escaped gas can cause
the shell to be propelled away from the gas, an effect that has been utilised in drug delivery
research.

Polymer microbubbles have been fabricated for numerous decades, with early research in
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1997 by Bjerknes et al. demonstrating a method for producing a shell consisting of a double-
ester polymer with ethylidene units by emulsification and solvent evaporation [68]. These
microbubbles had a broad size distribution of 1–20 µm diameter, with a shell 150–200 nm
thick. Fabrication methods have improved over time, with tunable structures now possible
using seed polymerisation techniques, as demonstrated by Kwan et al. in the development of
nanocup cavitation agents [61]. As illustrated in Figures 3.1c and 3.2, utilising a cupped shape
to entrap gas on a hydrophobic surface can allow an entrapped gas bubble to detach easily
from the polymer upon expansion, when sonicated. Nanocups with 180, 260 and 600 nm
diameter cavities were fabricated in this research, allowing bubbles of a corresponding
diameter to be stabilised in solution. This is particularly useful for intravenous application, as
smaller bubbles are considerably safer when circulated through blood vessels because larger
gas bubbles may occlude the blood vessel, which quickly leads to further complications.
A challenging aspect of utilising synthetic polymers is that microbubbles must be readily
degradable by natural processes with limited toxicity with regards to the degradation products.
The degradation products must then either be metabolised or excreted, so they must be limited
in size.

Protein Microbubbles: With typically low immunogenicity and thermally sensitive properties,
proteins have provided a highly biocompatible solution to stabilising gas bubbles in vivo.
Albumin shelled microbubbles have a history of regulatory approval due to the commercial
product Albunex® (GE Healthcare, USA), with a range of 1–15 µm diameter and a shell of
only 15 nm thickness [69]. The albumin shell is held together by disulfide bonds between
cysteine residues formed during cavitation when fabricating the microbubbles, and these
bonds improve stability and increase retention of enzymatic activity for several months [66].
Albunex® evolved into a product called Optison®, which encapsulates a perfluorocarbon
(PFC) gas core. The low gas solubility of PFCs gives the microbubbles greater circulation
persistence in vivo. Optison® currently has FDA approval for contrast echocardiography in
clinical practice.

In contrast to many synthetic polymers, proteins are biodegradable, with their degradation
products typically being safe. Various proteins have been used to coat microbubbles and
the surface activity of proteins are of particular interest due to their amphipathic nature.
Additional surface functionalisation may also be used for targeted interaction in vivo, as
demonstrated by Korpanty et al. by forming albumin microbubbles with avidin molecules on
the surface, allowing biotin-mediated coupling of antibodies for targeting vascular endothe-
lium [70].
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Lipid Microbubbles: Inspired by natural occurrences, lipid microbubbles are simple to
fabricate and carry unique properties. Lipid microbubbles are found naturally in the lung and
function as a pulmonary surfactant, enriched with the phospholipid dipalmitoylphosphatidyl-
choline (DPPC) and associated proteins [71]. Pulmonary surfactant lowers surface tension in
the alveoli, preventing atelectasis during breathing. Phospholipids are particularly interesting
due to their ability to self-assemble into highly oriented monolayers or bilayers at the air-
water interface, owing to a hydrophobic acyl chain and a hydrophilic head group in the
structure of each molecule, which causes the acyl groups to orient away from the water,
inwards towards the gas bubble.

Lipid-coated microbubbles have also been developed for clinical application, including
commercial products such as Definity® (Lantheus Medical Imaging, USA) and Sonovue®

(Bracco Diagnostics, Italy). Saturated diacyl phospholipids can laterally compress within
the monolayer plane to produce a low surface tension when below their phase transition
temperature. In a liquid-crystalline state, as opposed to a crystalline state, the phospholipid
shell allows the microbubble to be stabilised due to the low surface tension [72]. Lipid
monolayers cohere through hydrophobic interactions and van der Waals forces between the
acyl chains. Owing to these weaker cohesive forces and the innate ability to self-assemble,
phospholipid microbubbles have the unique traits of being compliant with area expansion
and compression during sonication and the ability to reassemble after sonication.

Lipid surfaces may also be easily functionalised for targeted applications, as with proteins.
A key challenge for lipid microbubbles is to maintain microbubble stabilisation while in
blood circulation, particularly as lipid surfaces can experience non-specific blood plasma
adsorption, which can encourage biodegradation and quickly inhibit their efficacy when
sonicated. In order to overcome this, surface modification using molecules such as polyethene
glycol (PEG) derivatives may be used to inhibit adsorption and microbubble coalescence,
allowing for improved circulation time.

PFC stabilisation is a commonly used technique for improving the circulation time of
stabilised gases within a microbubble, especially where the dissolution of the carried gas
is high in an aqueous environment such as blood plasma. In the application of Optison®,
PFCs can assist in uses such as biomedical imaging with ultrasound, although therapeutic
applications are increasingly being explored for the delivery of oxygen. Oxygen mixed with
perfluorobutane at a 19:1 volume ratio in lipid microbubbles were simulated for dissolution
time when submerged in aqueous solution compared to microbubbles loaded with pure
oxygen, which predicted an eleven-fold increase over a range of microbubble diameters when
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perfluorobutane was included [73]. This simulation was further supported by the significantly
improved oxygen release when exposed to ultrasound over a 240-second period, as opposed
to without ultrasound. This method was primarily investigated for its applications for tumour
treatment, but it is feasible that such an approach for oxygen delivery may benefit tissue
engineering as well.

PFCs are also greenhouse gases, however, and therefore require expensive recovery methods
for use in the laboratory. The financial and environmental restrictions on utilising PFCs mean
that other approaches are being developed for improving microbubble stability. By adapting
the lipid surface characteristics, research suggests that considerable improvements can be
made on dissolution time without requiring PFCs. Research by Swanson et al. investigated
the stability of oxygen-loaded microbubbles using DPPC or 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) with PEG-40 stearate surface modification in an injectable foam [74].
This study demonstrated that while DPPC microbubbles degraded after 3 weeks, DSPC
microbubbles retained half their encapsulated gas over the same period, most likely due to
a longer acyl chain length and higher resulting phase transition temperature at 55 °C. On
the other hand, DPPC has a phase transition temperature of 41 °C, which is too close to
body temperature (37.5 °C) to have reliable stability in vivo. A period of 3 weeks is suitable
for most therapeutic applications in regenerative medicine where soft tissue is concerned,
and this research provides a promising outlook for microbubbles without PFC stabilisation.
Figure 3.1 illustrates the different types of microbubbles discussed in this section through
electron microscopy.
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Figure 3.1 Microbubble shell morphologies: A) Lysozyme protein microbubble image using SEM [66].
The microbubble diameter is approximately 1 µm B) Phospholipid microbubbles imaged using
TEM [75], scale bar = 5 µm. C) PLA-PFO polymer microbubble imaged using SEM [65], scale bar =
6 µm.

3.1.5 High-Intensity Focused Ultrasound (HIFU)

Cavitation agents are highly effective in the area of localised treatment, and therefore high-
intensity focused ultrasound is a suitable method to couple with cavitation. High-intensity
focused ultrasound (HIFU) has emerged as a particularly appealing technology in drug
delivery mechanisms due to its fine area of focus, allowing acoustically sensitive drug
release to be highly localised. This technology holds high promise in chemotherapy due
to the localised drug release triggered by cavitation, improving therapeutic outcome and
minimising the problematic adverse side effects and unwanted toxicity [76]. This localised
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effect can be enhanced with the use of cavitation agents [77, 61] (Figure 3.2).

HIFU is a technology with great potential for drug delivery, however at present there has
been limited application in tissue engineering. Given that mechanical stimulation of cells has
long demonstrated influence on cell behaviour [78], it is likely that the pressures exerted on
cells from HIFU-induced cavitation events will considerably influence the behaviour of cells
through a collagen scaffold. It is therefore hypothesised that by application of ultrasound with
appropriate acoustic parameters, cells will be driven in the direction of the force produced by
bubble collapse during inertial cavitation. All cells are sensitive to gradients in pressure due to
receptors on the cell surface that are responsible for mechanotransduction. This mechanism
allows cells to convert an exerted mechanical stimulus into a biochemical response and
the response alters the precise binding sites that are available for cell-cell or cell-ECM
interactions, causing a direct impact on cell behaviour [78, 79].

Figure 3.2 Figure recreated from Kwan et al. [61]. A schematic illustrating: A) A seed polymerisation
fabrication technique used to create polymer cavitation agents with polystyrene (PS) coated with
methyl methacrylate (MMA) using a divinylbenzene (DVB) crosslinker, which induces swelling
and deformation of the template, thereby producing a cup shape, allowing air to be trapped in its
cavity upon resuspension; B) Cavitation induced by exposure to ultrasound. During the rarefractional
pressure phase the gas bubble grows in size and detaches. The bubble continues to grow independent
from the cavitation agent until the compressional phase occurs, causing the bubble to collapse. This
collapse has been known to produce very high local pressures and temperatures [80].
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3.2 Tissue Engineering Applications of Ultrasound

3.2.1 Collagen Scaffold Fabrication

Ice Nucleation Principles

The nucleation of ice is a stochastic phenomenon, meaning that even when identical thermal
conditions are applied repeatedly to the freezing process, ice crystal growth can vary between
repeats or even within the same batch of samples [81]. Due to its stochastic nature, freezing
at a specific temperature must be considered with a degree of probability rather than abso-
lute certainty, where the true freezing temperature may occur over a range of temperatures
with increasing probability when supercooled below the equilibrium freezing temperature.
This was investigated by Nakagawa when freezing aqueous solutions including 10% man-
nitol, 10% sucrose and 5% bovine serum albumin (BSA), resulting in an approximately
normal distribution being found to describe the nucleation temperatures of each substance
appropriately [35].

Contrary to what CNT would suggest, ice does not typically form immediately after sufficient
undercooling is achieved but instead nucleates after a lag time, which can differ significantly
between samples. At an undercooling of 8 °C, it has previously been found that ice nucleation
can have a lag time of 1,000 to 3,000 seconds, and this lag time is reduced with increased
undercooling [82]. This variation in lag time can cause inconsistent nucleation throughout
the liquid sample, which becomes more pronounced in greater liquid volumes due to greater
thermal variance. As a result of this observation, there have been numerous attempts to
further control the precise timing of nucleation in addition to the temperature at which
it occurs [83, 84, 35, 36, 85], as a consistent nucleation time throughout the volume can
allow for more consistent crystal size, and thereby more consistent pore size in the case of
freeze-dried scaffolds.

Nucleation can be induced by a physical stimulus, causing the spontaneous reaction to take
place at a specific time and undercooling condition. Methods of triggering nucleation include
seeding, agitation, mechanical shock, electric and magnetic fields. These methods have been
explored for their various benefits, and ultrasound has emerged as a particularly promising
approach due to the uniquely high local pressures achievable through ultrasound-
mediated cavitation effects [86]. Research by Ohsaka et al. investigated the impact of a
single bubble under stable cavitation on ice nucleation, concluding that a minimum of 5 °C
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undercooling is required for heterogeneous nucleation to occur in this regime [86].

Nucleation is a primary factor in determining the structure of the resultant scaffold as it will
impact the ice crystal size and shape, which directly replicates the scaffold pore structure
subsequent to ice sublimation. The temperature of the sample at nucleation can impact
the ice structure primarily in two ways [87], and also the pore structure. Lower nucleation
temperatures (i.e. greater undercooling) provide a greater driving force for nucleation and
less driving force for crystal growth, therefore with more nuclei present, the resultant crystals
will be smaller, and smaller pores are produced that are typically more isotropic due to the
lack of space available for directional crystal growth.

Similarly, if a thermal gradient exists, the ice crystals have been shown to grow towards the
heat source, where fewer or no ice nuclei are present. By manipulating the thermal gradients
within a sample, aligned pore structures can be produced, which can be favourable for tissues
that require directional cues such as peripheral nerve cells [88] and cardiomyocytes [89].

With more precise control of the nucleation temperature, it is reasonable to assume that
the resultant ice crystal growth will be more consistent, and while various strategies have
been researched, ultrasound irradiation continues to demonstrate promising results due to the
powerful local effects of cavitation.

Ice Nucleation Mechanisms

Controlling nucleation with ultrasound has been a particular focus of researchers with interest
in food preservation, as producing consistently smaller ice crystal sizes can help to prevent
damage to food substances when frozen. The study by Kiani et al. [81] finds that the
nucleation temperatures of water, sucrose and agar gel can be controlled with an optimum
ultrasound application time of 3 seconds, with heating effects being detrimental if exposure is
excessive, whereas nucleation occurrence is inconsistent below 3 seconds. There are various
explanation for which ultrasound induces nucleation, although this has remained a topic for
debates [90–93]. The theories that seek to outline ultrasound’s impact on nucleation are as
follows:

Hickling’s Theory [90, 91]: Vigorous collapsing of cavitation bubbles can create local zones
of high pressure exceeding 5 GPa over a period of nanoseconds resulting in high degrees
of supercooling, which acts as a driving force for nucleation. This theory is qualitatively
reasonable, although quantitative assessment remains a challenge due to the short time frame
in which cavitation effects occur. This is illustrated in Figure 3.3 below.
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Figure 3.3 Graphical representation of gas bubble behaviour during ultrasound according to Hickling’s
theory. This representation is of one ultrasound wave, whereby bubble growth takes place during the
rarefractional pressure phase and is then collapsed while positive pressure is subsequently applied.
This collapse produces a high-pressure microject on a surface, stimulating high-pressure solid phases
to be nucleated. The pressure/time graph is representative only on an arbitrary scale. This behaviour
may take place over several wave cycles rather than the one cycle illustrated here.

Molecular Segregation: The driving force for nucleation in this mechanism is the pressure
gradient around the cavitation bubble, which results in pressure-controlled diffusion of
particles or embryos that are composed of numerous molecules before they form a nucleus.
Diffusion theory states that when a mixture of two species is submitted to a pressure gradient,
the lighter of the two is pushed toward the low-pressure region. Since the outward acceleration
of the bubble at the end of its collapse is far greater than gravity, this pressure gradient could
feasibly segregate the species present in the liquid. Dodds et al. [93] described that a cavitation
bubble can promote nucleation by acting as a cluster attachment reactor. Solute molecules and
small clusters remain un-segregated, while medium clusters are over-concentrated near the
bubble wall upon collapse, enhancing direct aggregation between two clusters and increasing
the nucleation rate. This theory is illustrated by Figure 3.4.



34 Literature Review: Ultrasound in Tissue Engineering

Figure 3.4 Graphical representation of gas bubble behaviour during ultrasound according to molecular
segregation theory. This representation is of one ultrasound wave, whereby bubble growth takes place
during the rarefractional pressure phase and is then collapsed while positive pressure is subsequently
applied. Molecules then aggregate where collapse has occurred and exceed the critical radius
of nucleation, triggering spontaneous nucleation of the solid phase. The pressure/time graph is
representative only on an arbitrary scale. This behaviour may take place over several wave cycles
rather than the one cycle illustrated here.

Flow Streams: Evidence produced by Zhang et al. indicates that flow streams caused by the
movement of stable cavitation bubbles are responsible for cavitation [92]. The rate of nuclei
formation was analysed during sonication, showing the rate of nucleation is not constant
during the sonication period. Two separate zones were identified with different nucleation
rates. In the first zone, the rate was much higher than in the second and allegedly much
higher than could be explained by Hickling’s Theory. Zhang suggested flow streams are the
secondary cause of nucleation, later confirmed by Chow et al. [41] with microscopic studies
as seen in Figure 3.6. This theory is illustrated in Figure 3.5 below.



3.2 Tissue Engineering Applications of Ultrasound 35

Figure 3.5 Graphical representation of gas bubble behaviour during ultrasound according to flow
streams theory. Bubble growth takes place during the rarefractional pressure phase and is then shrunk
while positive pressure is subsequently applied, allowing stable oscillation. This is representative of
stable cavitation, producing flow streams with the bubble movement. Molecules aggregate in these
flow streams and exceed critical radius for nucleation, stimulating spontaneous solidification. The
pressure/time graph is representative only on an arbitrary scale. This behaviour takes place over
several wave cycles.

The exact mechanisms remain a point of debate, but Ohsaka et al. discussed the theories
outlined here based on empirical data for nucleation that was triggered by an acoustically cav-
itating bubble [86]. The results concluded that a minimum measurement of 5 °C undercooling
was required for heterogeneous nucleation to take place, suggesting that Hickling’s theory
was the most plausible cause for nucleation as the Rayleigh-Plesset model estimates a pres-
sure exceeding 1 GPa, which is sufficient to produce high-pressure ice phases [94, 95]. This
is further supported as the duration of this high-pressure pulse is in the order of nanoseconds,
exceeding the minimum time for ice nucleus formation given by the dielectric relaxation
time of water in the order of picoseconds. In contrast, the surface tension was determined to
be insufficient for negative pressure to be the cause of ice nucleation in this case. while this
argument is plausible, some assumptions were made regarding the homogeneous nucleation
temperature, so it does not comprehensively disprove any mechanism. Therefore, it may be
the case that multiple mechanisms are the cause for nucleation.



36 Literature Review: Ultrasound in Tissue Engineering

Various theories are outlined here, each with suitable credibility, and it remains unclear which
is the dominant mechanism. It is feasible that a combination of effects may be responsible,
as observed in the micrographs by Chow et al. on freezing 10% sucrose solutions with
varying acoustic conditions [41] (Figure 3.6). Hu described that there are three phases to the
freezing process: a liquid-state temperature decrease stage when supercooling the fluid; a
phase transition stage immediately after nucleation; a solid-state temperature decrease stage
once crystal growth is complete [84].

Figure 3.6 Micrographs recreated from Chow et al. [41] illustrating the effect of ultrasound on the
secondary nucleation of ice in a 15 wt.% sucrose solution with an average temperature of -3.1 ± 0.1 °C.
The following were observed: (a) ice dendrites prior to ultrasound application; (b) ultrasonically
induced flow patterns and some fragmented ice dendrites after 1.36 seconds of ultrasound exposure,
flow patterns were identified by light being refracted through sucrose concentration gradients; (c) ice
crystals fragmented by highly mobile and locally destructive cavitation bubbles after 2.38 seconds of
ultrasound; and (d) ice crystals produced after the completed 17.38s of sonication, at which point the
ultrasound source was switched off.

In order to alter the structural properties of ice, the principal aim is to influence the second
stage (phase transition), as this is where the final structure is developed. This approach has
been applied to the freezing of various food products to maintain their structural integrity
and thereby the texture, flavour and nutritional content after freezing. In freezing dough
samples, ultrasound exposure with a 50% duty cycle and 25 kHz frequency was found to
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shorten the freezing time by over 11%, a statistically significant reduction compared to the
control condition [84]. This development is particularly relevant to industrial applications, as
improved throughput capability is a key priority. It was found that ultrasound also improved
the gluten integrity significantly due to the formation of small ice crystals within the structure,
suggesting ultrasound increased the number of nuclei formed when in the supercooled
state. This conclusion has previously been supported by research by Chow et al., in which
cavitation bubbles and ice fragmentation effects caused by ultrasound introduced additional
ice nucleation sites, thereby increasing the number of ice crystals being produced [41].

Ultrasound-assisted freezing has been used in numerous food substances, including dough [84],
broccoli [85] and ice cream [96], with results that produce significantly more desirable crystal
properties than using conventional freezing methods. Warmer nucleation temperatures are
generally correlated to longer freezing times due to the reduced number of ice nuclei, which
require greater crystal growth to occupy the total volume undergoing solidification. Zhu
investigated a range of acoustic intensities from 0.13 W cm−2 to 0.6 W cm−2 with cavita-
tion agent additives on freezing sucrose and maltodextrin solutions, finding that enhancing
cavitation reduces both the required supercooling and freezing time simultaneously [48].
This suggested that the proposed mechanism stated by Hickling may be a powerful tool in
manipulating the phase transition stage [90].

Considering the evidence demonstrated in the aforementioned research, similar techniques
deployed in the fabrication of collagen scaffolds could allow for greater reproducibility and
consequently finer control of the scaffold architecture. Nakagawa has suggested that ice
crystals form a more isotropic pore architecture as nucleation temperature is reduced in the
case of 10% mannitol solutions, as illustrated in Figure 3.7 [35]. Pawelec has previously
demonstrated that the time spent at equilibrium when freezing a collagen suspension has a
strong positive correlation with the final pore diameter, as increasing it allows for greater
annealing of ice crystals [97]. This thesis sets out to investigate the potential influence
of ultrasound and cavitation effects on expanding the range of nucleation temperatures in
collagen scaffold fabrication and the subsequent effect on pore architecture.
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Figure 3.7 Ice crystal morphologies recreated from Nakagawa et al. [35]. 10% Mannitol solutions
were cooled at 1°C min−1 and nucleated with 1s ultrasound exposure, using ultrasound waves of
frequency 35.89 kHz with an electric output of 40 W. Micrographs were taken using a light microscopy
setup, with vertical cross-sections: (A) upper position, nucleated at -2.04 °C; (B) lower position,
nucleated at -2.04 °C; (C) upper position, nucleated at -8.17 °C; (D) lower position, nucleated at
-8.17 °C.

3.2.2 Enhancement of Cell Migration

Cells are highly sensitive to their local surroundings, and therefore ultrasound has the
potential to influence the finely tuned cell-cell and cell-ECM interactions that drive cell
behaviour and tissue development [78, 79]. Mechanotransduction is the governing term for
the physical influence of cells, which stimulates a biochemical response, typically through
the upregulation or downregulation of signalling proteins. A key characteristic of interest
in tissue engineering is the direction and rate of tissue migration, as this can determine the
long-term tissue viability, particularly in the core of larger tissue scaffolds.

Migration in fibroblasts has been shown to be significantly enhanced over time by sustained
directional stress, as well as by sinusoidal cyclical stress in PEG hydrogels [98]. In both
of these conditions the migration orientation was reported to be parallel to the direction of
strain. Similarly, a study by Chen et al. demonstrated that bone-derived mesenchymal stem
cells (BDMSCs) have been shown to benefit from low-intensity ultrasound with significant
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upregulation of the FAK-ERK1/2 signalling pathway (p ≤ 0.05) [99]. This pathway is
responsible for migration and demonstrated significant results in vivo and in vitro when
compared to the control group. The ultrasound used was at an intensity of 0.03 W cm−2 and
applied for 20 minutes per day, for 2 days.

The combination of sinusoidal cyclical stress and sustained stress can be replicated by the
effects of inertial cavitation and by the ultrasound waves with HIFU, while the pressures
induced by cavitation are also known to produce local microstreaming effects, which may
further improve nutrient transport within the scaffold [100]. This effect was demonstrated by
Li et al. by the stimulation of MSC migration towards the ischemic myocardium through
the ultrasound-targeted microbubble cavitation [101]. This impact was concluded to be due
to an upregulation of the the secreted protein SDF-1 and its cell-surface receptor CXCR4,
which play a critical role in the repair of infarcted heart tissue through directed stem cell
mobilisation [102]. Overall, tissue engineering is a relatively novel application for HIFU and
remains an area in which this technology can make considerable impact.

3.2.3 Targeted Oxygen Delivery for Regenerative Medicine

A limiting factor in the efficacy of tissue regeneration remains the availability of nutrients
in the core of a tissue scaffold, particularly as tissue density increases due to both the
physical obstruction of diffusing molecules and the metabolic preference for nutrients to be
consumed by tissue on the scaffold perimeter. Nutrients will typically be available exterior
to the scaffold surface under standard culture conditions, and therefore cells at the scaffold
extremities will have the greatest access to nutrients. Aerobic respiration requires oxygen at
six times greater molar volume than glucose, and the concentration of oxygen is often the
limiting factor in tissue viability.

In naturally vascularised tissue, the intrinsic blood supply will provide nutrients to all areas
of the tissue where needed. In native tissue, capillary networks usually ensure that all tissue
regions have a nutrient supply that is within 200 µm of a blood source, which is crucial for
suitable nutrient delivery by diffusion of molecules through the porous epithelial lining [4].
Similarly, this allows for removal of metabolic waste products, however, where this distance
from a nutrient source is exceeded, tissue growth will typically be inhibited [103]. There is
typically no pre-existing functional vasculature where tissue scaffolds are required, unless
the scaffold has been engineered with a pre-vascularised approach. Various approaches
have been made to replicate natural nutrient transport, including the generation of new
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vasculature through angiogenesis, however as this typically requires the application of growth
factors, there remain concerns with their safety, particularly with regards to their potential
carcinogenicity [29].

Current Approaches

Alternative methods of nutrient delivery have also been explored and may often be inspired
by developments in drug delivery methods due to their practical similarities in delivering a
payload to a target tissue site. Ultrasound as a means for delivering therapeutic agents is an
emerging method with a high potential of increasing the efficiency of the drug. Application
of this principle to oxygen delivery carries potential benefits that include the improvement of
tissue bridging [104], temporal release control and influence on stem cell differentiation [105].
Drug delivery mechanisms using this approach often utilise cavitation as a method of increas-
ing tissue penetration. Cavitation for oxygen delivery releases the encapsulated oxygen in
a microbubble into the surrounding environment to increase local oxygen concentrations.
Oxygen-delivering biomaterials may also be utilised in tissue scaffolds to ensure maximum
effect within the local environment of the relevant tissue defect. Furthermore, some tissue
types are avascular, such as cartilage, and therefore have a notoriously poor natural regenera-
tive capability [106]. By assisting the nutrient supply of cartilage in the regenerative process,
there is potential for this to be improved. Meanwhile, pancreatic and cardiac tissue have
particularly high metabolic requirements and may significantly benefit from oxygen delivery
in early-stage regeneration [4, 107].

Respiration requires oxygen at a molecular concentration six times that of glucose, therefore
oxygen supply is typically the limiting factor of sufficient aerobic respiration, which is an
essential process for all cell function. The key functional product of respiration is adenosine
triphosphate (ATP), a molecule that is vital for transport of macromolecules into and out of the
cell, which has a wide impact on physiological processes including nerve propagation [108],
muscle contraction [109], and deoxyribose nucleic acid (DNA) replication [110]. In short,
ATP depletion causes cells to cease functioning and undergo necrosis. Cells grown in the
centre of larger scaffolds undergo necrosis within weeks, forming what is referred to as a
necrotic core and inhibiting tissue development. This poses a challenge in tissue engineering,
as avascular tissue scaffolds are frequently used and require viable tissue growth throughout
the structure. This viability must be sustained until sufficient local vasculature is developed
to support tissue function thereafter.
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Some areas of collagen-based tissue engineering have demonstrated clinical success, for
example in treating skin defects including trauma or burns [17]. Unfortunately, other areas
have not realised their potential to this extent. This is owed largely to other tissue structures
being larger in volume, with greater metabolic demands and greater complexity in their
composition. For example, cardiomyocytes are required to contract with a specific, helical
orientation that corresponds to the required blood flow at a specific location [111]. Further
to this, cardiomyocytes respond to the electrical signal that causes contraction, which must
be propagated at a rate that matches the surrounding healthy tissue [112]. Due to their
frequent contraction, which demands ATP, cardiomyocytes require considerable volumes of
oxygen and glucose, and therefore they are at high risk of developing a necrotic core in larger
volumes. The nutrient supply is a significant variable that provides a complex challenge for
clinical application, but ongoing research continues to make progress in this area [113, 4].

Oxygen-loaded microbubbles have primarily been developed for the purpose of improving
tumour treatments by increasing local oxygen concentrations, as tumour growth is typically
known to prefer hypoxic environments. Research by Eisenbrey et al. demonstrated that
oxygen-loaded SE61 microbubbles, stabilised with PFCs, significantly increased the partial
pressure of oxygen in breast tumours using this method, while also indicating that this
approach has potential in wound or ulcer healing applications [114]. Concerning tissue
regeneration, similar benefits have been investigated, including microspheres with tunable
release kinetics of oxygen particles, which have shown to improve cardiac progenitor cell
survival and differentiation under hypoxic conditions [113].

Oxygen-releasing or oxygen-generating biomaterials are gaining increased attention amongst
researchers due to the potential enhancement of tissue engineering that has been shown
with this approach, while some breakthroughs are now starting to translate into clinical
practice. MSC differentiation with the addition of marine haemoglobin HEMOXCell®

(Hemarina SA, France) has shown to be enhanced with reduced hypoxia and increased cell
viability [115]. Similarly, pancreatic islet grafts treated with the oxygen-generating product
OxySite® demonstrated considerably higher efficacy than those without treatments [107].
Improved cell viability, metabolism, glucose responsiveness and reduced inflammatory
cytokine production were observed in this study. More products like these will continue
to pass clinical trials and regulatory approval, which will likely enable biomaterials for
regenerative medicine to be considerably more effective and allow tissue engineering to
realise more of its vast potential.
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Impact of Hypoxia

Hypoxia can be beneficial to tissue regeneration and wound healing, as it is a stimulus for
local angiogenesis, and this is seen with neovascularisation in tissue defects and excessively
so in tumour development. Indeed, hypoxia in its relatively mild form can be desirable in
regenerative medicine for the long-term benefits of angiogenesis. However, where tissue
hypoxia is excessive, as commonly observed with sufficiently large tissue defects that require
surgical intervention, this ceases tissue development and leads to fibrous scarring and tissue
necrosis instead, limiting the regeneration of functional tissue [104]. The period that would
benefit most from oxygen delivery is the early stages of development, where oxygen partial
pressure should be maintained at a suitable level until adequate local vasculature has been
developed. Beyond this point, vasculature should be sufficient in maintaining relatively
increased oxygen levels. It is important to consider how long it will take for vasculature to
develop in the target site, as well as the time it takes for the regenerating tissue to become
anoxic.

Even with the addition of vascular endothelial cells and mesenchymal precursor cells, re-
search by Koike et al. indicated that implantation of fibronectin/collagen tissue constructs
with a 4 mm diameter in mice took 7 days for perfused vasculature to form, with an additional
7 days before vasculature was fully developed [116]. This gives an initial two-week window
in which tissue development needs additional support with regards to nutrient supply. The
associated consequences are assumed to scale up significantly with increased scaffold sizes
and would be expected to correlate with overall scaffold volume and aspect ratio, as the
distance from existing vasculature is the limiting factor.

It must be noted that although low oxygen levels are desirable for angiogenic stimulation, it is
also important to avoid excessive oxygen concentrations due to the adverse effect of oxidative
stress, which is brought about from by-products of oxygen metabolism known as reactive
oxygen species (ROS). Low to moderate levels of ROS are crucial for physiological mecha-
nisms such as cell signalling [117] and immune response [118]. Excessive ROS accumulation
can, however, be toxic to the local tissue, and is therefore preferably avoided in treating hy-
poxia. Common examples of ROS molecules include superoxide radicals, hydrogen peroxide,
hydroxyl radicals and singlet oxygen [119]. Many free radicals have important physiological
functions, for example, nitric oxide (NO) acts as a signalling molecule for blood flow mod-
ulation. However, in excess, these free radicals can quickly have a detrimental effect both
locally and systemically [117]. Oxidative stress occurs when an imbalance exists between
free radical formation and the capability for cells to clear them metabolically, leaving cells
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vulnerable to chemical damage from these reactive species. For example, excessive hydroxyl
and peroxynitrite formation can cause lipid peroxidation, damaging the phospholipid bilayer
that forms the cell membrane as well as lipoproteins, leading to further vulnerabilities for
cytotoxicity and mutagenicity [120]. Proteins and DNA are also prone to oxidative stress,
which can lead to mutations and, most notably, cancer development [121]. Environmental
stressors such as ultra-violet (UV) light, ionising radiation and pollutants are best avoided
in everyday life due to their contribution to ROS production, but in tissue engineering it is
relevant to limit oxygen delivery mechanisms to provide controlled levels of oxygen, and
only at the desired tissue site, so as to mitigate these adverse effects.

Even in pre-vascularised tissue scaffolds, the engineered vasculature may take several weeks
to fully integrate into the host vasculature and establish adequate nutrient supply [122]. This
issue increases in severity as the tissue density increases, which can result in a time window
in which the tissue is anoxic. Biological factors that determine the timescale and the severity
of this issue are the replication rate of the particular cells, the cell size and the metabolic
demands of the tissue, as these factors will impact the consumption and metabolism of
oxygen molecules when transported through the developing tissue. Tissue types differ in
their tolerance to low-oxygen environments. For example, brain tissue demands 20% of the
body’s oxygen intake, the majority of which is metabolised in ATP production, required
to maintain membrane potentials necessary for neuronal signalling [123]. After only a few
minutes of hypoxia, brain tissue will suffer irreversible neurological damage and neuronal
cell death [108]. Conversely, vascular smooth muscle tissue can tolerate chronic hypoxia
for as long as 72 hours, as these cells proliferate in response to hypoxia as a means of
remodelling blood vessels to upregulate oxygen supply [124, 125].

Unlike healthy tissue types, a hallmark of cancer is the ability to survive in hypoxic conditions,
as tumour cells upregulate hypoxia-inducing Human Inducible Factor-1α / -2α (HIF-1α /
HIF-2α) in hypoxic conditions, which in turn upregulates glycolysis and allows anaerobic
respiration to be sufficient for cell survival and cancer tissue’s characteristically aggressive
proliferation [126, 127]. HIF-1α , HIF-2α and other angiogenic factors are upregulated to
the point of imbalance, causing blood vessel formation to be enhanced in a rapid and chaotic
manner, which leads to disorganised oxygen supply and fluctuating levels of hypoxia in the
tumour tissue [128]. Due to this mutation, tumour tissue is unique in its ability to thrive under
hypoxic conditions, and therein lies an interesting aspect relevant to regenerative medicine, as
well as for drug delivery due to the reduced efficacy of anti-cancer drugs in hypoxic tumour
tissue [129].
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McKeown states that atmospheric oxygen levels (normoxia) of 20% are a poor estimate
of native tissue oxygen levels (physoxia) [130]. Instead, it is estimated that physoxia
typically lies in the range of 3% to 7.4%, and as a result, reduced oxygen levels compared
to atmospheric levels are to be expected. Tumour tissues, however, are reported to exhibit
median oxygen levels lower than 2%, which equates to a considerable reduction in partial
pressure (pO2). Physoxia is regularly accounted for in cell culture by utilising a 5% oxygen
level, which is adequate for traditional 2D cell culture, however it appears that within a
scaffold core oxygen levels may be experienced at 2% or lower by the cells [130]. This level
is considered to be in the region of pathological hypoxia for healthy, non-cancerous tissue
types [130].

This suitability for different oxygen levels is reflected in the tissue response when cultured
under hyperbaric conditions, particularly when contrasting tumour tissue to its healthy
counterpart. HT1080 fibrosarcoma cells cultured in hyaluronic acid hydrogels have been
demonstrated to respond more strongly to differences in oxygen tension than to the substrate
stiffness, with those at the lowest oxygen levels exhibiting the greatest angiogenic charac-
teristics and highest recovery rates from apoptosis [131]. Tompach et al. demonstrated that
fibroblast proliferation is at its maximum at 2.4 atm [132], which is beneficial for fibrous
tissue regeneration. Similarly, Kunnavatana et al. demonstrated that the human dermal
fibroblast (HDF) proliferation rate is significantly increased at 2 atm oxygen levels, while
a favourable growth factor profile can be maintained by simultaneously supplementing the
treatment with 40 µmol L−1 N-acetylcysteine, a well-known antioxidant, which mitigates
the adverse impact of ROS and thereby provides a promising combined effect with high
oxygen tension [133]. These studies indicate that a dual benefit of enhanced healthy tissue
regeneration and increased tumour tissue vulnerability can be achieved by enhancing local
oxygen levels.

In tissue scaffolds, structural factors that may influence hypoxia include the pore intercon-
nectivity, overall porosity and aspect ratio, as these physical attributes impact the overall
diffusion distance of oxygen molecules through the matrix. The maximum diffusion distance
of oxygen is 200 µm and this is the determining factor in hypoxia onset [4]. Pore size is
usually of interest with regards to tissue development, however the pores are several orders
of magnitude larger than oxygen molecules and it is therefore suggested that pore size has
little direct impact on their transport. These factors can vary widely, meaning the timescale at
which hypoxia becomes detrimental to tissue viability is subject to these parameters. These
parameters are typically tailored towards the specific requirements of the host tissue, however,
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it is favourable to alter the oxygen availability instead of the scaffold architecture. This thesis
explores the feasibility and efficacy of improving oxygen availability at the core of a collagen
scaffold, using ultrasound to trigger the release during cell culture selectively.

3.3 Summary

Ultrasound, defined as acoustic energy greater than 20 kHz frequency, has been established as
a method for diagnostic procedures due to its low invasiveness and unique interactions with
tissue, even in deep positions. Discussed in Section 3.1, these characteristics are similarly
advantageous for therapeutic applications and through the control of key variables, tissue can
be influenced using ultrasound. These variables include frequency, duty cycle, amplitude,
exposure time and cavitation. The latter can be influenced through the addition of cavitation
agents, and biomaterials suitable for fabricating these include polymers, proteins and lipids.
HIFU was identified as a promising technology in therapeutic ultrasound due to the uniquely
high pressures and fine region of focus that are possible.

The applications of ultrasound for tissue engineering were discussed in Section 3.2 of
this literature review, and these concepts are investigated in Chapters 5-7 of this thesis. For
scaffold fabrication, ultrasound has demonstrated the ability to stimulate ice nucleation events
and produce favourable ice crystal morphologies, and this may correspond to favourable pore
qualities in freeze-dried collagen scaffolds. Furthermore, ultrasound can be used to assist cell
migration through exertion of high local forces during cavitation and may also be utilised to
deliver oxygen to hypoxic scaffold regions. These areas have been identified as innovative
solutions to the current limitations of collagen tissue engineering and are therefore practically
investigated in this thesis.

The following chapter establishes a protocol of scaffold fabrication and characterisation to
use throughout the remainder of this thesis, in order to test the different hypotheses outlined
above. The following chapter utilises freeze-drying to produce porous and chemically
crosslinked collagen scaffolds, and investigates the techniques used to characterise the porous
features of the scaffold.





Chapter 4

Freeze-Dried Collagen Tissue Scaffolds

4.1 Introduction

Collagen demonstrates strong biological cues and binding sites that benefit tissue develop-
ment. For tissue engineering scaffolds, the macrostructure is extremely important due to the
fine sensitivity that proliferative tissue has to its local environment. Therefore, the fabrication
process of collagen substrates is paramount to the success of the repair process, especially
with regards to three-dimensional tissue scaffolds. This is particularly important due to
the varying structural demands of different tissue types, for example peripheral nerves are
best regenerated using highly aligned, closely packed stiff conduit scaffolds [134], whereas
dermal tissue requires a viscoelastic scaffold with strong cell binding and isotropic pore struc-
tures [21]. Moreover, different cells benefit from different pore diameters based on their own
size, to maximise cell attachment and spreading, for example MSC differentiation requires
200-400 µm pore diameter [135], fibroblasts proliferate most with 50-160 µm pores [136],
and microvascular epithelial cells require pores below 38 µm [136].

One fabrication method that is well established, cost effective and allows for tunable structural
qualities is freeze-drying of an aqueous collagen suspension. Through precise control of the
thermal parameters used during the freezing process, the pore diameter and orientation can
be tailored towards different applications. Freeze-drying, also referred to as lyophilisation, is
a two-stage physical process used to fabricate highly porous, interconnected collagen tissue
scaffolds. This method is cost-effective and highly reproducible due to the straightforward
process that is involved. The two stages involved in the process are freezing of a collagen
suspension followed by sublimation of the ice. Freezing is a self-cleaning process, meaning
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the freezing of water molecules in a collagen I suspension excludes the collagen fibres to
the ice crystal grain boundary until fully developed. This process determines the scaffold
pore structure, as once the ice is subsequently sublimed the collagen structure remains in
place whereas the ice is replaced with air to form the pores. The structure is determined by
ice-templating, therefore altering certain parameters during or prior to the freezing stage has a
direct impact on the resulting microstructure. These parameters include freezing temperature,
thermal gradient and the chosen acid solute.

Freezing temperature is the most well understood variable mentioned, as this is ultimately the
extent of supercooling on a liquid to solid phase transformation, which is widely researched
in materials science. By decreasing the freezing temperature, supercooling is increased,
which is a driving force for crystal nucleation. With increased nucleation there are a greater
number of crystal nuclei and conversely there is less thermal energy for crystal growth,
and thereby the quantity of crystals is dominant compared to the volume of each crystal.
This effect has been demonstrated on collagen tissue scaffolds by O’Brien et al. whereby a
consistent cooling rate of 1.4 °C was used to freeze-dry collagen scaffolds at temperatures
varying between -10 °C and -40 °C, which resulted in the mean pore size dropping from
150 µm to 100 µm accordingly [137]. At freezing temperatures below -50 °C the average
pore size is reported to remain consistent [138]. The work in this thesis was conducted in
the context of fibroblast tissue culture, as detailed in later chapters, therefore a freezing
temperature of -20 °C was utilised as a standard protocol. This temperature has been shown
to have the smallest differential of nucleation temperature between the top and bottom of a
collagen slurry, as well as the lowest slurry cooling rate, which was desirable to minimise
thermal gradients [139]. This set freezing temperature has shown to produce pore sizes
within the appropriate range for optimal fibroblast spreading and proliferation [139, 136].

The thermal gradient within the collagen slurry upon freezing is similarly important for the
same fundamental principles, however the effect can be considerably different. A consistent
pore size distribution would be expected throughout the whole scaffold where there is no
thermal gradient, which is desirable where an isotropic pore orientation is required. In order
to achieve this, cooling rate is typically minimised to allow time for residual heat to diffuse
through the structure before freezing is initiated. A commonly used value in freeze-drying
is 0.9 °C min−1 [45]. Conversely, with a high cooling rate, anistropic scaffolds can be
fabricated, as colder regions will favour nucleation and warmer regions will favour crystal
growth, therefore crystals will typically nucleate in cold regions and grow into warm regions,
giving orientational alignment of pores [140]. This effect can also be influenced by the
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thermal properties of the scaffold mould, as those with greater thermal conductivity will
cool the slurry faster and induce a greater thermal gradient. Similarly, the filling height
of the slurry is another practical variable that will influence this, as a larger filling height
will introduce a greater distance for heat to diffuse over and a greater likelihood of thermal
gradients.

The last key variable is the acid solute that is used to suspend the collagen powder, which
is typically either HCl or acetic acid. A direct comparison between these two solutes
demonstrated a significant difference in scaffold properties, as acetic acid produces scaffolds
with smaller pores, lower viscosity and greater swelling ability in phosphate-buffered saline
(PBS) [32]. The pore qualities produced using acetic acid are generally more favourable for
tissue growth and therefore this is the preferred method for the work carried out in this thesis.

Subsequent to freeze-drying, collagen scaffolds need to be chemically crosslinked to bolster
the mechanical strength and the degradation time. Without this step, collagen scaffolds will
not provide adequate support or resistance to tensile stresses exhibited with increasing cell
attachment due to cell spreading. A crosslinking level of 30% is considered an optimal
balance for mechanical and biological performance, without significant detriment to cell
binding and proliferation [50]. In order to benefit from the optimised performance of 30%
crosslinked scaffolds, this crosslinking percentage was utilised for scaffold fabrication in this
thesis. In this thesis, the percentage referred to the total proportion of cell-binding GFOGER
motifs that have been crosslinked.

This chapter outlines the freeze-drying fabrication methods and characterisation of highly
porous, interconnected collagen tissue scaffolds, with the aim of establishing a standardised
protocol suitable for subsequent hypothesis testing. This work also explored the use of micro-
computed tomography (MicroCT) and scanning electron microscopy (SEM) to evaluate the
scaffold qualities in the context of tissue engineering. The aim of this work was to determine
the uniformity of pore sizes in collagen freeze-dried tissue scaffolds.

4.2 Methods

4.2.1 Collagen Slurry Preparation

Insoluble bovine dermal powder collagen I (Devro, UK) was added to 0.05 M acetic acid
at a mass to volume ratio of 1%. The technical details of the collagen used are outlined in
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Table 4.1 below. Each of these specifications were assessed for quality control and certified
ahead of procurement.

Parameter Specification
Source Bovine Dermal Collagen (type I)

Moisture (%) ≤5 w/w

pH 2.6 - 3.2

Fat (%) ≤ 10

Lead content (ppm) ≤ 20

Coliforms (CFU) < 100

Yeasts and Moulds (CFU) < 100

Aerobic Plate Count (CFU) < 100

Endotoxin (EU g−1) < 10

Table 4.1 A table summarising the technical specifications of the bovine dermal collagen used in this
thesis.

This mixture was covered and stored at 4 °C for the collagen to swell for at least 24 hours.
After this, the suspension was blended using a commercial blender 3 times at 20,000 rpm for
2 minutes, with the collagen cooled at 4 °C between blends to avoid residual heat building
up from the blender’s motor and causing collagen denaturation. Once blended, the slurry
was centrifuged in 50 ml centrifuge tubes to remove gas bubbles, filling a maximum of 35 ml
in each tube to allow an air gap above the collagen. Centrifuging was carried out at 2,500
rpm for 5 minutes. After this, air bubbles were carefully removed from the top layer of the
slurry using a spatula. The slurry was then degassed at mild vacuum (above 100 mTorr) to
remove any remaining gas bubbles that could be seen, without boiling the liquid. The slurry
was then covered and stored at 4 °C until further use.

4.2.2 Freeze-Drying

Collagen slurry was transferred to a mould, which by default was a cell culture plate (Greiner
Bio-One, UK). For scaffold fabrication 24-well plates were utilised, which had a 15.7 mm
internal diameter per well and a 16.5 mm well height. Collagen slurry (1.5 ml) was transferred
to each well. The collagen samples were then placed on the shelf of the freeze-drier (SP
VirTis AdVantage), uncovered. The freeze-drier was closed and sealed, and the programme
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was entered into the terminal, which was executed in the following order to control the shelf
temperature and the pressure inside the freeze-drier chamber:

1. Pressure reduced to 700 Torr to seal the chamber shut.

2. Stage held at 20 °C for 5 minutes.

3. Cooled to -20 °C over 45 minutes.

4. Held at -20 °C for 400 minutes.

5. Chamber reduced to 80 mTorr pressure over 30 minutes.

6. Stage heated to 0 °C over 30 minutes.

7. Conditions held for 1200 minutes (0 °C, 80 mTorr).

8. Vaccuum released, pressure back to 700 Torr over 30 minutes.

9. Stage heated to 20 °C over 20 minutes.

The overall freeze-drying process is outlined in Figure 4.1. Samples were then stored in
a cool, dry place until further use. Non-crosslinked samples were used within one day of
freeze-drying to avoid adverse effects from degradation.

Figure 4.1 A phase diagram, illustrating the changes that take place with respect to pressure and
temperature, and their influence on the lyophilisation process. Collagen is suspended in acid, frozen
and then sublimed at low pressure. This process forms ice-templated collagen scaffolds.
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4.2.3 Crosslinking

After freeze-drying, scaffolds were crosslinked using EDC/NHS carbodiimide chemical
crosslinking. EDC and NHS quantities were determined using an EDC/NHS/collagen ratio
of 15:6:10, which corresponds to 30% crosslinking. The measured quantities of EDC and
NHS were dissolved in 95% ethanol, at 1.5 ml per well (based on the collagen slurry volume
used). The ethanol was stirred to dissolve the crosslinking agents and the solution was added
to each scaffold, matching equal volumes of solution and collagen scaffold. The scaffolds
were left to crosslink for at least 2 hours on an electronic mixing platform. After this time,
the scaffolds were washed five times for 10 minutes each time with deionised water. After
the third washing step, samples were blotted on filter paper before resuming the next washing
step. After washing, samples were saturated with deionised water once more and returned
to the freeze-drier. The same protocol was repeated as for freeze-drying to produce dried
scaffolds. Samples were then stored in a cool, dry place until further use.

4.2.4 Micro-Computed Tomography

Scaffolds were analysed using a SkyScan 1272 MicroCT X-ray scanning device (Brüker,
Belgium). The MicroCT device was prepared prior to use, including starting up and ageing
the X-Ray device. A stage was fastened to the MicroCT platform, and the stage was prepared
with dental wax and double sided adhesive tape on top of this. A scaffold was secured to
the stage with the tape and the MicroCT chamber was closed. The height of the scaffold
was adjusted using the adjustable platform, to ensure the full scaffold height was imaged
where possible. Scanning was processed with a voxel size of 3 µm3, with increments of 0.2°
between each image, until 180° was imaged. To image a large number of scaffolds at once,
a sample changer was sometimes prepared, which used a larger custom stage. In order to
image the whole scaffold using this setup, 5 µm3 voxel sizes were required. All imaging
was done at 25 kV and 93 µA without any filter and with a 3,300 ms exposure time. For
taller scaffolds two separate scans were taken at different heights to include the full height of
the scaffold. The resulting datasets were then reconstructed using NRecon software, using
a dynamic range of 0–0.01 for each image to produce suitable contrast. The reconstructed
datasets were then saved and used for pore analysis.
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4.2.5 Pore Analysis

Reconstructed scan data were analysed using CTan and CTVox software for pore size analysis
and visualisation respectively. CTan was used by loading the scan data of a given scaffold and
determining a height of the scaffold to be measured and selecting this height for processing.
This height was 2 mm. A volume of interest was established by isolating a square section,
which isolates this section throughout the height selected. The square dimensions were equal
to the height used, so that a cubic volume of interest was created. Using this volume of
interest, the following protocol was used to determine pore size distribution:

1. Threshold (Otsu method)

2. Despeckle

3. Analyze particles

This process is illustrated in Figure 4.2 below, representing the calculations and image
adjustments made in each step of this analysis to produce quantitative data that represents
pore sizes.
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Figure 4.2 A series of images illustrating the analysis process performed by CTan, including: a) the
cross-section of a volume of interest cube, representing one slice of 3 µm thickness; b) the same
cross-section following Otsu automatic thresholding; c) the cross-section after subsequent application
of the despeckling algorithm; and d) the cross-section with pore walls overlayed with ellipses that
approximate the pore diameters, calculated using wall separation distances and pore separation in
three dimensions to identify individual pores. The pore size for each pore is then taken as the mean
diameter of a given representative ellipse across all the image slices. The volume of interest is taken
from a sample independent of the other figures in this chapter and is included to illustrate the process
performed across all samples. Scale bar = 250 µm.

As illustrated in Figure 4.2, CTan software processes the MicroCT scans using sequential
thresholding, despeckling and ellipse fitting, which allows for subsequent morphometric
analysis to quantify parameters such as pore size. Algorithmic fitting of an ellipse to each
pore is achieved based on measured separation distance of collagen walls from the closest
neighbouring walls. Each pore is therefore represented by one ellipse, as demonstrated in
two dimensions in Figure 4.2d. Due to the interconnected nature of collagen tissue scaffolds,
these ellipses frequently intersect one another. The mean diameter of each ellipse in three
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dimensions is then given as the pore diameter. This process is defined in further detail by the
work contributing to the PhD thesis of Goodchild [141], whereby morphometric analysis with
CTan is described with respect to a range of different parameters. CTVox was additionally
used to produce 3D image reconstructions and visualised pore size distributions using this
data.

4.2.6 Scanning Electron Microscopy

Scaffolds were sectioned at the plane of interest and fixed to a stage using carbon tape,
and prepared for imaging by coating with palladium for 1 minute on a rotating stage at
40 mA using a sputter coater. Samples were then transferred to the FEI Nova Nano SEM
and brought to vacuum at 3.2 x 10−4 atmospheres. The beam alignment, contrast, brightness
and astigmatism were then calibrated and the samples were then imaged at 5 - 10 kV using
Everhart-Thornley Detector (ETD) detection at low magnification and through-the-lens
detection (TLD) at high magnification. Images were then saved and used for qualitative
analysis. Figure 4.3 illustrates the samples in position in the SEM chamber prior to electron
beam intiation.

Figure 4.3 Collagen scaffolds with palladium coating, fixed on microscope stages with carbon tape in
the scanning electron microscope chamber, ready for imaging.
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4.3 Results

4.3.1 Micro-Computed Tomography

MicroCT analysis provided clear scanning data for characterisation of scaffolds. The images
that were produced were clear with suitable contrast. The images acquired allowed for
identification of any abnormalities or differences within the scaffold, such as plate structure
formation or general alignment of pores prior to quantitative analysis. Images acquired
for a tall scaffold of approximately 15 mm height are shown in Figures 4.4 and 4.5, which
illustrate the top and bottom of the scaffold respectively. Some increased collagen density
was observable in regions at the top of the scaffold, while the centre of the top was also
raised, which is an effect of the vacuum pressure causing tension on the collagen surface
during freeze-drying. These figures were captured using a 3 µm3 voxel size, and the pores
are clearly defined at this resolution.

Reconstruction of the MicroCT scan dataset from each angle allowed for a stack of images in
the X-Y plane to be produced (perpendicular to the scaffold height). This allowed the pores
to be visualised throughout the scaffold, with each image representing a 3 µm thick layer of
the sample’s height. This imaging process allowed for qualitative analysis of pore structure at
each layer of the scaffold, while also allowing for further pore analysis. Figure 4.6 illustrates
a reconstructed image using this technique, and demonstrates how the internal structure of
pores are now visible as a result. This image was processed using the previous sample, and
demonstrates that the pore structure appears different in the central 1–2 mm radius zone
when compared to the rest of the area, in this plane.
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Figure 4.4 Micro-computed tomography scan image of the top half of a large collagen tissue scaffold
(15 mm height, 15 mm diameter) in an oversized scan. Scale bar = 1 mm.

Figure 4.5 Micro-computed tomography scan image of the bottom half of a large collagen tissue
scaffold (15 mm height, 15 mm diameter) in an oversized scan. Scale bar = 1 mm.
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Figure 4.6 Micro-computed tomography scanned cross-section of a collagen tissue scaffold in the
X-Y plane, perpendicular to its height. Scale bar = 1 mm.

Figures 4.7 and 4.8 illustrate the visualisation of pore structures using this reconstructed data
in CTVox. The volume of interest used was 2 mm3 and provided clear visual insight into the
pore structure and the complementary collagen wall structure. The fibrous structure of the
collagen walls was particularly noticeable by this imaging method, with large pores being
interspersed with a considerable number of smaller pores. The large pores were seen to be
formed between collagen fibres, whereas smaller pores formed where the collagen wall may
be folded or have an intrinsic pore in its structure. This is particularly well demonstrated in
Figure 4.7, where the collagen walls were observed to have cavities within them.
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Figure 4.7 Reconstructed volume of interest produced from the scan of a collagen tissue scaffold by
microcomputed tomography. The cubic dimensions are 2 mm in each direction.

Figure 4.8 Reconstructed volume of interest produced from the scan of a collagen tissue scaffold by
microcomputed tomography. The cubic dimensions are 2 mm in each direction.
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4.3.2 Quantitative Pore Analysis

Pore size was the primary aspect of the pore qualities that was assessed. This was done by
qualitative and quantitative methods. Using CTVox the pores were visualised according to
the pore diameter. This is illustrated by Figure 4.9, in which the entire length of the large
scaffold previously demonstrated was taken as a volume of interest with a 2 x 2 mm square
cross-section to illustrate the change in pore size and structure over the scaffold length. This
was done in the middle (Figure 4.9a) and the side (Figure 4.9b) sections of the scaffold.
Demonstrated in this figure, the larger, green scaffolds were distributed closer to the top,
whereas a greater concentration of red, small pores were distributed at the bottom of the
scaffold. This data also reinforced the observation that the central region had a greater length
than the sides, as the side contained a significant green section at the top where the scaffold
ended, whereas the centre did not.
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Figure 4.9 Two reconstructed volumes of interest, scaling the full length of a collagen scaffold
scanned by microcomputed tomography with a colour scale to indicate pore size (green = large; red =
small). The two volumes represent: a) the scaffold centre and b) the scaffold edge.

Quantitative assessment of pores using CTan revealed the pore distribution. Figure 4.10
demonstrates the distribution of pore sizes in the central and side columns illustrated in
Figure 4.9 above. The overall distribution was very similar between the two regions despite
the visual differences observed, although the column on the side demonstrated a considerably
higher maximum pore size at 786 µm, compared with 474 µm in the centre.
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Figure 4.10 Pore size distribution of a freeze-dried collagen tissue scaffold at the scaffold centre and
the side of a scaffold. The frequency indicates the percentage of all pores at any given 6 µm interval.
Pore distribution approximately follows a normal distribution. Centre mean pore size = 173 µm; side
mean pore size = 176 µm.

These data were also plotted with regards to cumulative frequency, which highlighted the
similarity between the two isolated segments of the scaffold. In both samples, 80% of pores
were below 210 µm in diameter, while only 5% of pores at the scaffold side exceeded the size
of those observed in the centre. The mean pore sizes also demonstrated negligible difference
at 173 µm (middle) and 176 µm (side). These results indicated that the structural difference
between the pores in the centre and the side of the scaffold was not significant under these
conditions.
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Figure 4.11 Cumulative pore size distribution of a freeze-dried collagen tissue scaffold at the scaffold
centre and the side of a scaffold. The frequency indicates the summed percentage of all pores up to a
given 6 µm interval. Centre mean pore size = 173 µm; side mean pore size = 176 µm.

4.3.3 Scanning Electron Microscopy

SEM imaging was used for high resolution of the scaffold surface at a given cross-section.
The pore diameters observed in Figures 4.12 and 4.13 were in agreement with the quantitative
data produced from MicroCT analysis, however due to the sample sizes with regards to
pore numbers being much smaller in SEM imaging data, this data were used as qualitative
data only. This imaging data highlighted the fibrous nature of the collagen, with smooth,
clear surfaces. The scaffolds appeared highly porous, as presented by the porous network
occupying the majority of the scaffold volume. This presented a high surface area, and in
turn plenty of binding sites for any cultured tissue.
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Figure 4.12 Scanning electron micrograph taken at 28 X magnification, indicating isotropic pore
structure in a collagen tissue scaffold cross-section. The scaffold was sectioned perpendicular to its
height.

Figure 4.13 Scanning electron micrograph taken at 150 X magnification, indicating isotropic pore
structure in a collagen tissue scaffold cross-section. The scaffold was sectioned perpendicular to its
height.
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4.4 Discussion

4.4.1 Collagen Scaffold Fabrication Process

Slurry Preparation

The suspension of collagen I fibres in acetic acid was undertaken to cleave the peptide bonds
that bond the collagen triple-helices to each other by acid-induced hydrolysis, isolating
the collagen molecules from one another. This approach was optimal as the alternative
approach of heating beyond the denaturation temperature would have caused the triple helix
to unwind and produce gelatin instead of collagen. The low pH of the acid also assisted in the
freezing process, by facilitating dendritic ice growth without side branches, improving the
pore integrity and overall control of the crystal growth. This effect was outlined particularly
well in the work by Schoof et al. [142], where the growth of ice crystal plates was investigated
with the use of acetic acid to suspend collagen fibres. In this work, collagen fibres were
concluded to be expelled from lateral flanks of the ice crystal, inhibiting the growth on the
sides, leaving unidirectional ice crystal growth along the thermal gradient. The impact of
this is illustrated in Figure 4.14 below. This is particularly helpful for tissue scaffolds, as it
produced reliable, well distributed pore structures and sizes and maintained the pore integrity
by inhibiting side crystal growth. The extent of crystal growth can be further controlled
using thermal parameters, which allows for other isotropic structures to be achieved. HCl
is also used commercially for the same purpose, although it has been found to be a poorer
solute for collagen [143], and therefore has produced different pore properties [32]. The
results in this thesis further demonstrated the suitability of 0.05 M acetic acid as a solvent in
this way and agreed with the previous findings that this solvent is well suited for collagen
scaffold fabrication due to the consistent and well interconnected porous architecture that
was achieved.
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Figure 4.14 A diagram illustrating the dendritic ice formation amongst collagen fibres, which are
compressed between the growing crystals [142]. This diagram demonstrates anisotropic ice crystal
growth with the resulting pore size, D, represented by the distance between layers.

Freeze-Drying

The freezing temperature used was -20 °C for freeze-drying protocols. This was selected as
has been shown to produce relatively large and isotropic pores [97], within the range that
is considered optimal for fibroblast cell culture [144] (50-160 µm). Interestingly, research
by Harley et al. clearly demonstrated that increasing pore size within the range 96-151 µm
actually had an inverse correlation with fibroblast migration, and therefore migration and
ingrowth will be limited for the scaffolds produced regardless of the increased space avail-
able [145]. This characteristic was observed due to the reduction of cell spreading with pore
walls being further from the cell. This cell spreading has been observed to play a signifi-
cant role in migratory behaviour because cells rely on this to sense the local environment,
which can drive migration based on the scaffold properties such as stiffness or biochemical
stimuli [23, 145]. This limited migration is a desired property for the research aims laid out
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throughout this thesis, as the tissue ingrowth is an aspect that can be improved upon in tissue
scaffolds more generally [104], and this is best explored with those where the issue is most
pertinent. The finding by Harley et. al. suggests that although the porous structures produced
in this thesis were generally of high interconnectivity and high pore size (Figures 4.10-4.13),
the migration of fibroblasts may be expected to be sub-optimal in this structure as a result of
reduced cell spreading.

Thermal gradients were another consideration in the freeze-drying process and these are
controlled by the cooling rate, collagen filling height and mould selection. The relatively
low cooling rate of 0.9 °C min−1 was selected in order to produce consistent isotropic pore
structure, particularly as cooling was controlled through the refrigeration system by cooling
the shelf at the bottom of a collagen scaffold and therefore cooling would take longer at
the top of the scaffold. Faster cooling rates would disproportionately cool the bottom of a
scaffold faster as a result of this, and thereby introduce larger thermal gradients in to the
collagen samples. At moderate cooling rates such as 0.6-0.9 °C min−1 this effect has been
shown to have negligible impact on anisotropy [97], and larger cooling rates or quenching can
introduce significant pore alignment due to the thermal gradients introduced to the collagen.

Figure 4.9 illustrates the a pore size gradient throughout the scaffold structure at 0.9 °C
min−1 in the results of this thesis, indicating that thermal gradients were present. The results
of this thesis also demonstrated the achievement of isotropic pore orientation, however, which
indicated that the thermal gradients did not cause pore alignment or plate-like structures
to form under the specified cooling rate. Therefore, this finding agrees with the work by
Pawelec [97].

Similarly, the collagen filling height has also been shown to impact anisotropy with a positive
correlation. This occurs due to the cooling method outlined above, and therefore the distance
of the collagen from the cooling stage will influence the rate at which the top of the scaffold
will cool [97]. When freeze-dried using cell culture plates, collagen was generally limited
to 10 mm filling height to mitigate this impact, although when used for cell culture these
scaffolds were trimmed using a scalpel to remove the different pore structures observed at
either end. At the bottom of the scaffolds this structure was typically a dense collagen film
surface, while at the top, as observed in this study, the pores were larger and the tip of the
scaffold the surface was uneven due to the impact of vacuum on the scaffold topography. This
trend in pore size was demonstrated in Figure 4.9, highlighting the importance of limiting the
filling height and therefore this associated effect from vertical thermal gradients. The results
observed indicated that a greater filling height would exacerbate this issue and therefore
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reduce the suitability of the architecture for clinical use, which is in agreement with the
referenced literature [97].

Tissue culture plates were selected as collagen scaffold moulds due to the good thermal
insulation properties of the plastic, as well as the hydrophilic nature of the material due to its
plasma treated coating. This allowed collagen slurry to form a smooth interface against the
interior wall, thereby reducing the formation of bubbles or indents at the surface. Thermal
conductivity of the mould was a key factor as it can introduce thermal gradients due to the
impact of cooling from below, as this will result in the disproportionate cooling of collagen
at the scaffold base faster than materials with low conductivity. Tissue culture plastic was
utilised here to maintain a low thermal gradient and isotropic pore structures.

Crosslinking

Crosslinking with EDC-NHS was achieved using a 15:6:10 molar ratio of EDC, NHS and
collagen carboxylic acid groups respectively. This was done to trigger crosslinking of
GFOGER at 30% of the maximum capacity for crosslinking for each sample. This level
of crosslinking was selected as the optimum compromise between maximum cell binding
capacity at 0% crosslinking, but with inadequate mechanical properties including compressive
modulus and degradation rates, and 100% crosslinking with the opposite properties, which
includes strong mechanical properties but with very limited cell adhesion. This balance is
illustrated by Figure 4.15 below. Crosslinking is required to increase pore area and avoid
excessively fast degradation [146], however it is ideally kept to a minimum to sustain viable
cell culture.
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Figure 4.15 A diagram illustrating the crosslinking process, including the method of altering crosslink-
ing percentage. This figure demonstrates the optimised qualities of utilising a 30% crosslinked collagen
lattice in scaffold fabrication. The illustration does not represent the true architecture of a typical
collagen lattice or scaffold, and is intended only to highlight the impact of crosslinking density.

The extent of crosslinking is determined as a compromise between the enhancement of
mechanical properties and the biological performance through cellular adhesion. Using
HT1080 cells as a benchmark, at 30% total GFOGER motif crosslinking cell spreading has
been shown to remain on a statistically similar level to 0%, which is highly desirable, while
cell adhesion is increased, cell surface area remains high. The cell proliferation rate, while
reduced, is still suitably high over a period of 5 days [50]. Furthermore, while tensile stress
has been shown to increase with crosslinking it is also known to decrease with excessive EDC,
owing to increased decreased elasticity of the overall structure [146], further reinforcing
the decision to minimise crosslinking. Therefore, 30% crosslinking was established as the
optimal value as this provided the best compromise, as above 20% it has been observed
that mechanical properties improve the greatest amount from 0%, after which a gradual
improvement occurs with increased crosslinking in general [147]. The samples used in this
thesis did not suffer any observable degradation and maintained their structure throughout
their use, whereas any scaffolds that were produced and not crosslinked were observed
to collapse within two days of freeze-drying, rendering them unsuitable for further use.
Although collagen stiffness and cell binding was not characterised, the degradation properties
were deemed suitable, as indicated in the sutdy by Bax et. al. [50].
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4.4.2 Scaffold Characterisation

Microcomputed Tomography

The scanning parameters used allowed for a clear and obvious contrast of the collagen to the
vacant pores. Due to the relatively low density of collagen pore walls this accounted for the
low attenuation of x-rays, meaning a relatively large voltage of 25 kV was required to produce
suitable contrast for quantitative pore analysis. Scaffolds were imaged in their dry state as
the contrast of attenuation between collagen and air is greater than with an aqueous matrix.
Scaffolds were imaged in their dry state, therefore it was important to acknowledge the high
swelling potential when used in an aqueous state as is relevant to cell culture environments.
Nevertheless, imaging in a dry state allowed for like-for-like comparisons between scaffolds
and improved identification of key properties, therefore this was the preferred method in
this research process. Furthermore, in the context of tissue engineering it has previously
been demonstrated that the 3 µm3 voxel size is optimal for pore analysis, providing adequate
resolution without compromising computational capacity [53].

Reconstruction of the scanning data allowed for the voxel data collected to be organised into
a stack series of images that extend over the imaged height, with each image representing a
3 µm deep cross-section in the X-Y plane. Doing this allowed for individual assessment of
different planes along the scaffold height, and therefore allowed identification of differences
in pore structure according to X-Y positioning to be identified, which complemented the
angle of the original scans for a suitable visual assessment of pore structure. This was further
improved using CTVox to produce a 3D model of the reconstructed volume of interest,
allowing pore sizes to be visualised by colour mapping and the internal structure to be
observed. This approach clearly illustrated the change in pore size distribution between
the top and bottom of a scaffold of filling height of approximately 15 mm, as Figure 4.9
demonstrates, which was the impact of thermal gradients within the collagen slurry during
freeze-drying. Despite this, the pore orientation was observed to be isotropic throughout the
sample.
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Quantitative Pore Analysis

Using CTan, quantitative analysis produced insight into the pore size distribution based on
averages of data collected from representative volumes of interest. For each plane that was
analysed, the volumes of interest were selected at random and values were averaged over
three distinct volumes of interest. It was observed that pores at the scaffold top were larger
than those at the base, however these data indicated that the size distribution range was within
the optimal range for fibroblast cell culture [136]. This approach provided detailed insight
into the architectural qualities as the analysis was done in the context of a three-dimensional
volume of interest, therefore providing the most appropriate data, particularly when compared
to the two-dimensional analysis approach often executed using ImageJ® software.

Scanning Electron Microscopy

SEM provided another approach to scaffold characterisation, detailing the collagen surface
particularly well. Carbon tape was used to ground the samples and palladium was used to
coat the samples due to its inert properties, particularly as collagen has a dielectric charge
and would otherwise suffer damage from the electron beam. Adding to this, palladium could
be used for cell-seeded samples and therefore a direct comparison could be made between
empty scaffolds and those with cell culture. Despite the palladium coating, where high
magnifications were used, or one area was imaged for a significant amount of time, cracking
was observed due to the high voltage used. Over time this effect negatively impacted the
image quality and therefore imaging was done relatively quickly for any given area of interest.
Despite the ability to measure pore sizes using SEM, this approach was not taken due to the
relatively small sample size taken and the bias introduced based on the cross-section used.
SEM imaging was used for qualitative, descriptive data in conjunction with more quantitative
data throughout this thesis, to contribute towards a more comprehensive overview where
needed.
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4.5 Conclusions

Freeze-drying and crosslinking were used to fabricate collagen scaffolds with highly porous
structures, and characterisation through MicroCT and SEM provided a strong foundation for
the research aims in this thesis. This work showed that freeze-drying provided a low-cost,
convenient method of producing collagen scaffolds with isotropic pore structure. This work
also demonstrated the importance of full characterisation of pore architecture, including
quantitative and qualitative analysis, to develop a comprehensive understanding of the
physical features of scaffolds.

MicroCT scanning allowed visualisation and quantification of key porous architecture within
the collagen scaffolds. SEM images exhibited the isotropic porous structure achieved
within collagen scaffolds fabricated with a freezing temperature of -20 °C within a plane
perpendicular to the scaffold height. Parallel to the scaffold height, pore size distribution
revealed a broad range of pore diameters, which highlighted the limitations of standard
freeze-drying protocols in producing adequately reliable pore architecture. This variability in
pore size would require trimming subsequent to scaffold fabrication, in order to improve the
pore size consistency to a suitable level for cell culture.

This work demonstrated a standardised protocol for scaffold fabrication, based on previous
work in the field, allowing for further hypotheses to be tested in this thesis. This work is
expanded upon in the following chapter, where it is investigated whether ice nucleation in
collagen suspensions may be triggered by ultrasound, and whether this may reduce the pore
variability observed in this chapter.



Chapter 5

Ultrasound-Assisted Fabrication of
Collagen Scaffolds

5.1 Introduction

During the freeze-drying process, the freezing temperature of the collagen suspension is a
key thermal parameter influencing pore architecture. The freezing stage in the freeze-drying
protocol is designed to create an environment where the suspension is in a supercooled state
and in determining a freeze-drying protocol this has typically been controlled through the
temperature of a cooling stage, and thereby the supercooling of collagen slurries. This global
variable has been used with demonstrable influence on pore size and anisotropy, however it
is really the local temperature at which the ice crystal nucleates that is the thermodynamic
variable that will impact the eventual size to which the crystals will grow, due to impingement.
Therefore, this research investigated the impact of nucleation temperature on scaffold pore
architecture and how the nucleation temperature may be controlled. Freezing conditions may
be replicated between scaffold fabrication repeats, however even when using the same thermal
parameters pore architecture can vary both within and between the fabrication batches. This
has been concluded to be due to variability in the temperature at which ice nucleates between
samples, as this is a variable that remains inconsistent.

The use of ultrasound to control the number of nucleation events in a sample has been
investigated in the context of food preservation, as ice crystal size is preferably kept consistent
and small [81], particularly for fabrication at an industrial scale. The large scale of fabrication
is currently less relevant in the context of tissue engineering, but improved control over
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scaffold architecture is highly relevant to tuning the biological performance of the scaffold.
Ultrasound causes physical agitation of supercooled water molecules, causing them to cluster
together and increasing the cluster radius beyond the critical radius required for nucleation.
This phenomenon has been observed in popular science by shaking a bottle of supercooled
water, which freezes instantly upon shaking. This research investigated the feasibility of
using ultrasound to produce the same effect in the context of collagen scaffold freeze-drying.

Agitation of water may produce some impact on the nucleation of ice crystals in supercooled
water, however the power required to do this on a comparable scale to physically shaking
the water is likely too great, especially when considering the accompanied heat build-up
ultrasound at this power would cause. A more localised effect known as cavitation is likely
the primary cause for ice nucleation. Detailed in Section 3.2.1, there are several theories
that outline the possible reasons for nucleation of ice caused by cavitation, and these include
Hickling’s theory, flow stream theory and molecular segregation theory. There may be multi-
ple mechanisms contributing towards the same effect simultaneously, and this balance may
depend on the conditions applied, such as frequency and acoustic pressure. The observation
that increasing the number of frequencies applied correlates with increased cavitation nuclei
suggests that the nucleus is dependent on the resonant frequency of bubbles or cavitation
agents within the sample. This would suggest that by increasing the concentration of a given
size of cavitation agent, the density crystals formed at the respective resonant bubble radius
would increase. This hypothesis was explored in this research by investigating the use of
microbubble cavitation agents in the nucleation of ice in collagen slurry samples.

The hypothesis leading to this work was that by controlling the nucleation temperature
through triggering nucleation at a given point, the pore architecture of a tissue scaffold
can be more closely defined in the fabrication process. With improved control over pore
properties the scaffolds may be more finely tuned towards specific biological applications,
for example towards specific cell sizes and adhesive qualities. Furthermore, by improving
the reproducibility of pore sizes, as well as the distribution of pore sizes within a sample, this
improvement may contribute towards the reliability of collagen tissue scaffolds in clinical
practice. This theory is illustrated in Figure 5.1 below.
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Figure 5.1 A diagram illustrating the practical applications of 3D tissue scaffolds of differing pore
sizes according to the cellular preferences. Pore size and anisotropy can suit different tissues in
different ways, so optimising these variables and improving the consistency of these parameters may
benefit a wide range of tissue engineering applications.

The three aims in this work were to investigate the ability of ultrasound to trigger ice
nucleation in collagen slurries, the impact of this method on ice crystal structure, and the
impact of cavitation agents on this effect. These were tested using different permutations of
cooling with or without ultrasound application and with or without DSPC/PEG-40 stearate
microbubbles, depending on the aims of the experiment. This is summarised in Table 5.1
below.

Condition Microbubbles (0.25 mg ml−1) Ultrasound (40 kHz)
1 No No
2 No Yes
3 Yes No
4 Yes Yes

Table 5.1 An array of conditions tested for investigating the impact of ultrasound and microbubble
cavitation agents on ice nucleation and crystal structure formation. These conditions were used to test
each permutation of ultrasound and microbubble inclusion. The microbubbles used were DSPC with
PEG-40 sterate at 0.25 mg ml−1. Ultrasound used was 40 kHz at 0.2 W cm−2 continuous application.
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5.2 Methods

5.2.1 Stochastic Nucleation of Ice

The stochastic nucleation temperature of collagen slurries and deionised water were measured
using the ultrasound bath equipment outlined above. This experiment measured nucleation
temperatures without ultrasound and without microbubbles (Condition 1, Table 5.1). Cell
culture well plates were prepared by fixing a type K thermocouple to each well at 10 mm
height on the well wall. The culture plates used for this were 12-well culture plates (Greiner
Bio-One, UK) with well height 16.5 mm and internal diameter 22.2 mm. This data were
collected by preparing samples of deionised water, as well as 0.5%, 1% and 1.5% w/v
collagen in 0.05 M collagen slurry samples in acetic acid as described in Chapter 4, and 4 ml
was pipetted into each well of the 12-well cell culture plate. Samples were refrigerated at
4 °C until temperature of the collagen stabilised, and then cooled in the ultrasound bath and
temperature was recorded using type K thermocouples (Omega Engineering, UK). Recording
was ended once all samples had displayed nucleation of ice, which was identified by a rapid
increase in temperature on the release of latent heat, typically at the equilibrium temperature
for phase transition, which in this case was in the region of 0 °C for water. Nucleation
temperature was defined as the final temperature recorded before a characteristic jump in
temperature reading, as illustrated in Figure 5.2. A minimum of 39 measurements were
taken per condition and the nucleation temperature distribution was plotted according to each
condition. Statistical outliers were defined as values greater than 1.5 times the interquartile
range above Q3 or below Q1 and excluded from further analysis. Samples were assessed for
statistical significance using histogram analysis and ANOVA means comparison testing with
Origin® software.
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Figure 5.2 A representative chart of temperature measurements in a thermocouple when measuring
ice nucleation and growth. The sample is supercooled during the cooling period to a temperature
below the equilibrium freezing temperature. Nucleation occurs at the nucleation temperature, and is
followed by an instantaneous increase in temperature to the equilibrium freezing temperature. This
temperature is maintained during ice crystal growth, as latent heat is released during this phase change.
Once freezing is complete, the solid sample is then cooled according to the applied environmental
temperature. TN = Nucleation temperature; TE = Environmental temperature.

5.2.2 Ultrasound-Triggered Ice Nucleation

Ultrasound Freezing Setup

A spark-free laboratory-grade chest freezer (WolfLabs, UK) was calibrated to -20 °C. A type
K thermocouple was taped firmly to the base of a commercial 40 kHz ultrasonic cleaning
bath, which was placed inside of the spark-free chest freezer. The ultrasonic bath was
filled with 200 ml ethanol (50% volume concentration), which was left to cool to -10 °C.
Ethanol was included to reduce the attenuation of ultrasound, when compared to air. Ethanol
was cooled and the freezer door was closed. Meanwhile, 24-well cell culture plates were
prepared by fixing two type K thermocouples (Omega Engineering, UK) to the interior wall
of one well per plate, one at the base and another at 10 mm height of the well. Collagen
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samples were prepared by slowly pipetting 2 ml collagen slurry (1% w/v) into each well
of a well without producing any air bubbles, such that each well was filled to the top
thermocouple. Once prepared, all thermocouples were plugged in to a portable thermocouple
reader (Omega Engineering, UK) and the well plate was placed into the ultrasound bath,
allowing supercooled ethanol to sit the lower section underneath each well.

Ultrasound Bath Characterisation

The ultrasound bath was characterised for its transducer positions and the acoustic intensity
using the following protocols. To confirm cavitation in this ultrasound and to identify the
transducer positions beneath the steel base, a layer of aluminium foil was placed at the base
of the bath and submerged in 500 ml deionised water. The bath was switched on and allowed
to sonicate for 10 minutes and images were taken of the aluminium foil each minute during
this time. The water was then drained and any positions where at any positions where foil
was eroded by cavitation was marked on the bath base with permanent marker.

Acoustic intensity was measured for each identified transducer by fixing a type K thermocou-
ple to the inside of a glass vial (15 mm base diameter) and filling with 3 ml deionised water.
Water was pipetted to fill the layer of air between the vial and transducer and the beaker was
sonicated for 120 seconds. This was repeated five times per transducer for a reliable average
measurement to be calculated. This was also measured five times in random regions of the
ultrasonic bath that were not near any given transducer to determine the intensity across the
broader bath volume. The acoustic intensity and pressure were then measured using the
following equations respectively:

PUS = mCp
∆T
∆t

(5.1)

IA =
PUS

A
(5.2)

P = IAZ0 (5.3)

Where PUS is the acoustic power for ultrasound (W), IA is the acoustic intensity (W cm−2),
P is the pressure (Pa), m is the mass of the liquid (g), Cp is the specific heat capacity of
the liquid (J kg−1 °C−1), ∆T

∆t is the initial slope of the curve of temperature versus time (°C
s−1), A is the cross-sectional area (cm2) of the bottom of the beaker and Z0 is the acoustic
impedance of the medium (N s m−3).
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5.2.3 Microbubble Fabrication

Phospholipid microbubbles were fabricated as a cavitation agent to investigate the impact
of cavitation on nucleation. These were produced by combining DSPC (850365P, Sigma
Aldrich UK) with PEG-40 Stearate (P3440, Sigma Aldrich UK) at a 9:1 molar ratio and
mixed in PBS at a concentration of 5 mg ml−1. These materials were selected due to the
long circulation times exhibited in previous literature [74], as described in section 3.1.4. The
combined materials were mixed under ultrasonication in a commercial ultrasound bath at
60 °C until the mixture became translucent and then refrigerated at 4 °C. For oxygen-loaded
microbubbles, oxygen was then bubbled through the suspension for 1 minute, after which
the suspension was quenched in ice. The suspension was then centrifuged at 100 rcf for 5
minutes, after which the top layer of foam with large bubbles was manually removed. The
samples were then wrapped in parafilm and in the case of the oxygen microbubbles this was
done subsequent to more oxygen being bubbled through. The samples were then refrigerated
at 4 °C until further use.

Microbubble Size Characterisation

Microbubbles were characterised for their hydrodynamic radius using a Zetasizer Nano ZS
(Malvern Panalytical, UK). This was performed using the particle size measurement method
with 1 ml phospholipid suspension loaded in to a clear polycarbonate sample loader. Sample
measurements were repeated three times to get a reliable and accurate size distribution
measurement.

5.2.4 Ice Nucleation Imaging

Customised Experimental Setup

A customised ultrasound nucleation experiment was designed and built in preparation for
this work. A 40 kHz transducer and driver board (Banggood, China) were prepared in a
bespoke protective box with power cable sockets and power switch. A copper sheet, 1 cm
thick, was machined into a square with 15 cm edges and fixed firmly to the transducer surface
with epoxy resin (Araldite, UK). This experiment tested all four experimental conditions
(Conditions 1-4, Table 5.1). This transducer setup was characterised for its acoustic intensity
using the same method outlined in section 5.2.2.
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A bespoke cooling rig was used, which was designed as follows: A reservoir of liquid
nitrogen was stored in a polystyrene box, which contained four cylindrical copper fingers
submerged in the liquid nitrogen and protruding from the top of the box, each with 20 mm
diameter and equidistant from one another in a grid formation. At the top of each copper
finger a resistive heater was attached, regulating the temperature of the top of the copper
with a PID temperature controller and a type K thermocouple placed in situ. The cooling rig,
including the polystyrene box, were created in the work by Cyr [46], with features detailed
in Figure 5.3 below.
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Figure 5.3 Figures reproduced from Cyr [46], including a) the key features of the cooling setup,
A. a cooling bath with liquid nitrogen (outer compartment) and ethanol buffer (inner compartment)
B. PID temperature controller C. ring heater that regulates the temperature at the top of the cold
finger D. scaffold mould E. vertical temperature gradient within the mould F. the collagen slurry G.
solidification front in plane with the mould base; b) the dimensions of the original freezing apparatus;
c) a schematic of cthe freezing apparatus dimensions from a cross sectional side view and; d) freezing
apparatus dimensions from a top view; (e) an image of the freezing apparatus in use.

The custom transducer was fixed to the custom cooling rig by securely taping corners of the
copper plate to each copper rod with tension. Ethanol solution (95% vol.) was pipetted into
any gaps between the copper finger and the copper cooling stage to facilitate conduction of
heat through the ethanol from the copper plate to the cooled copper fingers. Ethanol was
chosen to avoid freezing and the consequential latent heat release. The practical setup used is
illustrated in Figure 5.4 below.
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Figure 5.4 A photograph demonstrating the practical setup of the custom cooling and ultrasound
nucleation device. Cooling was driven by liquid nitrogen, which cooled a copper stage, under which
a 40 kHz ultrasonic transducer was positioned. A camera is fixed above the cooling stage using a
clamp and connected to the laptop by USB connection. The ultrasonic driver board is connected to
the transducer with crocodile clips to transmit the voltage.

Cavitation Imaging

Cavitation was imaged using the same bespoke ultrasound ice nucleation equipment with
some additional features. A USB camera (Jiusion, China) was positioned approximately
10 cm above the centre of the copper plate with a stand and clamp, and video was recorded on
a laptop computer. A type K thermocouple was attached to the copper plate centre to measure
undercooling, measured using the portable thermocouple reader. The camera was focused
manually and the distances calibrated by taking an image of a ruler. The 1 mm markings on
the ruler were measured in ImageJ® five times per image, and the average distance in pixels
was used to calibrate all remaining images collected in that camera position.

Samples were prepared by mixing phospholipids with deionised water for a concentration of
0.25 mg ml−1. The phospholipid sample and deionised water without phospholipids were
then stained with 5% volume red food dye (Sainsbury, UK) to produce imaging contrast
during the freezing process, and this was gently stirred to mix. Samples were then loaded on
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24-well cell culture plates, which were already prepared with thermocouples as described
previously, by pipetting 2 ml of a sample in to one well of the plate per imaging cycle. The
cell culture plate was then loaded on to the copper plate, with ethanol pipetted between the
culture plate and the copper plate to reduce acoustic impedance and to facilitate sample
cooling.

The camera recording was started, and samples were then cooled by loading liquid nitrogen
into the reservoir and allowing the copper plate to cool to -20 °C to mimic the commercial
chest freezer and the freeze-drier shelf. This cooling was controlled using the proportional,
integral and derivative (PID) heater, allowing for inefficiencies in the conductivity, particularly
between the copper plate and the copper fingers, meaning copper fingers were typically cooled
below -20 °C to achieve this temperature at the plate. Once samples were cooled between
-5 °C and -6 °C the transducer was switched on for 3 seconds. Samples were then left to
freeze for the next 20 minutes, after which the recording was ended. This process was
repeated three times for each sample, and then three times without ultrasound exposure per
sample as a control variable. The camera setup is demonstrated in Figure 5.5 below.

Figure 5.5 A photograph demonstrating the practical setup of the custom cooling and ultrasound
nucleation device with a high-zoom camera positioned directly above the cooling stage. Cooling was
driven by liquid nitrogen, which cooled a copper stage, under which a 40 kHz ultrasonic transducer
was positioned. The cooling stage was secured to the copper fingers with tape.
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5.2.5 Ultrasound-Assisted Collagen Freeze-drying

Collagen slurry samples were prepared as previously described on page 49 at 1% w/v
concentration in 0.05 M acetic acid, and three separate 12-well cell culture plates were
prepared by fixing a type K thermocouple at the base of one well and another at 10 mm
height of the same well, as described previously. This well on each plate was filled with 4 ml
collagen slurry by careful pipetting to avoid introducing any air bubbles. This experiment
tested samples with ultrasound and without microbubbles (Condition 2, Table 5.1). The
ultrasonic bath was prepared with 50% ethanol in the freezer as detailed above, and after
refrigerating at 4 °C the collagen samples were cooled in the ultrasonic bath. Once the top of
the collagen slurry reached a temperature between -5 °C and -6 °C the ultrasound bath was
switched on at the power supply for 3 seconds. Samples were then left to freeze for a time
exceeding 60 minutes.

Meanwhile, a freeze-drier was prepared by cooling the stage to -20 °C at 700 Torr pressure.
This temperature was held until the collagen samples had completed the manual freezing step,
at which point the freeze-drier vacuum was released and samples were quickly transferred
to the pre-cooled shelf including the thermocouple cables. Thermocouple cables were left
inside the frozen collagen to avoid damaging the ice structure and were therefore unplugged
from the reader upon transfer. Once inside, the samples were dried using the typical drying
protocol of a freeze-drying process, as described in Section 4.2.1, which involved reducing
the pressure to 80 mTorr over 30 minutes, then increasing temperature to 0 °C over 30
minutes, and then holding at these conditions for 1,200 minutes to sublime the frozen ice.
This whole process was repeated a further three times for a total of 12 samples.

The experiment was repeated with the addition of microbubbles to the collagen slurry for
a total concentration of 0.25 mg ml−1, which was prepared by mixing prior to pipetting
in to well plates. This concentration was used because cavitation can produce high local
pressures, and this concentration was relevant for use in a wide range of applications, without
excessive dilution. Thermal measurements were taken to record nucleation temperatures,
freezing times and supercooling temperatures. Freezing time was defined as the time between
nucleation and the point at which latent heat is no longer released, taken as the meeting
point between extrapolated lines between the initial gradient after nucleation and the linear
gradient observed before the sample is stabilised near the supercooling temperature.
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Microcomputed Tomography

Pore architecture was characterised with MicroCT using the established protocol outlined in
Section 4.2.3, with some adaptation. Briefly, this included scanning samples using a sample
changer loading device (Brüker, Belgium) at 25 kV, 93 µA, 3,300 ms exposure time with
no filter. Samples were imaged using a 5 µm3 voxel size in this practical work, which was
the adaptation to the standard protocol. These samples were reconstructed using NRecon
software and then quantitatively analysed using CTan.

5.3 Results

Stochastic Nucleation of Ice

The natural nucleation temperature of 0.5%, 1% and 1.5% w/v collagen slurry (in 0.05 M
acetic acid) and deionised water were determined by measuring the temperature of super-
cooled samples during freezing. The last temperature reading before a significant jump in
temperature to the sample’s equilibrium temperature was defined as the nucleation tempera-
ture. These nucleation temperatures were recorded and analysed for the statistical properties
of each sample. These were arranged into histogram format and a range of statistical tests
were performed using Origin® software. Figures 5.6, 5.7, 5.8, and 5.9 represent the distribu-
tion of nucleation temperatures of deionised water, 0.5%, 1% and 1.5% collagen respectively
below. Table 5.2 below summarises the statistical results of the samples.
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Figure 5.6 A histogram representing the nucleation temperatures of deionised water, frozen in a
-20 °C chest freezer. N = 39, Mean = -7.43 °C.

Figure 5.7 A histogram representing the nucleation temperatures of 0.5% collagen slurry, frozen in a
-20 °C chest freezer. N = 52, Mean = -7.95 °C.
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Figure 5.8 A histogram representing the nucleation temperatures of 1.0% collagen slurry, frozen in a
-20 °C chest freezer. N = 41, Mean = -9.62 °C.

Figure 5.9 A histogram representing the nucleation temperatures of 1.5% collagen slurry, frozen in a
-20 °C chest freezer. N = 39, Mean = -7.35 °C.
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Sample DI Water 0.5% Collagen 1.0% Collagen 1.5% Collagen
Sample Count 39 52 41 39

Mean TN (°C) -7.43 -7.95 -9.62 -7.35

Standard
Deviation

3.48 2.6 1.36 3.6

Range 12.5 10.1 8 13.1

Skewness 0.5 0.05 -0.25 0.17

Kurtosis -0.97 -0.89 0.01 -0.64

ADNT
(p-value)

0.01 0.45 0.48 0.57

Table 5.2 A table demonstrating the statistical results of stochastic nucleation of ice in different
concentrations of collagen and in deionised water. These results describe the distribution of nucleation
temperatures observed over a range of samples. TN = Nucleation temperature; ADNT = Anderson-
Darling Normality Test.

These Anderson-Darling test values indicated that only deionised water demonstrated a tem-
perature distribution that was statistically rejected as being drawn from a normal distribution
(p ≤ 0.05), whereas collagen samples were not rejected from this hypothesis. Interestingly,
1% collagen demonstrated a uniquely narrow nucleation range and a significantly lower mean
nucleation temperature according to ANOVA means comparison testing (p ≤ 0.05). Three
samples were rejected from 1% collagen analysis due to the temperature readings being
irregular and anomalous, indicating practical error in thermocouple positioning. Increasing
concentrations of collagen also exhibited greater resemblance to a normal distribution, indi-
cating that the introduction of nucleation sites on collagen walls favoured certain nucleation
temperatures, when compared the relatively uniform distribution exhibited in deionised water.

5.3.1 Ultrasound-Triggered Ice Nucleation

Ultrasound Bath: Cavitation Characterisation

The ultrasound bath was tested for cavitation by sonicating a sheet of aluminium foil for
5 minutes. The results shown by Figures 5.10 and 5.11 illustrate the physical impact of
ultrasound on the foil, whereby the ultrasound bath caused the most destructive cavitation
where the transducers were situated. The damage to the foil became progressively worse
during this time and increased in area slightly, until a circular region of approximately 5 cm
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diameter was missing from the foil above each transducer, as well as additional smaller
holes surrounding this. This physical effect was accompanied by an audible, high-pitched
buzzing noise that was determined as the cavitation occurring in the air trapped within the
foil. The results observed indicated that three distinct transducers were present and their
specific locations. Small bubbles were also visibly observed in these locations, vigorously
being produced, detaching from the foil, and rising to the water surface.

Figure 5.10 A photograph demonstrating the cavitation caused by the 40 kHz ultrasonic cleaning
bath and the damage it caused to a sheet of aluminium foil. Three distinct areas were identified,
corresponding to the transducer positions. Scale bar = 5 cm.
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Figure 5.11 A photograph demonstrating the cavitation caused by the 40 kHz ultrasonic cleaning
bath and the damage it caused to a sheet of aluminium foil directly above a transducer. The foil was
damaged by cavitation by air bubbles trapped in the foil. Scale bar = 1 cm.

Ultrasound Bath: Acoustic Intensity

Ultrasound power, acoustic intensity and acoustic pressure were calculated as described.
The density of water was approximated to 1 g cm−3, causing mass in grammes to be
equivalent to the volume in ml, therefore m = 3. Cp = 4.186 J g−1 K−1 for water. Initial ∆T

∆t

was approximated by calculated the change in temperature over 120 seconds. The results
recorded are shown in Table 5.3 below:
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Temperature Rise (°C)
Repeat Transducer 1 Transducer 2 Transducer 3 Base Water

1 4.1 4.2 2.9 2

2 3.6 3.5 2.7 1.9

3 3.2 3 3.3 1.7

4 3.8 3.2 2.7 1.7

5 3.2 3.2 4.6 1.5

Average 3.58 3.4 3.24 1.76

AI (W cm−2) 0.212 0.201 0.192 0.104
Table 5.3 Temperature rises recorded at each transducer over five separate repeats to calculate the
acoustic intensity for each transducer, as well as the intensity in the surrounding volume. AI =
Acoustic Intensity. Ultrasound transducer frequency = 40 kHz.

Acoustic intensity was determined to be approximately 0.2 W cm−2 according to empirical
data, and allowing for some error in measurement the values were within an acceptable
range of this value to use this as a constant going forward. With an acoustic intensity of
0.104 W cm−2 at the ultrasound base in positions away from the transducer, this revealed
that acoustic intensities were approximately half of those immediately above the transducers.

Acoustic pressure was calculated using this approximated value of 0.2 W cm−2, using Z0 =
1.5 x 106 for water. This calculation gave an acoustic pressure of 54.8 kPa, rounded to
one decimal place due to the similar rounding done previously in approximating acoustic
intensity.

Ultrasound Nucleation Characterisation

The process of triggering of nucleation with ultrasound is illustrated in Figure 5.12 below,
which includes representative samples of ultrasound-triggered ice nucleation, stimulated at
-2.4 °C, -5.2 °C and -10.4 °C. Nucleation was characterised by an instantaneous increase
in temperature reading in the thermocouple, up to approximately the equilibrium freezing
temperature.
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Figure 5.12 Temperature measured over time during ultrasound-triggered ice nucleation and growth
in 1% collagen slurry samples. This demonstrated the efficacy of using ultrasound as a trigger for
ice nucleation over a range of temperatures, with instantaneous response each time. In this Figure,
nucleation was stimulated at A) -10.4 °C; B) -5.2 °C; and C) -2.4 °C. TN = Nucleation temperature.

5.3.2 Microbubble Size Measurement

The microbubble size distribution was determined using a dynamic light scattering (DLS)
in a zetasizer (Nano ZS, Malvern Panalytical, UK). The z-average radius was the preferred
measurement, as this is calculated as an intensity-weighted dimension, thereby minimising
the effect of measurement noise. The mean results for each sample were displayed according
to Table 5.4 below. The mean z-average pore diameter was measured as 1,407 ± 56.6 µm.
The scattering angle used was 173°.
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Repeat Z-
average
(r.nm)

Peak 1
Mean
(r.nm)

Peak 2
Mean
(r.nm)

Peak 3
Mean
(r.nm)

Peak 1
Area
(%)

Peak 2
Area
(%)

Peak 3
Area
(%)

1 674.2 797.3 67.99 10.07 82.87 14.57 1.9

2 896.77 1088.4 15.4 0 97.77 2.23 0

3 540.2 1146.73 95.09 10.49 86.6 11.47 1.93
Table 5.4 Zetasizer characterisation results for the DSPC/PEG-40 Stearate microbubble solution
sample repeats. Peak dimensions are given in terms of the hydrodynamic radius. Z-average = z-
average intensity weighted mean radius. The three dominant peaks of each sample are given as mean
values and in terms of proportional percentage.

5.3.3 Ice Nucleation Imaging

Use of the custom ice nucleation system with a high-zoom camera allowed a series of images
to be collected during the ice nucleation process in water. The acoustic intensity of this
ultrasound transducer was measured as 0.3 W cm−2. The deionised water samples with 5%
red food dye included those with and without phospholipids at 0.25 mg ml−1, and imaged
under natural and ultrasound-stimulated ice nucleation conditions (Conditions 1-4, Table 5.1).
The video frames were assessed at three different timeframes, namely the first 3 seconds,
the first 4 minutes and the first 20 minutes after ice nucleation occurred. Ice nucleation
was recognised as the point where the clear liquid quickly became translucent, based on the
evidence at this imaging resolution. Each condition was repeated three times, with consistent
results observed on each repeat.

This impact was firstly assessed without ultrasound, in order to determine the impact of
phospholipids independently of any cavitation or other ultrasonic effects. This is summarised
in Figure 5.13 below, whereby images represent 3 seconds, 5 minutes and 20 minutes
post-nucleation in order of presentation moving downwards. This result indicates the finer
microstructure achieved with phospholipid microbubbles, as a result of increased nucleation
sites being available. Microbubbles were observed visually as black inclusions in the
micrographs, however the image resolution was deemed too low to quantify these accurately.
Figure 5.14 below demonstrates similar data, with the inclusion of three seconds of ultrasound
application at between -5 ° and -6 °C. This data illustrated a similar reduction in ice crystal
size with phospholipid involvement, with the added benefit of controlling the time and
temperature of the ice nucleation.
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Figure 5.13 Images representing ice morphology from samples nucleated without ultrasound, on a
copper plate cooled by a connected liquid nitrogen tank. Samples illustrated represent: DI water a) 3
seconds after nucleation; b) 5 minutes after nucleation and c) 20 minutes after nucleation. d), e) and f)
represent the same respective timepoints after nucleation in 0.25 mg ml−1 DSPC in DI water samples.
Scale bar = 1 mm.
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Figure 5.14 Images representing ice morphology from samples nucleated with 40 kHz ultrasound,
triggered for three seconds on a copper plate cooled by a connected liquid nitrogen tank. Samples
were nucleated at -5 °C to -6 °C. Samples illustrated represent: DI water a) 3 seconds after nucleation;
b) 5 minutes after nucleation and c) 20 minutes after nucleation. d), e) and f) represent the same
respective timepoints after nucleation in 0.25 mg ml−1 DSPC in DI water samples. Scale bar = 1 mm.
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5.3.4 Ultrasound-Assisted Collagen Freeze-drying

Microbubble Cavitation Impact on Pore Size

The impact of phospholipid microbubbles on scaffold pore size was assessed within a
narrow nucleation temperature range of -5 °C to -6 °C. Collagen slurry samples containing
0.25 mg ml−1 microbubbles were produced using the same methods as used previously, and
the impact of their inclusion was compared to a control group containing no microbubbles.
MicroCT analysis allowed for visualisation of the pore properties through reconstruction of
the volumes of interest used. This was performed for each of the samples and demonstrated
some clear differences in pore structure. This is illustrated in Figures 5.15 and 5.16, which
represented a 2 mm3 volume of interest for each condition used. Microbubbles produced
noticeably smaller pores, as seen by the increased concentration of collagen pore walls in
Figures 5.16.

Figure 5.15 Reconstructed 2 mm3 cube volumes of interest, representing the pore structure of collagen
samples fabricated using ice nucleation triggered by ultrasound between -5 °C and -6 °C.
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Figure 5.16 Reconstructed 2 mm3 cube volumes of interest, representing the pore structure of 1%
vol. collagen samples fabricated using 0.25 mg ml−1 phospholipids in solution and ice nucleation
triggered by ultrasound between -5 °C and -6 °C.

This effect on pore size was represented by Figure 5.17. ANOVA testing was used to
compare the mean values of each distribution, consisting of 9 samples for each condition,
which revealed a statistically significant reduction in mean pore size where phospholipids
were included in the fabrication process of these scaffolds (p ≤ 0.05). Collagen produced
with phospholipid microbubbles were found to have a mean pore diameter of 84 ± 4 µm,
significantly smaller than the control samples’ 102 ± 6 µm. Furthermore, the distribution
was more closely concentrated around this smaller pore size, demonstrating finer control of
the pore size and greater reproducibility with this addition.
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Figure 5.17 Pore size distributions represented as box plots for different sample conditions. Both
sample sets were prepared as 1% w/v collagen slurries, one with 0.25 mg ml−1. All samples were
nucleated at -5 to -6 °C top slurry temperature with ultrasound (Conditions 2 & 4). N = 8 for each
condition. *p ≤ 0.05

Nucleation Temperature Impact on Freezing Time

The correlation between nucleation temperature and freezing temperature was assessed
after freezing samples using ultrasound at a range of temperatures. These values were
measured using thermocouple data collected at the top of each collagen slurry and plotted, as
represented by Figure 5.18 below. These data demonstrated a high degree of scatter within
the measured dataset, therefore although a correlation can be observed, it is relatively weak.
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Figure 5.18 A linear regression model of freezing time and nucleation temperature as measured in
scaffolds produced at 1.0% w/v collagen concentration. Samples were nucleated with ultrasound,
without microbubbles. The trend illustrates little correlation between these parameters over conditions
used. N = 26.

Nucleation Temperature Impact on Pore Size

Scaffolds nucleated using ultrasound at different temperatures were characterised with
MicroCT scanning to visualise and quantify the resulting pore architecture. Nucleation
temperature demonstrated a considerable impact on the anisotropy of the pores. This is
highlighted in Figures 5.19 and 5.20, which illustrate relatively cold and warm nucleation
temperatures respectively. The samples produced at highly negative nucleation temperatures
were clearly observed as isotropic with low pore sizes, whereas this pore size was seen to
increase at higher nucleation temperatures with increasing plate-like formations dominating
the architecture.
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Figure 5.19 Microcomputed tomography scans of isotropic collagen scaffolds produced using
ultrasound-triggered ice nucleation in 1% collagen suspensions (0.05 M in acetic acid) at different
nucleation temperatures, followed by sublimation at 80 mTorr for 1200 minutes. The cross-sections
are perpendicular to the scaffold height and were produced from reconstructed scanning.
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Figure 5.20 Microcomputed tomography scans of anisotropic collagen scaffolds produced using
ultrasound-triggered ice nucleation in 1% collagen suspensions (0.05 M in acetic acid) at different
nucleation temperatures, followed by sublimation at 80 mTorr for 1200 minutes. The cross-sections
are perpendicular to the scaffold height and were produced from reconstructed scanning.

This trend was further investigated by nucleating samples over a wide range of temperatures.
23 samples were assessed using MicroCT for their pore size, given in Figure 5.21. This
analysis only included samples with predominantly isotropic pores to maintain consistent pore
size measurement methods, as this differs for anisotropic pores. The data indicated a clearly
positive correlation between mean pore size of a sample and the nucleation temperature
measured at the top of the collagen slurry. The bands illustrated represent the 95% confidence
and 95% prediction bands for modelling of the mean value and the sample range respectively.
The same metrics were used for the nucleation temperature measured at the base of the
collagen slurry, however using the same analysis approach, no convergence was found for
the line of best fit, and therefore this approach was not suitable for pore size prediction using
base nucleation temperatures.
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Figure 5.21 A logistic regression demonstrating the trend of nucleation temperature and measured
pore diameter by microcomputed tomography. The strong correlation suggests there is a direct
influence on pore size of 1% collagen samples by nucleation temperature, when nucleated with
ultrasound. The grey region indicates the -5 to -6 °C temperature range used for comparison with
phospholipid samples.

Freezing Time Impact on Pore Size

Similarly, the correlation between freezing time and pore size was assessed using MicroCT
data for collagen scaffolds produced at a range of different times taken for freezing, as
measured at the collagen slurry top. Freezing time was found to have a weak positive
correlation with average pore size, as indicated by Figure 5.22 below.
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Figure 5.22 A linear regression demonstrating the trend of freezing time and measured pore diameter
by microcomputed tomography. The weak correlation suggests there is a little influence on pore size
by freezing time. N = 26.

5.4 Discussion

5.4.1 Stochastic Ice Nucleation

The data collected for the distribution of ice nucleation within collagen samples of concentra-
tions equal to 0.5%, 1% and 1.5% w/v and deionised water samples produced an interesting
and unexpected spread of results. The Anderson-Darling test was selected as the fitness
test for normality due to its basis of computing the p-value based on the comparison of the
cumulative distribution of the data set against the ideal cumulative distribution of a Gaussian
distribution. This approach took the discrepancies of all parts of the curve into account,
unlike the similar Kolmogorov-Smirnov test. This test was selected because a cumulative
distribution was most appropriate for ice nucleation due to the increased driving energy
for nucleation with increased supercooling, making nucleation increasingly likely at more
negative temperatures.

Interestingly, the data collected in this study revealed that the deionised water did not nucleate
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according to a normal distribution at supercooled temperatures, with a supercooled environ-
ment of between -10 °C and -20 °C and volumes of 2 ml. This finding is contradictory to
previous understanding of ice nucleation, which is typically believed to follow a normal distri-
bution. This has been demonstrated by a similar study using 1.6 ml deionised water samples
in glass vials when experiencing immersion freezing at a similar degree of supercooling [81].
The Anderson-Darling test in this literature produced a p-value of 0.98, indicating a very
strong fit to normal distribution, and therefore it may be concluded that the key difference is
by the degree of undercooling when compared to the empirical data set observed here. The
samples in the literature were cooled immediately from 20 °C, as opposed to the pre-cooled
4 °C in the work of this thesis, so the undercooling was therefore greater relative to the
original sample temperature and the cooling rate would therefore have been faster as a result.
This degree of supercooling was deliberately avoided in this research to limit the introduction
of thermal gradients within the sample, and thereby the anisotropic ice crystal structures
that result from these gradients. The mean nucleation temperature in previous literature was
found to be -7.4 ± 2.4 °C, which corresponds closely to the -7.4 ± 3.5 °C found in this study,
using standard deviation as the error margin for direct comparison.

Conversely, collagen samples demonstrated some fit to normally distributed data, with in-
creasing p-values of 0.45, 0.48 and 0.57 for 0.5%, 1% and 1.5% collagen w/v suspensions
respectively. The normality of these samples was seen to increase, possibly due to increased
presence of nucleation sites and the lowering of freezing temperature with increasing salt
concentrations, and this combined impact would push more nucleation events towards a nar-
rower range of temperatures. Interestingly however, 1% collagen demonstrated the narrowest
temperature range of nucleation, with a mean nucleation temperature of -9.6 ± 1.36 °C.
Considering the distributions observed at each concentration, it is likely that opposing ef-
fects of increased salt concentration and increased collagen surface area were impacting the
nucleation temperature.

At 0.5% and 1% w/v concentrations it is believed that an increase in salt concentration
depressed the nucleation temperature, as demonstrated by a reduction in the maximum
nucleation temperatures observed. The salt ions are known to limit nucleation by the
formation of ordered hydration spheres through ionic interactions with water molecules,
which lowers entropy and requires a lower temperature to overcome this entropy change for
spontaneous nucleation to occur [148]. At 1.5% w/v the salt concentration was concluded
to be overcome by the highly viscous environment, which provided high surface area for
heterogeneous nucleation. This may have occurred due to over-saturation of salts in the
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aqueous medium, meaning additional salt did not have the same impact beyond this point
and instead provided surface area to promote heterogeneous nucleation. In this condition, the
maximum nucleation temperatures that were observed increased again. The lowest nucleation
temperatures that were observed did not significantly change throughout this experiment,
occurring at -12 °C to -15 °C.

Collagen suspended at 1% w/v demonstrated the narrowest range of nucleation temperatures
and it also provided the most predictable characteristics with respect to freeze-drying. The
nucleation was observed over a range of 8 °C, which was a range 2.1 °C, 5.1 °C and 4.5 °C
narrower than 0.5% collagen, 1.5% w/v collagen and deionised water respectively. Despite
having the lowest range of all the samples, this 8 °C range was still relatively broad in the
context of producing reliable, predictable scaffold pore architecture. Using Figure 5.21 for
context, a range of 8 °C predicted nucleation at -4 °C or -12 °C for example, which could be
expected to produce mean pore sizes of 150 µm or 50 µm respectively. These values present
high variability, and therefore produce limited reproducibility in biological performance.
Characterising scaffolds subsequent to freeze-drying provides useful information about
the scaffold structure, however fabricating the scaffolds according to a specific pore size
specification would yield stronger results in research and in clinical practice.

The mean, standard deviation and the range of nucleation temperatures have been discussed,
along with the Anderson-Darling test selection, and two additional statistical values were
assessed in this research. These were the skewness and the kurtosis of the distributions.
The data sets were being assessed for their similarity to a normal distribution, therefore
the skewness is important as it describes the symmetry either side of the peak. This data
demonstrated that the distributions for collagen samples were reasonably symmetrical with
skewness between -0.25 and 0.17. Skewness in the deionised water distribution was moderate,
with a value of 0.5 indicating that the distribution was skewed towards more negative
temperatures. Kurtosis defines the sharpness of a peak within a distribution, with increasingly
positive values being sharper. In this measurement, 1% collagen distribution had the closest
resemblance to a normal distribution in shape, with a kurtosis of 0.01 being very close
to 0, therefore referred to as mesokurtic. All other samples displayed a negative kurtosis,
representing flat distribution with thin tails, often referred to as a platykurtic distribution.

Overall, this distribution analysis revealed that nucleation temperatures were spread over a
broad range of values for each of the conditions tested, which indicated that the reproducibility
of nucleation temperature in collagen freeze-drying is low, and therefore the porous features
that are produced are subject to this variability. Ultrasonic triggering of nucleation events
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allows for increased control of this variable because nucleation may be initiated at a pre-
determined sample temperature, provided stochastic nucleation has not already occurred.
The distribution analysis determined the temperature ranges over which stochastic nucleation
could be expected, and thereby the temperatures at which ultrasonic triggering would be
effective.

5.4.2 Ultrasound Bath Characterisation

A commercial ultrasound bath was selected for these studies due to its capacity for induc-
ing cavitation. Ultrasound transducers can operate at a range of frequencies and acoustic
intensities, typically at the lower end of ultrasonic frequency, although as Table 3.1 indicates,
the commonly used ultrasound frequencies in this range can produce significantly different
resonant bubble sizes. Due to this impact, it was particularly important to characterise the
equipment that was used. Furthermore, the experimental variables were defined prior to
experimentation, including the use of 50% volume ethanol mixed with deionised water,
which was used for supercooling due to its low relative freezing temperature and its low
attenuation of ultrasound. A freezer at -20 °C was used with ethanol cooled to -10 °C to
allow for steady and predictable supercooling of the samples used.

The sonication of aluminium foil replicated results seen previously [81], due to the presence
of air bubbles within the foil structure. This result of degradation due to ultrasound applica-
tion was indicative of inertial cavitation, particularly as highly localised pitting was observed
before the foil wore down and peeled away above the transducers. Cavitation occurred only
in the regions above the transducers, therefore this was indicative of the increased acoustic
pressure at these locations. This conclusion was made due to the positive correlation of
acoustic pressure with acoustic rarefractional pressure, which was the responsible component
of ultrasound for cavitation due to the negative pressures it induced, which brought dissolved
gas out of solution and increased its volume in a fluid. With sufficient pressure the bubbles
collapsed due to excessively vigorous oscillation in volume, and this was seen with foil ero-
sion. This cavitation confirmed that the ultrasonic bath was suitable for initiating cavitation,
as was expected.

The intensity measurement revealed that the acoustic intensity was approximately 0.2 W cm−2

and an acoustic pressure of 54.8 kPa was used. This pressure was at a relatively low level
when compared to the pressures achievable with HIFU, for example [149], however because
the frequency used was 40 kHz and this is at the lower end of the ultrasonic frequency range
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the cavitation threshold pressure is also low at these frequencies because the rarefractional
time per wave is extended with a longer wavelength, therefore increasing the impact of
ultrasound at a given pressure, and the duty cycle used was also relatively high in this
investigation at 100%. The intensity closely matched the intensity used in previous research
(0.25 W cm−2 [150, 81]), however the estimated pressure of 54.8 kPa was somewhat lower
than pressures used in previous research, as pressures greater than approximately 140 kPa
have been used to stimulate cavitation previously [150, 151]. Despite this, the acoustic
intensity clearly produced cavitation and therefore the bath was suitable for use in nucleation,
as this was proposed as the key mechanism for ice nucleation in the hypothesis of this
research. Adding to this, with a lower acoustic pressure and a slightly lower acoustic intensity
compared to previous efforts, this would indicate that heating effects were less intense, and
therefore less detrimental to ice nucleation.

5.4.3 Ultrasound Nucleation Characterisation

Characterisation of the ultrasound nucleation trigger, measured by the ability to initiate
freezing in supercooled 1% collagen suspensions, revealed that the ultrasonic parameters
used (40 kHz, 0.2 W cm−2 acoustic intensity) resulted in an instantaneous increase in sample
temperature to the equilibrium freezing temperature. Illustrated in Figure 5.12, this result
was conclusive in determining the strong influence of ultrasound on the temperature at which
ice nucleated in samples cooled to temperatures in the range -2.4 °C to -10.4 °C. This Figure
also illustrated the smooth cooling gradients in samples nucleated at -5.2 °C and -10.4 °C,
however the sample nucleated at -2.4 °C was characterised by a less stable cooling profile
and a prolonged ice growth stage, indicative of fewer nucleation events and larger crystals
being formed. This observation was consistent with previous findings by Pawelec, in which
differential scanning calorimetry (DSC) measurements on 1% collagen samples demonstrated
gradual increase in molecular activity from -5 °C upwards with temperature and no sharp
onset to define melting [97]. This suggests that nucleation is more homogeneous, with more
nucleation events, at supercooled temperatures below this threshold.
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5.4.4 Microbubble Size Measurement

The phospholipid microbubbles size measurement using the zetasizer gave a range of sizes
measured. The z-average radius was selected as the defining size, as this dimension has
more direct relevance to pore sizes and ice crystal sizes, while the z-average is also weighted
according to the intensity of readings at different sizes, and therefore favours the larger peaks
measured with a greater microbubble population. Table 5.4 demonstrates that the majority
of microbubbles measured were concentrated in one size peak, with at least 83% of the
microbubbles being defined by the largest peak measured. The z-average radius was deemed
as reasonably accurate, however of the three repeats there were two with a second peak
accounting for over 10% of the measured area, and therefore it was acknowledged when
using these microbubbles that they were polydisperse to a moderate degree. The data set
was comparable to microbubbles produced previously using the same materials and a similar
protocol, previously demonstrating a modal average of approximately 0.9–1.65 µm, with
a standard deviation comparable to that seen in this study [152]. The low standard error
provided confidence in the reported z-average value in this work.

5.4.5 Ice Nucleation Imaging

Through imaging of the ice nucleation process the impact of ultrasound and of the phospho-
lipid microbubbles was visually observed. These images were categorised for insight into
nucleation under these different conditions over a 3 second, 4 minute and 20 minute time-
frame, giving specific insight into the nucleation, ice growth dynamics and microstructure
development respectively. Samples that were nucleated using ultrasound were nucleated
between -5 °C and -6 °C to maintain high certainty that ultrasound was responsible for the
nucleation and that stochastic nucleation didn’t happen to occur at the same time. This was
also confirmed by repeating each condition three times, with consistent nucleation being
observed each time. In the first 3 seconds it was evident that ultrasound was responsible for
nucleation, characterised by a fast change in the translucency of the fluid, becoming opaquer
with ice nucleation. With phospholipids included, the ultrasound resulted in considerably
greater agitation, as observed by the ultrasound patterning in the liquid for the duration of the
ultrasound treatment, as well as shortly thereafter. This imaging process was pivotal to seeing
the supposed effects first-hand, confirming the enhancement of cavitation with phospholipids
and demonstrating the significant impact on ice nucleation. This latter conclusion was deter-
mined by the faster nucleation response occurring with phospholipids with ultrasound. The
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time resolution was too low to quantify this in a precise manner, however it was observed
that the nucleation occurred within the 3-second ultrasound timeframe, whereas without
phospholipids it occurred directly after ultrasound was switched off again and therefore
directly after the 3-second timeframe.

During the 5-minute timeframe it was observed that ice nucleated with phospholipids gener-
ally grew in a finer microstructure and the phospholipids became increasingly visible during
this stage as they were excluded from the ice growth due to the self-cleaning process of ice
formation. This stage was helpful in quantifying the subsequent analysis for phospholipid
counts. The undulating textures observed with microbubble cavitation changed throughout
this timeframe, indicating that some fluid movement within the sample was taking place
and the freezing process was still ongoing. The texture returned to a smooth, even surface,
similar to the other conditions observed, thereby suggesting that cavitation only impacted
the topography of frozen samples on a momentary basis with little or no obvious long-
lasting effect. The 20-minute timeframe further indicated the difference in microstructure
that was developed, and although this data were not quantified, the images supported the
observation that ultrasound produced a finer microstructure of ice than the samples that
nucleated stochastically without phospholipids. Microbubbles appeared to have a similar
effect, with fine microstructures observed relative to stochastic nucleation without ultrasound.
The microstructure observed in the control water sample resembled smooth layers of ice
sheets, rather than the granular structures observed elsewhere.

5.4.6 Ultrasound-Assisted Collagen Freeze-drying

Microbubble Cavitation Impact on Pore Size

Phospholipids were assessed in the form of microbubbles for their impact on ice nucleation.
These had two effects, the first of which was acting as a nucleation agent through further
inclusion of impurity to the aqueous suspension, which provided additional surface area for
heterogeneous nucleation on which ice can form. The other effect was to stimulate nucleation
when cavitated, which was achieved through one or more of the mechanisms discussed in
section 3.2.1. The improved consistency of mean pore sizes and the smaller overall pore sizes
achieved through nucleating these samples at -5 °C to -6 °C was indicative of the overall
effect produced by the phospholipid microbubbles with ultrasound. Moreover, this effect
was statistically significant at a 95% confidence level by means comparison with ANOVA
testing relative to samples without microbubbles, suggesting that this approach is conducive
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to producing more reliable pore architecture in freeze-dried tissue scaffolds. This pore size
distribution is believed to be correlated with the resonant bubble size of the microbubbles,
which in this case at 40 kHz is approximately 80 µm diameter.

The bubbles were considerably smaller than this resonant diameter, however the maximum
bubble diameter when exposed to ultrasound is reported to grow in the order of 100 times
greater than the initial cavitation nucleus [59]. This magnitude of increase would have
swelled the majority of microbubbles to a diameter of approximately 140 µm, which is in the
range of pore sizes regularly produced in freeze-drying procedures. This amplitude of bubble
oscillation was particularly large at the low frequencies used here, as wavelengths were longer
than at higher frequencies, and the periods of compression and expansion were extended. The
bubble diameter is known to fluctuate throughout the compression and expansion subjected
by the acoustic cycle, so it is suggested that resonance occurred when the diameter passes
the 80 µm point in each cycle.

This aspect is suitable for further research, by producing monodisperse populations of
microbubbles at different diameters the impact of the microbubble diameter on scaffold pore
size may be tested. Variation of ultrasound frequency may also impact this, as the resonant
bubble radius is inversely proportional to frequency. The resonant bubble radius may be a
key contributing factor towards triggering ice nucleation due to the theory of flow streams
as discussed in section 3.2.1, as when ultrasound is driven near the resonance frequency
the bubble has been known to display maximal radial response, including secondary effects
such as flow streaming. This flow streaming occurs due to the bubble shape instabilities
that arise at resonance frequency [153] and the flow streaming is proportional to the sine
of the phase difference between volumetric oscillations and oscillatory translations [154].
Given that Figure 5.17 indicates that the mean pore size for scaffolds produced with the same
microbubbles was 84 ± 4 µm, this was very close to the resonant bubble diameter at 40 kHz,
suggesting that flow streams were a contributing factor to the ice nucleation.

This observation, along with the strong correlation with nucleation temperature, provided a
suitable pathway for determining the pore architecture with a greater degree of control than
previously achieved. Further work may include heterogeneous distribution of phospholipids
for controlling pore architecture on a localised scale within the samples or including the
effects of microbubbles at different concentrations to those used in this study.



5.4 Discussion 111

Nucleation Temperature Impact on Freezing Time

The two thermal variables that were measured were the nucleation temperature and the
freezing time when nucleating the 1% collagen samples for scaffold fabrication. When
nucleated over a range of temperatures it was expected that the freezing time would decrease
at lower nucleation temperatures, due to a increased driving force for nucleation and a
consequent larger number of ice nuclei and faster removal of latent heat in this state of
increased supercooling. The results indicated a more complex relationship, however, and
ultimately no significant correlation was observed with the samples used as illustrate in
Figure 5.18. Correlations are more easily observed with larger sample sizes and the possibility
of a relationship should not be excluded, but the high variance observed here was not
conducive to the objective of fabricating accurately reproducible pore architecture under
these conditions.

Nucleation Temperature Impact on Pore Size

Illustrated in Figure 5.19, the measured pore sizes between the top and the bottom did not
vary significantly in isotropic scaffolds, when nucleated with ultrasound at relatively low
nucleation temperatures. This finding was in contrast to the findings at warmer nucleation
temperatures with ultrasound, as illustrated in Figure 5.20, or under standard freeze-drying
protocols such as those described in section 4.2.1. To counter for this variance, scaffolds may
be physically trimmed to remove sections of an undesirable pore size distribution that have
been excessively impacted by thermal gradients in the fabrication process. This ultrasonic
nucleation process has provided low variance in pore size at low nucleation temperatures,
which suggested that more nucleation sites were activated throughout the scaffold volume
under this regime. This increase in nucleation sites also resulted in a reduction in pore sizes
with ultrasound.

On investigating the impact of nucleation temperature on the scaffold pore size, a significant
correlation was observed. This exponential relationship was particularly appropriate as in
theory there must be a minimum pore size greater than 0 µm, and while if we hypothetically
assumed an infinite sample volume and therefore no maximum theoretical pore size, the
maximum nucleation temperature is the equilibrium temperature for freezing, which is 0 °C
in the case of ice. This should give a theoretical asymptote at x = 0 °C and y = 0 µm, however
this empirical data revealed that other practical variables may have caused an increase in this
value on the y-axis. Extrapolation of the observed data in this work suggested approximately
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31.2 µm as a theoretical minimum pore size, which would be achieved at absolute zero
(-273 °C). Other factors such as cooling rate, mould material choice and the slurry volume
may have contributed towards this minimum pore size.

This strong correlation was only observed for measurements made at the top of the slurry
volume, whereas for measurements measured at the collagen slurry base this correlation was
not observed. The anisotropy of the scaffold structure has previously been related to the
nucleation temperature at the slurry top [40], as has the pore size [155]. Work done for the
PhD thesis by Pawelec demonstrated that pore nucleation temperature could be influenced
by thermal parameters, including filling height, thermal holds, freezing temperatures and
the mould material [155]. This work demonstrated a trend in pore size similar to the one
observed in this work, however as illustrated in Figure 5.23, the pore sizes achieved with
ultrasound were considerably smaller than those achieved by Pawelec. The results achieved
here produced a strong correlation and this difference in results may have been due to
the differences in experimental design, which notably were the differences between using
ultrasound to trigger nucleation and allowing nucleation to occur stochastically. Triggering
nucleation with ultrasound was therefore concluded to produce smaller pore sizes due to
the stimulation of a greater number of nucleation events simultaneously in the supercooled
samples, especially at lower temperatures where the driving force for nucleation is greater.
Increasing the number of nuclei in a given volume will produce smaller ice crystals, as the
average growth will be more limited by the increased number of ice crystals occupying
the space. Therefore, this inverse relationship and resulting ice crystal size corresponds
directly to lower pore sizes. This method of nucleating ice crystals has achieved a finer
pore architecture with isotropic pores, and this scale would usually require methods such
as quenching, which carries additional issues such as directional pore growth and non-
simultaneous nucleation [156]. Ultrasound was concluded to have allowed simultaneous
nucleation with an increased number of nuclei, presenting a viable method for producing
smaller pores with isotropic architecture. This may be suitable for engineering of finer tissue
structures, such as capillary networks [136], for example.
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Figure 5.23 Figure reproduced from [155]. Pore sizes measured according to nucleation temperatures
of 1% collagen samples. Nucleation temperatures were measured at the top of collagen slurries during
freeze-drying, using a range of different underlying thermal parameters.

At warmer nucleation temperatures this pore size became more problematic to determine due
to the formation of plate-like crystals. It was observed that plate-like structures were more
likely to form at -5 °C to 0 °C. This temperature range agreed with previous observations
of a broad melting range in previous research by Pawelec [97]. Furthermore, when plated
ice crystals form then the resulting pore structure must be analysed through different meth-
ods, and is usually assessed using the distance between plates, given that the plates grow
anisotropically and therefore approximating the pores using spheres and calculating their
respective diameter is no longer appropriate. In this analysis, only the samples that produced
isotropic pore structures in this temperature range were used, to maintain consistency in
measurements, except for those in Figure 5.20.
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Freezing Time Impact on Pore Size

The freezing time and its impact on pore size were investigated in the same way as for
nucleation temperature. Confidence and prediction bands were particularly broad, giving
little indication of which value the pore size might be expected to be at a given freezing
time. This result was somewhat unexpected due to conflicting results seen in prior research,
particularly the extensive work by Pawelec et al., in which samples that displayed a wide
range of freezing times also produced a clear correlation with pore size [139]. On closer
inspection the freezing times observed in this literature spanned over a significantly greater
range than observed here and included other variables such as mould material selection and
annealing protocols, and the correlation is primarily observed for times at equilibrium that
exceed approximately 3,000 seconds. The results produced in this thesis suggested that while
there was a polynomial trend that agrees with the findings in previous literature, there was
too much variance for an accurate prediction of pore size when using the freezing time as a
metric within this narrower range of freezing times.

A key aspect of determining the time at equilibrium was defining the point at which this
ends, as this was not always a distinct transition and therefore required a rule to maintain
consistency across samples. Prior research has suggested that using a temperature below
which freezing has ended, such as -1.5 °C for example, however this approach was not taken
here because it was observed that at times the nucleation may cause a jump to different
temperatures below 0 °C at the thermocouple, depending on where in the sample nucleation
had originated. An approach was required that was agnostic of the absolute temperature and
instead only on the relative change in temperature, and therefore extrapolated gradients were
used for the period of equilibrium and for subsequent solid sample cooling, as these were
consistently linear gradients and provided intersections that agreed with times measured in
previous studies [97].

Previous research demonstrated a clear relationship between freezing time and pore size [139],
and this finding is not excluded from the conclusions made in this research, but instead
complements the findings from this study. The poor correlation observed in this thesis agrees
with the scattering of data seen below 3,000 seconds at equilibrium in previous research [139],
and therefore it is concluded that for times within this range, the most accurate predictor of
pore size is instead nucleation temperature. Pore architecture was impacted in its anisotropy
and the reduced driving force for nucleation at temperatures warmer than -5 °C, therefore
approaches such as annealing may be more appropriate for producing considerably larger
pores without detrimental impact to other properties. The findings in this work suggest that
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nucleating ice crystals with ultrasound resulted in a dominant mechanism of increasing the
number of nuclei than would be formed by stochastic nucleation, and therefore the freezing
time had lesser impact on the resulting pore size than would usually be the case.

The trend in pore sizes observed in this study was within the 50–150 µm range frequently
used for cell culture, therefore utilising nucleation temperature to determine the scaffold pore
size may allow for the biological performance of scaffolds to be tuned at a finer scale than
previously achieved. This was concluded to be a result of ultrasound introducing a larger
number of ice nuclei simultaneously in the samples than would usually be introduced with
stochastic nucleation. Stochastic nucleation would happen sequentially instead, resulting in
greater variability of pore sizes. This effect of ultrasound caused the resulting ice morphology
to consist of smaller grains, as there were a larger number to occupy the tested volume, and
thereby smaller pore architecture was produced. Ultrasound produced a high level of control
over the nucleation temperature, which had a strong correlation with the measured pore
size. Therefore, stimulating ice nucleation for scaffold fabrication with ultrasound allowed
for scaffolds to be fabricated with a high level of control over the pore architecture, whilst
keeping other thermal parameters such as freezing temperature, filling height and mould
material consistent. Ultrasound has demonstrated considerable influence in this way, and
provides a useful tool in aiding scaffold design.

5.5 Conclusions

This study investigated the feasibility and impact of stimulating ice nucleation with ultra-
sound, and the associated impact of phospholipid microbubbles for cavitation. This impact
was characterised in the context of collagen scaffold fabrication for tissue engineering appli-
cations, with the aim of improving reproducibility in pore architecture design. The research
used low-frequency ultrasound at 40 kHz to nucleate solidification in collagen slurries at
pre-determined temperatures, which was highly effective at triggering nucleation during
supercooling, particularly at temperatures cooler than approximately -5 °C. Structures fab-
ricated above this temperature sometimes produced plate-like sheets of ice, which are not
typically desirable due to their limited mechanical strength, thereby giving a threshold below
which nucleation should be triggered.

Ultrasound-triggered nucleation was characterised by a sharp increase in temperature to
the equilibrium temperature, and visually by an optical change from a transparent liquid to
a translucent medium. Nucleation temperature demonstrated a clear correlation with the
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measured pore size in the resulting collagen tissue scaffolds.

The nucleation temperature measured at the top of the collagen slurry was found to have a
strong correlation with mean pore diameter measured by MicroCT throughout the scaffold,
while measured freezing time demonstrated little correlation with these structural features.
This finding demonstrated the practical importance of measuring and controlling nucleation
temperature to determine pore architecture. Ultrasound-triggered samples were concluded to
have smaller pore sizes than those produced by stochastic nucleation, which was likely due to
an increased number of nuclei being produced and therefore a greater number of smaller ice
crystals. This effect resulted in nucleation temperature being a stronger determinant of pore
size than freezing time in samples nucleated with ultrasound. This mechanism was concluded
as being dominant over the impact of freezing time due to an increase in the number of nuclei
to numbers not usually seen, when compared to ice crystals nucleated without ultrasound.

Phospholipid microbubbles were found to have a statistically significant impact on pore
size at a 95% confidence level when nucleated with ultrasound between -5 °C and -6 °C,
producing pores with a mean diameter approximately 18 µm smaller on average than those
without microbubbles. This demonstrated the influence of cavitation on ice nucleation and
its potential to reduce the distribution of pore sizes within a sample.

The conclusions made in this chapter are summarised in Figure 5.24 below. This Figure
illustrates the methods used in the context of collagen freeze-drying, and their resulting
impact on scaffold architecture.
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Figure 5.24 A schematic illustrating the different ice nucleation methods tested and characterised
in this work. This included: A) Stochastic ice nucleation, which was done without ultrasound and
relied on thermodynamic driving force for nucleation; B) Ultrasound-triggered ice nucleation, which
stimulated nucleation at a controlled temperature by inducing cavitation, resulting in smaller pore
sizes; and C) Ultrasound-triggered ice nucleation with DSPC/PEG-40 stearate microbubbles, which
enhanced cavitation and produced smaller pores with lower pore size variability. Schematic not to
scale.

This work demonstrated an effective use of ultrasound to influence the number of ice
nucleation events at a given temperature, thereby producing pore sizes that were lower
than previously seen at similar nucleation temperatures. This demonstrated an opportunity
for fabricating freeze-dried collagen tissue scaffolds with a fine pore architecture, suitable
for specific applications that require smaller pores. This approach was not utilised in the
proceeding chapters because larger pores were required for the culture of fibroblasts, and
therefore for this specific work the standard protocol was resumed.

This work established an advantageous application for ultrasound in the fabrication of tissue
scaffolds. The next chapter will explore the effects of the application of ultrasound on cell
culture instead, to further assess the benefits of ultrasound in collagen scaffold application for
tissue engineering. Cavitation produced uniquely pronounced impact in this work and this is
also explored in the next chapter with HIFU, which utilises a focused beam of ultrasound to
produce greater acoustic pressures, and more cavitation, than demonstrated in this chapter.





Chapter 6

High-Intensity Focused Ultrasound
Influence on 3D HDF Culture

6.1 Introduction

The use of ultrasound application in scaffold fabrication was discussed in the previous chapter,
this chapter explores the use of ultrasound in three-dimensional cell culture development.
Collagen scaffolds had proven success in tissue regeneration approaches, however over time
the maturation of cell culture in the centre of larger scaffolds can be limited due to a reduced
availability of nutrients [5]. Observations have confirmed that this occurs due to the formation
of a dense outer layer of cells on the scaffold perimeter, which physically inhibits transport of
nutrients toward the centre of the scaffold, leading to the formation of a necrotic core [5]. The
issue of core nutrient supply scales up with scaffold dimension, not only due to the increased
distance from the scaffold periphery, but also due to the heterogeneous distribution of cells
within the scaffold. It is now hypothesised that by improving the overall cell distribution
within a scaffold, and by encouraging migration of cells away from regions of high cell
density, this issue of hypoxia may be mitigated for the time required for angiogenesis to occur.
In doing this, it may be reasonable to suggest that the overall quality of tissue regeneration
may be improved. To encourage sustainable cell growth toward the centre of the scaffold an
external stimulus may be required, and one method that has gained increasing attention as an
effective stimulus in biomedical applications is HIFU.

HIFU has emerged as a particularly appealing technology in drug delivery mechanisms due
to its fine area of focus, allowing acoustically-triggered drug release to be highly localised.
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This technology holds promise in chemotherapy due to the localised drug release that is
triggered by cavitation, improving therapeutic outcome and minimising the adverse side
effects and unwanted toxicity [76]. This localised effect can be considerably pronounced
with the use of cavitation agents [77, 61] (Figure 3.2).

It is clear that HIFU is a technology that holds potential for drug delivery, however until now
there has been limited application in tissue engineering strategies. Given that mechanical
stimulation of cells has long demonstrated influence on cell behaviour [78], it is likely
that the pressures exerted on cells from HIFU-induced cavitation events will considerably
influence the migration of cells through a collagen scaffold. It is therefore hypothesised that
by application of ultrasound with appropriate acoustic parameters, cells will be driven in the
direction of the force produced by bubble collapse during inertial cavitation.

Cells can be sensitive to gradients in pressure due to receptors on the cell surface that are
responsible for mechanotransduction, whereby cells convert an exerted mechanical stimulus
into a biochemical response, causing a direct impact on their behaviour [78]. Migration in
fibroblasts has been shown to be significantly enhanced over time by sustained directional
stress, as well as by sinusoidal cyclical stress in PEG hydrogels [98], where in both of these
conditions the migration orientation was reported to be parallel to the direction of strain. The
combination of sinusoidal cyclical stress and sustained stress can be replicated by the effects
of inertial cavitation and by the ultrasound waves, while the pressures induced by cavitation
are also known to produce local microstreaming effects [100], which may have the added
benefit of improving nutrient transport within the scaffold.

Tissue engineering is an emerging application for HIFU, and this research explored the
use of HIFU to enhance HDF migration within collagen scaffolds, as a minimally-invasive
means of improving cell distributions and overall tissue quality for regenerative medicine.
This was achieved using high-frequency ultrasound (0.5 MHz), focused to a fine focal
region for increased acoustic intensity and pressure. The effects were enhanced using
polystyrene nanocup cavitation agents, as established in prior literature [61]. The work in
this chapter was done in collaboration with the Institute for Biomedical Engineering (IBME),
University of Oxford, and was carried out in the Biomedical Ultrasonics, Biotherapy and
Biopharmaceuticals Laboratory (BUBBL) unless stated otherwise.
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6.2 Methods

6.2.1 Scaffold Fabrication

Scaffold fabrication was conducted at the Cambridge Centre for Medical Materials (CCMM),
University of Cambridge. In this chapter, unless stated otherwise, each condition was tested
using three sample repeats and each experiment was conducted once.

Collagen Slurry Preparation

Insoluble bovine dermal powder collagen I (Devro, UK) was swelled in 1% w/v in 0.05 M
acetic acid overnight. This suspension was then blended using a commercial blender at
20,000 rpm for 2 minutes. Blending was performed a total of three times, with 5 minutes of
cooling at 4 °C between repetitions to prevent collagen denaturation from the increased heat
produced by the motor. The resultant slurry was then degassed by centrifugation at 2,500 rpm
for 5 minutes, and subsequently degassed further in the freeze dryer (SP Scientific, UK)
by using the manual vacuum function until all bubbles were visibly removed. Additional
samples were also fabricated with the addition of 0.25 mg ml−1 nanocup cavitation agents
included in the structure, which were mixed in the slurry prior to freezing. This concentration
was established based on previous research conducted at the BUBBL laboratory, and also as
an equivalent concentration to previously used phospholipid microbubbles.

Freeze Drying

Collagen slurry at 1.5 ml volume was then transferred into each well of 24-well plates, and
these plates were then transferred to a freeze drier. Freeze-drying was carried out using a
standard protocol as described in Section 4.2.2; samples were held at 20 °C shelf temperature
for 5 minutes, and the shelf was subsequently cooled to -20 °C at a cooling rate of 0.9 °C
min−1. The sample was held at this temperature for 400 minutes to allow for full ice crystal
growth between the collagen strands. At this temperature, the pressure was then reduced to
80 mTorr over 30 minutes, after which temperature was increased to 0 °C at 0.9 °C min−1

again, maintaining the pressure. These conditions were then maintained for a further 1,400
minutes to sublime the ice away, producing the ice-templated collagen structure.
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Crosslinking

Samples were then crosslinked using EDC crosslinker with the addition of NHS, as de-
scribed in section 4.2.3. EDC and NHS were dissolved in 95% ethanol at a 15:6:10 ratio of
EDC:NHS:COO−(Collagen) for what is commonly considered 30% crosslinking density,
and 1.5 ml was applied to each scaffold and left for 2 hours. The scaffolds were then washed
five times for 10 minutes each time with deionised water. After the third wash, samples
were blotted on filter paper before proceeding with the next wash. The samples, with water
filled in each well, were then returned to the freeze-drier and the freeze-drying protocol
was repeated. The top layers of the scaffold were then removed with a scalpel to produce
cylindrical 10 mm height x 10 mm diameter dimensions.

6.2.2 Micro-Computed Tomography

MicroCT characterisation was conducted at the Cambridge Centre for Medical Materials
(CCMM), University of Cambridge. Representative sample structures were characterised
using MicroCT (N = 3) with the same protocol established on Section 4.2.3. Scaffolds were
secured to the scanning stage using dental wax, then scanned at 25 kV and 93 A using a
3 µm3 voxel size and rotation step of 0.2°. Scans were subsequently reconstructed using
NRecon software, and then analysed for three-dimensional pore size with CTan, using the
Otsu thresholding method.

6.2.3 HDF Cell Culture

Cell Culture

HDF cells were thawed rapidly and cultured in high glucose Dulbecco Modified Eagle
Medium (DMEM) with 10% Foetal Bovine Serum (FBS) and 1% penicillin-streptomycin in
T75 flasks. A volume of 20 ml culture medium was used per flask. Cells were passaged twice
weekly using standard protocol in a cell culture hood under sterile conditions, transferring 1
in 4 cells into a new T75 flask each time. Cells were cultured in a laboratory issue incubator
at 37 °C between handling. Cells were cultured until seeding at p = 12.
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Cell Seeding

Cells were seeded by two different methods. The first method was implemented to six
samples, one week prior to ultrasound exposure and involved dynamic seeding to prepare
scaffolds with cells distributed evenly throughout the structure. For each scaffold, cells were
isolated from culture using trypsin and subsequent centrifugation at 1,000 rpm for 4 minutes
and resuspended to a single cell solution. Cells were counted and 2 x 105 cells ml−1 solution
was prepared by diluting with DMEM. A volume of 1 ml solution was then added to each
scaffold, and the scaffold then gently squeezed with the side of a pipette tip to soak in the
cell solution. Scaffolds were then incubated at 37 °C for 2 hours, and subsequently each
well was topped up to full volume with DMEM. The other seeding method involved a static
seeding approach, by which cell solution of 1.6 x 106 cells ml−1 concentration was prepared,
and 50 µl (8 x 104 cells) then carefully placed on the centre of the top face of the scaffold
with a pipette. Cells were incubated until further use. Calculations were carried out to ensure
equal cell populations within the scaffold regardless of seeding method.

Cell Sample Transportation

Scaffolds that contained cells were carefully transferred to a T75 flask, which were sealed in
an airtight container. These flasks were then placed in a plastic container, which was stored
in a polystyrene box. These samples were then transported to the Institute of Biomedical En-
gineering (IBME), Oxford. Upon arrival, cells were immediately transferred to an incubator
under sterile conditions. Cell culture reagents were transported in a separate, cooled box that
was also sealed in sterile conditions.

6.2.4 High-Intensity Focused Ultrasound

The bespoke ultrasound system was assembled as follows: A waveform generator was
used to create the sinusoidal signal required for ultrasound, which then passed through an
amplifier (Sonic Concepts, USA), through an impedance matching network and subsequently
emitted from the HIFU transducer, which was positioned underwater in a specialist ultrasonic
tank (Precision Acoustics, UK). The tank contained an acoustic absorber on the far end of
the transducer position to avoid reflection of waves and resultant heat build-up and noise
interference. The input voltage to the matching network was measured on a 200 MHz Lecroy
Waverunner Digital Oscilloscope using a 10x High Voltage probe. A linear diagnostic array
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(Verasonics L11-5v, 4-11 MHz bandwidth) was coaxially aligned with the HIFU transducer
and connected to a programmable research ultrasound system (256-channel Verasonics
Vantage). The linear array was used to passively record acoustic cavitation signals. This
setup is illustrated in Figure 6.1. The setup was based on previous work conducted at the
IBME.

Figure 6.1 Schematic of the experimental setup including a custom-built HIFU water tank, with the
transducer focused at 7 mm from its surface to the sample held within an acoustically transparent,
waterproof sample holder. Water was maintained at 37.5 °C.

Passive Acoustic Mapping (PAM)

Realtime PAM was performed on the Verasonics software platform using previously described
algorithms [157], in order to indicate regions of cavitation. Cavitation was characterised
using PAM software, giving real-time two-dimensional mapping of acoustic energy, based on
readings received on the reflected acoustic waves detected at the transducer. This software
was integrated with MatLab software and represented as a heat map to indicate the scale
of energy received. Cavitation was assessed as energy received with a value being several
orders of magnitude greater than background readings, and displaying the energy within the
fine focal region of the ultrasound beam.
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Cavitation Threshold

The threshold pressure at which HIFU stimulated cavitation in cell-seeded tissue scaffolds
was assessed by exerting the samples to incremental acoustic pressures. Scaffolds were
degassed by gentle compression with a pipette tip in the culture medium, then placed in an
airtight, custom-made sample holder (10 mm height x 30 mm diameter), with acoustically
transparent polyester films either side of the sample. This bespoke holder was created by
the IBME. Once loaded, the sample holders were filled with DMEM and sealed. Samples
were then positioned in a water tank (Precision Acoustics, UK), which contained an acoustic
absorber on the wall opposite the transducer. The sample was positioned at the focus of a
HIFU transducer (focal distance 64 mm, H-series HIFU transducer with rectangular cut-out,
Sonic Concepts, Bothell, WA, USA). An L11-4 linear array (Verasonics Inc.) was coaxially
aligned with the HIFU transducer for the purpose of passively recording cavitation signals.
Samples were then subjected to a pressure ramp of 0.2 MPa increments, starting at 0.4 MPa
and ending at 2.4 MPa. The conditions used are outlined in Table 6.1.

Condition Cells Nanocups
1 No No
2 No Yes
3 Yes No
4 Yes Yes

Table 6.1 An array of conditions tested for cavitation threshold and cavitation persistence. These
conditions were used to test each permutation of cells with nanocups.

Cavitation Persistence

Cavitation persistence was tested by the same methods as for cavitation threshold, however
in place of a pressure ramp the pressure was kept constant for a sustained period of at least 5
minutes. Pressure was kept consistent for all samples at 1.75 MPa.
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HIFU Impact on HDF Culture

After static seeding, samples were cultured for 5 days before testing began. From Day 5 of
culture, cell samples were exposed to consecutive days of HIFU for 5 minutes per exposure,
with the focus region being positioned to the point at which cells were seeded, in order to
provide directional stimulation towards the centre of the scaffold. One set of samples was
exposed for 5 consecutive days, another set for 3 days, and another set for 1 day. Each
condition was left to culture until Day 9 and then fixed with 10% formalin at the same time
point. Control conditions included standard cell culture with fixation at Day 5 and another
at Day 9, as well as a condition consisting of identical treatment of cells in the ultrasonic
tank but in the absence of ultrasonic stimulation, also fixed on Day 9 to assess the influence
of general disruption of cell culture. The conditions used are outlined in Table 6.2 below.
Cell fixing was undertaken by washing a further three times for 5 minutes each time. After
this, scaffolds were covered with 10% formalin diluted in PBS and incubated for 20 minutes.
Scaffolds were then washed a further three times with PBS to remove excess fixation agent
and stored in a dry, cool place until further use.

Sample Type Exposure (days) Fixation Day
X1 Ultrasound 1 9
X3 Ultrasound 3 9
X5 Ultrasound 5 9
C1 Control 0 5
C2 Control 0 9
C3 Control 0 9

Table 6.2 An array of conditions tested for fibroblast response to HIFU exposure. C2 control was
cultured without additional steps, whereas C3 control was subjected to the same conditions as X5 but
without any ultrasound applied, thereby acting as a sham control.
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6.2.5 Cell Characterisation

Cell characterisation was conducted at the Cambridge Centre for Medical Materials (CCMM),
University of Cambridge.

Nuclear Staining

Cell growth was characterised using the current scaffolds using 4’,6-diamidino-2-phenylin-
dole (DAPI) nuclear staining. This was done using the following cell permeabilisation and
staining protocol: Scaffolds were washed in 0.5% Triton X-100 in PBS for 10 minutes, and
then washed in 0.1% Tween-20 for 10 minutes, three times. Scaffolds were then washed in
a 1% bovine serum albumin in 0.1% Tween-20 solution for 1 hour, after which scaffolds
were washed with 0.1% Tween-20 for 5 minutes, three times. Scaffolds were then washed
in 0.01% DAPI Staining Solution (Abcam, UK) in PBS and covered with aluminium foil
to avoid ambient light impacting fluorescence quality. Finally, samples were washed with
deionised water for 5 minutes, three times, after which samples were covered with foil and
refrigerated (4 °C) until further use.

Viability Assay Analysis

Ethidium homodimer-1 stock solution (2 mM) was diluted by addition of 20 µl in 5 ml
sterile, tissue culture-grade PBS and vortexed to ensure thorough mixing, giving a working
concentration of 8 µM solution. Calcein-AM stock solution (5 µL, 4 mM) was then added
to the solution, per 5 ml PBS, and vortexed once more, giving a working concentration of
8 µM calcein-AM. This solution was used within the same day to prevent hydrolysis taking
place. Surrounding media was removed from scaffolds and each scaffold was transferred to a
24-well plate. A volume of 800 µl was then added to each well containing a scaffold and
scaffolds were gently squeezed with the side of the pipette to help draw in the reagent to the
scaffold centre. Cells were incubated for 45 minutes at room temperature and imaged using
fluorescence microscopy.
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Fluorescence Microscopy

Prior to imaging, samples were sectioned using a curved scalpel blade. Samples were
sectioned perpendicular to the the scaffold length when imaged prior to HIFU treatment,
dividing the scaffolds into four equivalent sections. Samples were sectioned parallel the
scaffold length when imaged subsequent to ultrasound testing, to produce two equivalent
halves. These sectioning methods were determined depending on the plane of interest being
investigated. Samples were then placed carefully on a glass slide and PBS was added to the
sample until saturated. The sample was covered with another glass slide and compressed for
consistent sample depth during imaging. Samples were then positioned on an automatically
calibrated stage in the Zeiss Axio Observer Z1 fluorescence microscope (Zeiss, Germany).
Samples were imaged at 5x magnification and the samples were imaged over an array of
seperate images performed at the same brightness and focus. These images were subsequently
stitched together using the in-built stitching algorithm. Additional images were also taken
at 10x and 20x magnification, where appropriate. Images were taken at different excitation
wavelengths, dependent on the reagent used as follows: 408 nm, DAPI; 488 nm, calcein-AM;
528 nm, ethidium homodimer-1.

Cell Distribution Analysis

Images obtained using DAPI nuclear staining were assessed using ImageJ® to count and
plot the cell nuclei. Using ImageJ® in-built algorithms, each image was processed by the
following protocol:

1. Sharpen.

2. Convert to 8-bit image.

3. Subtract background (rolling, 100 pixel radius, sliding parabloid)

4. Threshold (Otsu)

5. Watershed

6. Despeckle

7. Analyse particles
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The final step was run using the parameters of analysing particles only with an area of
50-400 µm2 and a circularity value greater than 0.2. Cells were ordered by increasing Y-
coordinate value, and each tenth cell was plotted on an axis of its measured X-coordinate
versus its Y-coordinate. Average Y-coordinate values were calculated for each sample, giving
the average depth of migration from the ultrasound source.

Lactate Dehydrogenase Analysis

Cells were cultured for five days under two differing conditions, three samples with 0.25 mg ml−1

nanocups in DMEM; and six samples under standard cell culture medium conditions. Lactate
dehydrogenase assay (LDH) (Merck, Germany) was prepared by mixing 250 µl reconstituted
catalyst in 11.25 ml dye solution, as per the manufacturer’s guidance . After 5 days, 100 µl
supernatant from each sample was transferred to a 96-well plate (Greiner Bio-One, UK),
three times. The 96-well plates had a well height of 10.9 mm and internal diameter 6.96 mm.
LDH reagent (100 µl) was then added to each well and the samples were left for 30 minutes
at room temperature in a dark environment. Samples were then read at 490 nm absorbance
wavelength in the plate reader (BMG LABTECH, UK) to determine cytotoxicity. This was
repeated three times per sample.

Scanning Electron Microscopy

Scaffolds were imaged using SEM (Nova NanoSEM, FEI UK). This was done prior to seeding
and again after ultrasound exposure. For the latter condition, the hydrated scaffolds were
carefully dried by washing with increasing concentration of ethanol, allowing to wash for 5
minutes at each concentration step, and then by applying a gradually increasing concentration
of the drying agent hexamethyldisilazane (HMDS), leaving to wash for 10 minutes at each
step until 100% w/v HDMS was added, at which point the sample was left overnight to dry.
Three samples were analysed per ultrasound condition.
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6.3 Results

6.3.1 Scaffold Characterisation

Micro-computed Tomography

Collagen scaffold pore sizes were measured in three repeat samples. Figure 6.2 demonstrates
the range of pore sizes produced by the freeze-drying process for plain scaffolds without
any nanocups. The mean pore size measured was 105.7 ± 4.1 µm. Each sample was
observed as following an approximately normal distribution regarding pore size. Pores were
observed as isotropically aligned in the MicroCT scanned images. Scaffolds that included
nanocups in the slurry had a larger mean pore size at 123.2 ± 4.2 µm, as Figure 6.3 illustrates.
An approximately normal distribution was observed, as seen in plain scaffolds also, and
the pores were determined as isotropic in shape and overall orientation. The scaffolds
containing nanocups also presented a slightly greater standard deviation of distribution at
43 µm, compared to 39 µm for plain scaffolds. Overall, these scaffold populations were
concluded to be relatively similar in pore size distribution.

Figure 6.2 Pore size distribution in collagen tissue scaffolds. The mean pore size is 105.7 ± 4.1 µm.
The pore size is approximately normally distributed. Error bars = standard error.
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Figure 6.3 Pore size distribution in collagen tissue scaffolds with 0.25 mg ml−1 nanocups. The mean
pore size is 123.2 ± 4.2 µm. The pore size is approximately normally distributed. Error bars = standard
error.

SEM Scaffold Characterisation

Collagen scaffolds were imaged using SEM for qualitative characterisation of pore structure
and surface qualities. The inclusion of nanocups at a working concentration of 0.25 mg ml−1

was assessed in the imaging process. Plain scaffolds (without nanocups), as detailed in
Figure 6.4, presented the interconnected, open porous microstructure that was expected. The
pore walls were smooth and lacked any distinct detail at a finer scale. The pore structure
appeared isotropic with a homogeneous pore size distribution throughout the scaffold cross-
section. Scaffolds that were freeze-dried with nanocups also presented this microstructure,
however a small proportion of the nanocups presented some clustering and did not present
their characteristically open and cupped morphology.
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Figure 6.4 Scanning electron microscopy image of a collagen tissue scaffold cross-section. Scaffolds
were produced from a 1% w/v collagen suspension in 0.05 M acetic acid, freeze-dried at -20 °C for
400 minutes, followed by 1,400 minutes of sublimation at 80 mTorr.

Figure 6.5 illustrates a single nanocup in the on the wall of a collagen scaffold pore. This
was identfied as a nanocup due to its approximate 482.5 nm diameter, which was consistent
with the the expected diameter. The nanocup’s open pore was facing the scaffold pore and
the nanocup was positioned on the collagen wall. In this condition nanocups were found to
be sparsely distributed and separately, without any clustering.
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Figure 6.5 SEM image of a single polymer nanocup on a collagen scaffold surface, with a diameter
measurement overlayed on the image.

6.3.2 Pre-HIFU Sample Characterisation

Cell Distribution Analysis

DAPI staining of HDF culture under standard culture conditions in collagen scaffolds revealed
the radial distribution of cells over two weeks, measured at Days 3, 7, 10 and 14. Greyscale
values were inverted in ImageJ® to produce Figure 6.6. This figure clearly indicates that
between Days 7 and 10, the distribution of cells was primarily concentrated around the
scaffold perimeter. Cell population was reduced in the scaffold centre, while cell population
increased at the scaffold edge. Figure 6.7 illustrates the cell density as a function of radial
distance from the cross-section’s central point. This distance was determined using the
Euclidean distance by the coordinates determined by quantitative image analysis and divided
by the respective area to normalise for the increased surface area at a greater distance.
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Figure 6.6 DAPI stained fluorescent images of HDF culture in a collagen tissue scaffold lateral cross
section with the incision made at half the scaffold height. Images were taken at different time points
as follows: a) 3 days; b) 7 days; c) 10 days; d) 14 days. Scale bar = 1 mm.

Demonstrated in Figure 6.7, the distribution of cells became increasingly skewed towards the
scaffold periphery at each time point. At Day 3, there was a relatively uniform distribution,
although the innermost 2 mm from the centre already suffered from a diminishing cell
population towards the centre, relative to the rest of the scaffold. The innermost 3 mm from
the central point experienced a decline in cell population at each later timepoint, while the
area at which cell population increased shifted closer to the periphery. This continued until
Day 14, at which time the majority of cells were positioned in the outermost 1 mm. The
peak cell density, measured as cell per µm2, increased as follows: Day 3: 0.055 cells µm−2;
Day 7: 0.07 cells µm−2; Day 10: 0.085 cells µm−2; Day 14: 0.1 cells µm−2. This trend gave
an approximately linear increase in peak cell density during this timeframe. At Day 14 the
peak was approximately twice that of Day 4 and this peak was concentrated over only the
outermost 1 mm, whereas at Day 4 this peak area spanned over approximately 2.1 mm, from
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3 mm to 5.1 mm from the scaffold centre. This trend illustrated the timeframe over which
cell distribution became problematic.

Figure 6.7 Quantitative analysis of HDF distribution in collagen tissue scaffolds as a function of
radial distance from the centre using DAPI image analysis data, analysed using ImageJ®. Images were
taken on Days 3, 7, 10 and 14 of cell culture. Measurements taken at 200 µm intervals.

Cell Culture Viability

HDF cells cultured in collagen tissue scaffolds for 14 days were stained using calcein-AM
and ethidium homodimer-1 at Days 7 and 14 to determine the development and distribution
of cell viability over this time frame. Figure 6.8 illustrates the live and dead cell population
development at Days 7 and 14 respectively. These results indicated that at Day 7 there
was a reasonably well-distributed spread of live cells, as represented by the green-coloured
cell membranes. Some dead cells were interspersed amongst the viable cell culture at this
time point, as represented by the red cell nuclei. On Day 7, visibly greater concentrations
of viable cells were beginning to form, as seen by the more potently green regions at the
scaffold periphery. On Day 14, the situation had noticeably worsened regarding cell viability,
particularly in the bulk of the scaffold volume. At this time point the vast majority of live
cells were found at the scaffold periphery. The culture at this stage was not deemed viable
any longer due to the absence of live cells within the scaffold volume.
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Figure 6.8 Calcein-AM/ethidium homodimer-1 stained fluorescent images of HDF culture in a
collagen tissue scaffold lateral cross section with the incision made at half the scaffold height. Images
were taken at different time points as follows: a) 7 days; d) 14 days. Scale bar = 1 mm.

6.3.3 HIFU Cavitation Analysis

PAM Analysis

Tissue scaffolds loaded in the HIFU tank (Figure 6.1) were subjected to ultrasound, which
was characterised using PAM analysis. This detected the acoustic energy emitted by the
samples over time, allowing spatiotemporal measurement of cavitation events. Figure 6.9
illustrates the PAM reading at different applied pressures. No broadband acoustic emissions
above background noise were detected at acoustic pressures up to 0.4 MPa, indicating that
the inertial cavitation threshold had not yet been reached in the presence of nanocups, which
is aligned with previously published observations [61]. At acoustic pressures of 2 MPa, there
was a distinctive oval shape. This shape corresponded to cavitation occurring in nanocups
and occurred within the focal region of the HIFU acoustic beam. The z-axis represented
depth, i.e. distance from the transducer, and the x-axis was parallel to the transducer face.
Arbitrary values were given for energy, as the acoustic energy was not calibrated to the
impedance of the acoustic medium.
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Figure 6.9 PAM graphical results of low acoustic pressure (left) where no cavitation is observed and
high acoustic pressure (right) where high cavitation is observed. The axes represent the plane parallel
to the transducer surface and cavitation is characterised by high local energy output at the focal region
at the centre of the graph. Energy is given as arbitrary units, approximately equal to values in Joules.

Cavitation Threshold

Cavitation threshold was assessed in samples containing each permutation of HDF cells
and nanocups in a collagen tissues scaffold (Conditions 1-4, Table 6.1). Determined by
the mean number of cavitation events occurring as a percentage of total ultrasound cycles,
Figure 6.10 illustrates the trend seen using these conditions. Cavitating at the lowest pressures,
scaffolds containing only nanocups in collagen scaffolds and cell culture medium therefore
demonstrated the lowest cavitation threshold, with 100% cavitation at 1.2 MPa. The same
condition where the scaffold was also hosting a confluent HDF culture cavitated 100% of
cycles beyond 2 MPa instead, demonstrating a clear increase in cavitation threshold. The
equivalent conditions without nanocups had a greater threshold still, while the inclusion
of HDF cells suppressed cavitation threshold in each case. Without nanocups, no pressure
that was used caused 100% mean cavitation probability. HDF cells were shown to impede
cavitation capabilities at any given pressure, however the inclusion of nanocups had greater
impact in reducing the cavitation threshold.
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Figure 6.10 Probability of cavitation at a range of acoustic pressures in each permutation of
0.25 mg ml−1 nanocups and 10-day HDF culture inclusion, with each condition being in a col-
lagen scaffold in DMEM. Pressure was ramped from 0.4 MPa to 2.4 MPa with 20 cycles measured
at each pressure, from which the probability was determined as the proportion of cycles in which
cavitation occurred.

Cavitation Persistence

Cavitation persistence was assessed using two different contexts; maximum observed energy
(Figure 6.11) and total observed energy (Figure 6.12). This data represents how sustainable
the level of observed cavitation was at a given pressure (1.75 MPa). Nanocups in collagen
scaffolds and cell culture medium demonstrated the most favourable cavitation response,
with a considerably greater maximum cavitation and total cavitation persistence than any
other condition. Following this, HDF cells with nanocups demonstrated the next highest
energy on both accounts, however this was particularly variable and inconsistent in total
energy. Finally, cell culture medium and then HDF cells in cell culture medium showed
the next highest cavitation energy respectively. These results consolidated the observed
trend regarding cavitation threshold, and illustrated that nanocups were required to produce
cavitation within cell-seeded collagen scaffolds.
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Figure 6.11 Maximum energy measured during 13 consecutive bursts of ultrasound to scaffolds in
DMEM and 0.25 mg ml−1 nanocups and/or 10-day confluent HDF culture, each burst containing 300
cycles. Energy measured in arbitrary units.
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Figure 6.12 Total energy measured during 13 consecutive bursts of ultrasound to scaffolds in DMEM
and 0.25 mg ml−1 nanocups and/or 10-day confluent HDF culture, each burst containing 300 cycles.
Energy measured in arbitrary units.

6.3.4 Post-HIFU Cell Characterisation

Distribution Analysis

After exposure to HIFU, HDF cells demonstrated differing responses based on the number
of days of ultrasound exposure. This was assessed by evaluating the distribution of cells
along the cross-sectional area. Figure 6.13 illustrates the process that was used to obtain
cell plots from fluorescence micrographs in ImageJ®, with representative examples from
each condition. This figure represents 10% of the total cell population on each chart and
illustrates the overall shift of cells towards the furthest end of the scaffold from the ultrasound
transducer, located at the bottom of the chart. This is further supported by Figure 6.14, which
represents the mean distance travelled by the HDF cells along the scaffold. Illustrated in the
graph, cells subjected to HIFU exposure for five days consecutively had migrated on average
52% through the scaffold’s length, significantly exceeding that of the control conditions
at 37%, with significance calculated using ANOVA statistical testing (p ≤ 0.05). Each
additional day of ultrasound exposure did produce increased migration on average, however
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this change was accompanied by increasing variance amongst the repeats and therefore this
change was not statistically significant between the different HIFU conditions. Furthermore,
while the sham ultrasound condition had a lower mean migration value than 3X and 5X
conditions, this was not a statistically significant observation due to the considerable variance
exhibited.
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Figure 6.13 Figure rotated 90°. Each ultrasound condition was imaged and exported to ImageJ®

for analysis (top row); the images were then processed to isolate the nuclei from the background
fluorescence (middle row); the nuclei were then plotted on an X-Y axis to measure their depth
distribution based on histogram data of Y-coordinate data, illustrated here is a 10% representative
sample of the nuclei coordinates (bottom row). Scale bar = 1 mm
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Figure 6.14 HDF cell depth relative to the scaffold length based on distance from the end proximal to
the transducer, data analysed from DAPI fluorescence analysis on scaffold cross-sections. N = 3 for
each condition.

HIFU has been known to exert high local pressures to produce cavitation, so the mean cell
count of each condition was also assessed based on image analysis to determine the impact
of pressure on cell populations. Figure 6.15 illustrates the impact of ultrasound on the total
cell count, with only 5X ultrasound exposure having demonstrated any significant difference,
which decreased when compared to the two standard control conditions (C5 and C9), ANOVA
testing was used for stats testing (p ≤ 0.01). Interestingly, no significant difference was noted
between the sham ultrasound control, 1X ultrasound and 3X ultrasound exposure conditions.
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Figure 6.15 HDF cell counts for each given experimental condition, data analysed from DAPI
fluorescence analysis on scaffold cross-sections. N = 3 for each condition.

Scanning Electron Microscopy

Figure 6.16 illustrates the porous architecture of collagen scaffolds after HIFU exposure.
Without any HIFU, collagen porous structure was as expected and unchanged. HDF cells
occupied a considerable number of the pores, as exhibited in Figure 6.16a by the high
cell spreading that fibroblasts characteristically demonstrated. With increasing volume of
ultrasound exposure, it was observed that this cell spreading remained consistent throughout
the samples. No detrimental impact on cell spreading was observed after increased HIFU
exposure in this work. Nanocups were sparsely distributed and not easily imaged using
SEM. The majority of nanocups were found to be distributed homogeneously throughout the
scaffold, however in a small number of cases some accumulation of nanocups was observed.
This may have been due to the porous structure as well as the very low scaffold stiffness,
which may have contributed towards nanocup clustering by entrapping them on the collagen
surface.
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Figure 6.16 SEM images of three ultrasound conditions, representing the characteristic pore architec-
ture and fibroblast spreading upon exposure to ultrasound in collagen scaffolds at different extents: a)
No ultrasound exposure (C9); b) One ultrasound exposure; c) Five consecutive days of ultrasound
exposure. These images represent the cell spreading, observed consistently in each condition.
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Lactate Dehydrogenase Analysis

The sample cytotoxicity in HDF cells cultured with nanocups, and after HIFU application with
nanocups was assessed to ensure that the decrease in cell count with increased HIFU exposure
was not due to any cytotoxic influence by the nanocups or cavitation. The cytotoxicity of
nanocups in cell culture with HDF cells was assessed first. Figure 6.17 indicates that cells
exhibited only marginal differences in cytotoxicity in samples cultured with or without
nanocups in the cell medium. Both of these samples indicated significantly lower cytotoxicity
than the positive cell death control sample (p ≤ 0.001).

Samples were tested in the same way for their cell viability subsequent to HIFU exposure.
Illustrated in Figure 6.18, the toxicity observed in the cell samples are demonstrate negligible
differences. Greater cytotoxicity is observed compared to the negative cell death control
(DMEM only), however some cell death was expected in viable cell culture and this difference
was also not statistically significant. These results indicated that cell viability had not been
impacted through the use of HIFU at the conditions tested.

Figure 6.17 Lactate dehydrogenase assay results of DMEM from HDF cell culture, cultured for five
days with nanocups and without nanocups, and compared to a positive cell death control value. The
cell death was initiated using 0.2% Triton X-100 to trigger cell lysis. ANOVA testing was used to
statistically compare mean values. p ≤ 0.001.
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Figure 6.18 Lactate dehydrogenase assay of HDF samples exposed to 5X HIFU (HDF + HIFU),
no HIFU (HDF Control) and control samples of DMEM only (Media Control). Higher absorbance
indicated greater cytotoxicity.

6.4 Discussion

6.4.1 Micro-Computed Tomography

The pore properties observed through MicroCT analysis indicated that the collagen scaffold
samples were within the expected pore size range for cell culture support. Optimal pore size
can differ between the size and behaviour of the supported tissue type, however pores in this
size range have typically been used with successful results.

Figures 6.2 and 6.3 demonstrate that there were a range of pore sizes in the collagen scaffolds
used in this experiment. Due to the stochastic nature of ice nucleation in the freeze-drying
process, this was expected and due to the normally distributed values, mean pore sizes
between three different samples were used to report the pore sizes used, as well as the
standard error. The pore sizes produced using these conditions are particularly well suited to
culture with HDF cells, as those in the range 50-160 µm diameter have proven optimal for
fibroblast ingrowth [144].
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Including nanocups in the scaffold slurry during the freeze-drying process led to an increase
in mean pore size of 16.5 µm. This change in pore size was not particularly large on the
overall scale of tissue scaffold diameters in research, however there was a notable skew in
the distribution towards the larger pore sizes as a result. It is likely that the nanocups had
triggered nucleation at a warmer temperature than was observed in plain tissue scaffolds. By
increasing the impurity content during ice crystal nucleation, the energy barrier for nucleation
may have been decreased due to an increased surface area on which heterogeneous nucleation
could occur. This required less undercooling and therefore could take place in a warmer
environment below equilibrium freezing temperature (0 °C). There were fewer nuclei present
where nucleation was triggered at higher temperatures, and therefore greater thermal energy
for ice crystal growth, which resulted in the crystal grain size being larger. This increased ice
crystal size would correspond to an increased pore diameter, which was observed here.

6.4.2 Cell Culture Characterisation

DAPI Characterisation

Qualitative characterisation of HDF distribution in collagen scaffold cross-sections revealed
the development of tissue culture under static culturing conditions. Over the period of
14 days, this characterisation clearly demonstrated necrosis in the centre of a scaffold (10 mm
height x 10 mm diameter). Figure 6.6 illustrates the development of HDF distributed at the
cross-sections taken at 5 mm height, showing the shift in cell density towards the scaffold
periphery. This figure demonstrates a clear change between Days 7 and 10 of culture, at
which point the majority of cells became positioned at the scaffold edge. Figure 6.7 supports
this observation by quantifying the cell distribution, demonstrating a clear increase in cell
density at the outermost regions as time passes, however this figure reveals that the shift
was gradual with each observation, following the same trend. This result was indicative of a
necrotic core forming over this timeframe, which would be detrimental in the context of tissue
regeneration and other clinical applications for tissue scaffolds. These results confirmed
that the scaffolds were subject to the issues of core necrosis outlined in the hypothesis.
Furthermore, these results indicated that between Days 3 and 14 of cell culture with HDF,
cell concentrations at the scaffold core deteriorated and therefore this appears to be a critical
timeframe for tissue regeneration.
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Live/Dead Characterisation

Viable cell distribution was assessed in the same way as the overall cell distribution described
previously, however cells were imaged live, without any fixing agent, and using calcein-AM
and ethidium homodimer-1. This analysis was carried out on Days 7 and 14 to demonstrate
the development of cell viability throughout the same timeframe as with the DAPI-stained
imaging. Figure 6.8 illustrates that the cell viability at Day 7 in these conditions was relatively
high, although at this stage live cells were already beginning to concentrate on the scaffold
periphery. By Day 14, only cells on the edge of the scaffold were live, whereas the bulk of
the scaffold cross-sectional area exhibited cell death.

The scaffolds had on average a diameter of 10 mm and the results indicated that the outer
1 mm hosted the viable cell culture after 14 days, this gave a necrotic core diameter of 9 mm,
which equated to approximately 67% of the cross-sectional area. Research by Wang et al.
has demonstrated this lack of tissue bridging in other materials to a similar extent [104],
with only the outer 0.6-0.8 mm being populated after 14 days, therefore it is reasonable to
conclude that the observation noticed here was similarly due to a lack of nutrient supply in the
scaffold core. The pore size, overall porosity and interconnectivity may have played a role,
however these results suggest that even scaffolds that are tailored towards cell growth with
optimised structural qualities may incur similar limitations under static culture conditions.
If we assumed that the inner volume, which forms the necrotic core, has little or no impact
on the cell depth at which cell culture survives in the long term, as it is the distance from
the periphery that is the determining factor, then this issue is one with a severity that may
correlate with the overall scaffold volume as a result of decreasing surface area to volume
ratio. Observations were made at 5 mm height to ensure the radial distance in the cross-
section was a representative distance to the scaffold perimeter, and therefore a nutrient supply,
as this distance is the critical factor in determining cell viability. Making predictions based
on the results gathered here under the conditions used, if assumed that the 1 mm threshold
distance for cell viability would remain constant, then Figure 6.19 illustrates the proportional
volume of the scaffold that would be necrotic after 14 days.
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Figure 6.19 Predicted necrotic core volume percentage based on empirical observations. The mini-
mum radius gives the shortest pathway to the centre of the scaffold from the nutrient source. Necrotic
core volume gives the proportion of scaffold that is necrotic after 14 days, assuming the outer 1 mm
remains viable.

This nutrient deficiency remains a limiting factor in progressing tissue engineering with
larger, denser, and more metabolically demanding tissue sites. The viability of fibroblasts
at the core of a scaffold of 10 mm height x 10 mm diameter became negligible within the
space of two weeks post-seeding. It can be expected that cell numbers become greater at
the periphery of a tissue scaffold due to there being a greater area available to them, and
the cause for concern is the resultant lack of cell viability (Figures 6.6 and 6.8) and reduced
cell count occurring over time in the scaffold centre, with only the periphery increasing
in cell numbers (Figure 6.7) and eventually it was observed that the vast majority of cells
were located within 1 mm of the outer surface after 14 days. These results highlighted a
challenge of culturing tissue in 3D, which is considerably more complex than 2D tissue
culture. Culture in 2D would also typically be undertaken on tissue culture plastic, a material
that does not accurately represent the physiological environment of biological tissue due to
its high stiffness and lack of binding integrins.
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Scanning Electron Microscopy

SEM analysis provided further context to the samples used in this investigation, allowing a
closer inspection of their structural properties. Figure 6.4 demonstrates a collagen scaffold
cross-section prior to any cell seeding or nanocup inclusion. The pores were clearly visible
and in agreement with the MicroCT data regarding the pore size distribution. The pores
were not aligned and were therefore isotropic, which would be well suited to fibroblast tissue
culture, whereas some tissue types such as neural cells would be best cultured in aligned
pores instead. Moreover, this figure illustrates the high interconnectivity of the pores. This
pore structure is typical for tissue scaffolds and it indicated they were suitable for cell culture.

Figure 6.5 illustrates a single nanocup, observed on the collagen surface. This observation was
indicative of nanocups in the collagen pore structure, however some clustering of nanocups
was also observed in a small number of nanocups when included in the collagen slurry, prior
to freezing during scaffold fabrication. Pore size was also assessed to be greater in samples
containing nanocups, as discussed previously. A possible explanation for this change in pore
size is due to the negative zeta potential of the nanocups, which had a value of -20 mV and
would usually produce a repulsive interaction between themselves and prevent clustering [61].
Any clustering of nanocups included in the structure prior to frezing may have been due to
the low pH used to suspend the collagen fibres. At 0.05 M concentration, acetic acid is at pH
3, which is well below the reported collagen I isoelectric point of pH 7.4 [158], therefore
the collagen I residues are therefore net positive in charge at this point. The negatively
charged nanocups would have been attracted to these positive residues, leading to clustering
in regions of positive charge. When these nanocups clustered, the zeta potential no longer
caused a repulsive interaction. Mixing nanocups in the collagen slurry stage of fabrication
was avoided in the experiment from this point onwards as a result of this conclusion.

6.4.3 Cavitation Analysis

PAM Analysis

PAM provided a clear and measurable technique to identify and quantify cavitation occurrence
in collagen scaffolds. This approach was particularly innovative to tissue engineering and
through collaboration with the IBME, the combined expertise allowed for this new method
to be applied in the context of regenerative medicine. PAM is a characterisation tool that
allowed the volume, location and corresponding pressure of cavitation to be interpreted within
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a sample. This was particularly helpful as it allowed estimation of the forces being exerted
on the samples, and also allowed for the cavitation threshold and cavitation persistence
to be established in different samples. One area where this has been delivering particular
success is in the ultrasound-driven delivery of therapeutic agents to tumour sites, in which
the extravasated nanoparticles can be mapped and therefore characterised in real time [149].

Cavitation Threshold

The cavitation threshold measurements revealed that with the inclusion of HDF cells cavita-
tion required a greater applied pressure to occur, while the addition of nanocups significantly
reduced the pressure required for cavitation. Demonstrated in Figure 6.10, only the samples
containing nanocups demonstrated 100% cavitation at any pressure that was tested. Cavita-
tion at 100% was achieved in cell samples with nanocups at 2 MPa, while only 20% cavitation
probability was achieved at the maximum pressure 2.4 MPa. This order of magnitude was
significant as red blood cell damage has previously been demonstrated at pressures as low as
0.75 MPa, using the same frequency tested in this chapter (0.5 MHz) [150]. This damage
can however be mitigated by using an ultrasound cycle count of 500 or lower even at 1.75
MPa, as demonstrated by Smith et al., thereby limiting haemolysis to manageable levels of
around 5% [159].

Naturally, lower levels of haemolysis are typically desirable, however this adverse effect
is relatively short term under these conditions, whereas the benefits of cavitation may be
longer lasting. By accurately representing the actual exerted pressure that the cell culture was
subjected to, the local effects were more accurately understood. The exerted pressure is a
product of the practical conditions, therefore it can vary with the wide range of variables that
can be adjusted with ultrasound such as frequency, duty cycle, temperature and the materials
that are used, however this study allowed for direct comparison of local pressures to the
resultant cell behaviour.
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Cavitation Persistence

Cavitation persistence measurements demonstrated the consistency of cavitation when expo-
sure was sustained at 1.75 MPa for 300 cycles at 5% duty cycle. These results confirmed that
the addition of nanocups enhanced the intensity of cavitation within the scaffold volume. This
observation also highlighted the fact that HDF inclusion caused cavitation to be inconsistent,
leading to the conclusion that due to cellular oxygen metabolism and a reduction in free
space available for nanocup distribution there was a decreasing quantity of dissolved gas
available in regions of the scaffold to produce cavitation.

Figure 6.11 represents the maximum energy measurement for a given acoustic burst, provid-
ing an indication of the cavitation intensity, while Figure 6.12 illustrates the sum of energy
measurements for a given burst, the total cavitation exhibited in the scaffold. Both figures are
demonstrated in arbitrary units, proportional to energy in Joules, however not calibrated with
respect to dissipation through the acoustic medium. The difference in cavitation energy was
relatively greater in Figure 6.12 than in Figure 6.11 for samples with nanocups, suggesting
that the total cavitation was impeded to a greater extent than the intensity of cavitation.

A conclusion here is that pockets of gas-filled nanocups were still exhibiting cavitation of
reasonable intensity at the given maturity of cell culture, however due to the presence of
cells, this was not uniform throughout the scaffold. Cell density has been shown to be greater
on the scaffold perimeter, so cavitation may have been greater in the scaffold centre, where
there was more space available for nanocup distribution. It is not known how this may differ
with longer culturing times, although it is presumed that greater tissue volume and density
will impede cavitation efficacy, and therefore treatment by cavitation may be most effective
at earlier stages, before cell density dominates over regions that allow cavitation.

6.4.4 Cell Distribution Analysis

Imaging the scaffold cross-section allowed for plotting of cell nucleus distribution within
the scaffold for each of the measured conditions. The resulting plot was used to determine
the distribution along the Y-axis as a representation of cell distribution through the scaffold
depth. Figure 6.13 illustrates the image analysis process from raw image to nucleus mapping,
which in turn allowed for depth distribution to be characterised. This process was automated
and applied equally to each image, so the only error introduced to the method was any
bias introduced to the creation of the script involved. The process was established using an
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iterative approach to ensure each step was doing the intended role. Cell nuclei were manually
checked at random for size and circularity during the design process, and the characterisation
process was adjusted accordingly where error was identified to mitigate for user error or
bias. This approach allowed for consistency and precision across all samples for direct
comparisons between them in a quantitative manner. Sectioning the samples lengthways
gave an image of the plane of interest, which in this context was along the length of the
scaffold. Furthermore, by plotting 10% of the cell population this allowed the overall trend
to be seen without oversaturating the plots with data points. Each tenth nucleus was taken in
order of increasing Y-axis value, therefore this overall distribution was representative of the
entire population.

The mean depth was shown to increase with ultrasound, with a significant increase compared
to static culture samples after five days of consecutive ultrasound exposure, with mean values
assessed using ANOVA mean comparison (p ≤ 0.05). This trend in cell distribution indicated
that the pressures exerted on the cells had encouraged the fibroblasts to migrate further away
from the seeding point to regions of lower cell density, which is a desirable effect when
considering the previous observations regarding cell distribution and viability under static
conditions. Both static conditions indicated stagnation of cell migration between Days 5
and 9 of cell culture without stimulation, and the results suggested that movement of the
scaffolds through handling or ultrasound was required for any increased migration. The sham
ultrasound condition suggested that frequent handling of the scaffold may have had an effect,
but the increased migration observed after each increase of ultrasound exposure indicated
that ultrasound may have had a similar or enhanced effect on migration than the handling
process, particularly when comparing 5X ultrasound to the sham ultrasound condition. This
effect suggested that as ultrasound had this effect, influencing cell migration in situ using
HIFU may be a viable approach going forward, and therefore cell influence in vivo may also
be possible as a result. This effect was likely observed in this study due to the impact of
mechanotransduction on cell behaviour, as detailed by Orr et al. [78]. A similar effect has
also been observed using sinusoidal cyclical stress in PEG hydrogels, which is comparable
to the observation seen here with HIFU [98].

The mean cell count provided further context to these observations. The cell population was
shown to remain approximately stable from Days 5 to 9, indicating that proliferation was
perhaps being negated due to other effects such as the hypoxia-induced necrosis setting in, as
has been seen in this work to occur during this timeframe. Interestingly, sham ultrasound
(C3), X1 and X3 ultrasound conditions demonstrated comparable cell counts, whereas
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only with 5 days ultrasound (X5) was the cell count significantly lower than the static
control samples. This condition demonstrated statistically significant results, suggesting that
ultrasound application at Days 8 and 9 of cell culture was significant towards development.
This observation is in agreement with the previous observation that Days 7 to 10 are critical
in the onset of scaffold hypoxia (Figure 6.6). The reduced cell count may appear detrimental
to the tissue viability, however these results in the context of increased mean penetration of
cells indicated that the cells were demonstrating a more migratory phenotype, which in turn
reduced the proliferation observed.

6.4.5 Post-HIFU SEM

SEM imaging after ultrasound exposure gave insight into the pore architecture within the
scaffold over repeated ultrasonic treatments. Samples that were exposed to ultrasound had
been fixed using 10% formalin due to its availability, however for qualitative analysis of
cell structure and distribution it is acknowledged that it would have been preferable to
use glutaraldehyde, which generally preserves the superficial features of cells more clearly.
Despite the fixative selection, SEM analysis remained informative and characteristic cell
spreading could be observed under each condition that was tested. HDF spreading was
demonstrated in each condition tested, which is an important characteristic for fibroblast
migration and is also indicative of cell viability in the scaffold. In all conditions, nanocups
were distributed sparsely and difficult to locate using microscopy, however a small number
of nanocups were found to aggregate in regions of the scaffold, which may be due to the low
stiffness and open, porous structure of the scaffolds, as this has not been observed in stiffer
agarose gel matrices previously [159, 61]. These results did not indicate the extent of any
structural damage that HIFU may have inflicted, which is an area in which this research may
be expanded upon in future work.

6.4.6 Cell Viability

LDH assay analysis allowed for the biocompatibility of nanocups to be assessed, as well as
the cytotoxicity of the applied HIFU and cavitation on HDF cells. Nanocups had a mean
hydrodynamic radius of 400 nm and this is within the same region as the wavelength of light
being measured in the absorbance readings (490 nm), therefore nanocups were filtered out
using a 220 nm syringe filter prior to analysis to prevent signal interference. Characterisation
of the LDH in cells grown with nanocups indicated no change in cytotoxicity when compared
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to the cell culture control sample after 5 days, whereas both of these samples demonstrated
signficiantly reduced cytotoxicity compared to the positive cell death control. This indicated
that the nanocups had no adverse effects on the HDF culture without ultrasound.

LDH assay results subsequent to 5X ultrasound exposure revealed similar results, in that
the ultrasound and control samples revealed no change in cytotoxicity. These results were
compared to a negative cell death control and demonstrated greater cytotoxicity, however
some cell death was expected as is frequently the case with proliferating, regenerating tissue,
because not all cells will replicate perfectly and the nutrient source does not match that
from an interconnected capillary network. These results verified that ultrasound was not a
factor in determining the cell death in samples subjected to different experimental conditions.
Therefore, as cells were not adversely impacted in this way, cell migration behaviour was
likely to have been stimulated in the process.

6.5 Conclusions

Imaging of cell distributions in this study consolidated the understanding that while collagen
scaffolds may provide a viable environment for cell culture, the cell distribution shifts
disproportionately towards the perimeter over time, which is detrimental to the viability of
cells in the scaffold centre.

The addition of nanocup cavitation agents at 0.25 mg ml−1 demonstrated an enhanced
cavitation effect at relatively lower pressures, even when the collagen scaffolds contained
confluent cell culture, therefore nanocups were concluded to have a significant role when
stimulating cavitation in cell culture samples. It was concluded from measuring the cavitation
threshold pressure and the cavitation persistence that inclusion of nanocups was vital to
stimulating cavitation at the acoustic intensities used.

With increased ultrasound application, it was found that overall fibroblast distribution was
shifted further from the ultrasound source, while overall cell count diminished with the first
exposure and once again when five consecutive days of exposure are performed. This finding
demonstrated the impact of HIFU in stimulating directional migration of developing HDF
culture through tissue scaffolds, which provided a useful basis for stimulating directional
tissue regeneration in a minimally-invasive manner. This finding is summarised in Figure 6.20
below.
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Figure 6.20 A schematic illustrating HDF culture distribution, when seeded from one end (scaffold
left side), under: A) Static cell culture conditions, in which cell migration is limited and a narrower
distribution of cells is produced; and B) HIFU cell culture conditions (0.5 MHz, 10 minutes daily) for
consecutive days, demonstrating more homogeneous, less concentrated HDF cell distribution.

SEM imaging showed that pore architecture and cell spreading were maintained with in-
creased HIFU exposure. Cell counts demonstrated that cell populations were reduced
significantly after 5 consecutive days of HIFU exposure, however LDH viability assay analy-
sis revealed that the nanocup addition nor the HIFU exposure produced cytotoxic effects on
the cultured cells. Therefore, this data demonstrated the stimulation of migratory phenotypes
being exhibited as opposed to proliferative phenotypes, which explains the shift in cell
distribution parallel to the direction of HIFU application.

This work demonstrated that cavitation, caused by HIFU, produced significant local pressures
in fibroblasts cultured in collagen tissue scaffolds. This clearly demonstrated an influence
on cell distributions, with cells increasingly distributed further from the HIFU transducer
with a greater number of HIFU exposures. This approach of influencing cell culture with
ultrasonically-induced cavitation was expanded upon by exploring the benefits of targeted
oxygen delivery in the following chapter.





Chapter 7

Ultrasound-Mediated Oxygen Delivery
for Regenerative Medicine

7.1 Introduction

In the previous chapter, ultrasound demonstrated the ability to influence the migration of
fibroblasts situated within a collagen scaffolds. In approaching the issue of oxygen supply in
scaffold core necrosis, oxygen-releasing biomaterials have been gaining increasing attention
as a minimally-invasive route to providing controlled levels of oxygen. This can be in
the form of utilising scaffolds that produce oxygen, or other methods such as ultrasound-
activated microbubbles. Microbubbles are frequently used for diagnostic ultrasound, as at
low volumes they can safely be administered to the bloodstream, and they entrap gas in
bubbles and attenuate the applied ultrasound, providing an acoustic contrast, which allows
blood vessels to be identified more easily. The microbubbles may also be functionalised
to image biochemically relevant phenotypes, such as a pathological condition [62]. More
recently, microbubbles have demonstrated promise for drug delivery and for regenerative
medicine through stimulating cavitation events. The nutritional or pharmaceutical payload
may be administered at a precise time and location with cavitation, allowing considerable
control of treatment without requiring any invasive procedure. Larger bubbles can cause
blockages in the bloodstream, therefore these are limited in size and are usually designed
with dimensions typically smaller than the average red blood cell (6-8 µm) [114].

More recently, oxygen-releasing biomaterials have been explored as an emerging technique to
supporting tissue regeneration, with some promising initial results. One particular approach
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that holds promise is the use of oxygen-loaded microbubbles for targeted release, using
the same methodology that is improving targeted chemotherapy and other drug delivery
research [77]. These microbubbles stabilise gas in solution, which enhances cavitation when
subjected to sufficient acoustic pressure, which is typically applied at ultrasonic frequencies.
Lipid microbubbles stabilised with PFCs have been used for diagnostic ultrasound imaging
under stable cavitation at high-range ultrasound frequencies. These materials are used as
lipids are biodegradable and PFCs are not toxic, although PFCs are greenhouse gases and
therefore must be handled with caution. When loading oxygen in microbubbles, an oxygen to
PFC volume ratio of 20:1 respectively has demonstrated strong circulation times in vivo [73].

This chapter explored the suitability of DSPC as a material for oxygen-loaded microbubbles,
as well as their application and impact on cell culture. This particular phospholipid is similar
to DPPC, which is found in natural lung surfactant [71]. When loaded only with pure oxygen,
DSPC has been shown to have greater stability in circulation, whereas DPPC degraded
fully over a period of three weeks, only half of the DSPC samples degraded in this time
period [74]. This research indicated that DSPC is a suitable phospholipid for investigating
oxygen delivery in this study, without requiring the inclusion of PFCs and can be suitably
stabilised using PEG-40 stearate instead.

The aim of this chapter was to investigate the use of DSPC microbubbles stabilised with
PEG-40 stearate in cell culture as a means of supplying oxygen to hypoxic regions of collagen
tissue scaffolds, and to characterise the biological impact of this. This was measured in terms
of oxygen release rates, cell metabolism and cell viability. Ultrasound stimulated release of
oxygen, loaded in phospholipid microbubbles, is the approach that is explored and expanded
upon in this research, due to the potential that has been demonstrated in this area by some
of the aforementioned literature. This work approaches fundamental limitations in tissue
engineering at present, particularly relevant to scaffolds with larger dimensions due to greater
nutrient diffusion distances, and therefore "oversized" cylindrical collagen tissue scaffolds of
15 mm height and 15 mm diameter were utilised in this work to demonstrate the impact of
oxygen delivery on deficient scaffold volumes. These dimensions were identified to ensure
distances beyond the tissue bridging threshold were utilised [104], whilst also maintaining
reproducible dimensions that allowed for accurate machining of the appropriate scaffold
moulds. Similarly, the scaffold volume was increased by a factor of 3.375 relative to the
typical 10 mm height x 10 mm diameter scaffolds, which allowed for a significant increase
in overall tissue volume. This also allowed for samples to be repeatedly tested with sufficient
cell culture resources available and without excessive freeze-drying times required during
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fabrication.

7.2 Methods

In this chapter, unless stated otherwise, each condition was tested using three sample repeats
and each experiment was conducted once.

7.2.1 Oversized Scaffold Fabrication

Collagen scaffolds were fabricated using the standardised methods described previously in
Section 4.2.1, with some adaptations to the procedure. Bespoke polycarbonate moulds were
produced to the dimensions of 50 mm height, 15 mm internal diameter, 5 mm wall thickness
and a 1 mm lip at the bottom. Scaffolds were then freeze-dried at -20 °C for a 400 minute
freeze time, followed by 2,400 minutes drying time to ensure full sublimation to account for
an greater than usual slurry volume. Scaffolds were characterised by MicroCT as detailed in
Section 4.2.3, however three different heights were used on this occasion, representing the
bottom, middle and top of the scaffold due to the increased height. Volumes of interest used
were 2 mm in each dimension in pore size calculation.

7.2.2 Oxygen-Loaded Microbubble Fabrication

DSPC/PEG-40 stearate phospholipid microbubbles were fabricated and prepared to a concen-
tration of 0.25 mg ml−1 by dilution in PBS as described in Section 5.2.3. This concentration
was used for direct comparison to the previous work carried out for ice nucleation in Chapter
5. Oxygen was bubbled through the microbubble suspension for 2 minutes at low flow rate
to load oxygen into the solution and into the microbubbles. This was repeated each time
the microbubbles were used, prior to application. Microbubbles were stored in an airtight
container at 4 °C after loading with oxygen each time to ensure gas was retained.
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7.2.3 Oxygen Release Rate Characterisation

Oxygen release rate was assessed using a dissolved oxygen sensor and probe (Greatangle,
UK) which was calibrated prior to use, according to the manufacturer’s guidelines. The
phospholipid microbubbles were transferred to a small beaker at a volume of 10 ml per
measurement, which was placed on the ultrasonic stage. The transducer was switched on
and dissolved oxygen was measured by placing the probe into the suspension and stirring
gently for one minute. The oxygen concentration was recorded at 0 seconds and 60 seconds,
after which point the transducer was turned off. This was repeated without ultrasound as a
control condition, and each condition was repeated three times for a reliable mean average.
This procedure was also repeated with PBS only to serve as a control for the oxygen-loaded
microbubbles, as a measure of the oxygen loading capacity.

7.2.4 Cell Culture

Cell Seeding

HDF cells and HT1080 cells were thawed rapidly and cultured under standard cell culture
conditions prior to seeding, passaging the cells in T75 cell culture flasks. These cell types
were selected to investigate the impact of oxygen delivery to similar fibroblastic cell types
with different metabolic requirements, as detailed in Section 3.2.3. Cells were cultured in
high glucose DMEM with 10% FBS and 1% penicillin-streptomycin solution. Cells were
then seeded to scaffolds in a 24-well cell culture plate at p = 8 and a density of 2.7 x 105 cells
per scaffold (approximately 105 per ml) by preparing a concentrated cell suspension and
diluting this in a pre-saturated collagen by adding this to the surrounding well volume. This
was mixed by gently squeezing with the side of a pipette multiple times to draw the cells
through the volume and produce a homogeneous distribution. Cells were incubated at 37 °C
for at least 60 minutes subsequent to seeding to allow cells to bind to the collagen matrix.
After this, excess media was removed by pipetting, samples were transferred to 6-well plates
(Greiner Bio-One, UK) and fresh culture medium was added. The 6-well plates used had a
well height of 16.5 mm and internal diameter 35.58 mm. Cells were returned to the 37 °C
incubator until further use.
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Ultrasonic Cell Culture

An ultrasonic stage was prepared by fixing a copper plate to a 40 kHz transducer using
epoxy resin, as described previously in Section 5.2.4, sterilised and placed in the cell culture
hood. This setup is illustrated in Figure 7.1. For metabolism characterisation on Days
4, 7, 11 and 14 of cell culture the cells were divided into 4 subsets, each with 3 samples.
These 4 subsets were subjected to distinct conditions regarding ultrasound. Prior to this,
phospholipid microbubbles were diluted to 0.25 mg ml−1 in cell culture medium. Scaffolds
were transferred to 24-well cell culture plates on each of these days. The first subset of
cells was carefully injected with 800 µl phospholipid solution at the scaffold centre using a
1 ml syringe and a 25-gauge needle. Two subsets of cells had 800 µl phospholipid solution
added as surrounding media using a 1 ml pipette. The last subset of cells had 800 µl cell
culture medium only pipetted to the surrounding media, again using a 1 ml pipette. One
of each subset was exposed to ultrasound on the transducer stage for 10 minutes, while the
remaining set was not subjected to any ultrasound. During ultrasound exposure, ice was
used to maintain a stage temperature below 37 °C. All sample subsets were then incubated
for a further 15 minutes at 37 °C to allow the released oxygen to take effect. After this
incubation period, cells were returned to their original 6-well plates and culture medium until
further use. This cell medium was replaced with fresh medium twice weekly. For further
experiments this protocol was only repeated using a standard cell culture control sample set
and the condition that involved microbubble injection. For further conditions a 10-minute
time frame was used, as well as a 30-second timeframe for ultrasound on a separate sample
set, to determine the impact of ultrasound application time on cell culture characteristics.
During this shorter ultrasound timeframe no ice was needed to cool the stage.
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Figure 7.1 Schematic illustrating the practical setup of ultrasonic cell culture. Collagen scaffold
samples, seeded with cells (HT1080/HDF) and injected with oxygen-loaded 0.25 mg ml−1 DSPC/PEG-
40 sterate microbubbles, were exposed to 40 kHz ultrasound for 10 minutes or 30 seconds each day
for 10 days. This setup was contained in a sterile environment, conducted in a cell culture hood.
Schematic not to scale.

7.2.5 Cell Characterisation

Metabolism Assay

On Days 4, 7, 11 and 14 of cell culture, subsequent to ultrasound application samples were
measured with regards to their metabolism by PrestoBlue assay analysis (Thermo Fisher
Scientific, UK). PrestoBlue reagent was diluted using a 1:10 dilution ratio in DMEM and
mixed thoroughly. Scaffolds were transferred to a 24-well cell culture plate and 800 µl
PrestoBlue reagent was added to each well. Each scaffold was squeezed repeatedly with the
side of the pipette to mix the reagent thoroughly. A well that did not contain any samples
was also filled with 500 µl PrestoBlue reagent, and another was filled with 500 µl DMEM,
and another with DMEM and phospholipid microbubbles at 0.25 mg ml−1. These wells with
no samples were control conditions to normalise the fluorescence readings to subtract any
background culture medium and microbubble fluorescence. Samples were left to incubate
for 15 minutes at 37 °C. Following this incubation time, 100 µl supernatant from each well
was taken in triplicate to a 96-well plate, including the control measures. Scaffolds were then
washed with fresh cell medium three times for 5 minutes each time to elute the excess assay
reagent, returned to their original 6-well plates and incubated at 37 °C until further use.

The supernatant samples were then assessed for their absorbance intensity with a plate reader
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(BMG LABTECH, UK) by measuring absorbance in each well three times at 570 nm and
600 nm. Background values were subtracted, and the remaining values were normalised
according to the control readings to give a true reading of additional metabolic activity
produced by the cells.

Hypoxia Assay

HT1080 cells were assessed for their hypoxia with 10 minutes of ultrasound compared to
control samples using the Image-iTT M Green Hypoxia Reagent (Thermo Fisher Scientific,
UK). This reagent was used in accordance with the manufacturer’s instructions. Firstly,
the reagent was diluted to 5 mm stock solution in DMSO and stored at 4 °C until further
use. On the day of imaging, the stock solution was diluted to 10 µM in DMEM. Stock
solution (800 µl) was added to each scaffold and mixed through the scaffold volume by
gently pressing the side of a pipette tip against the scaffold repeatedly to produce a working
dilution of 2.3 µM. Cells were then incubated for 1 hour at 37 °C for 1 hour in this state, after
which time the cell culture media was replaced with fresh DMEM and cells were incubated
for a further 3 hours. In the final 20 minutes of this period, 10 µl Hoechst 33342 solution
was added to each scaffold and mixed in the same way as before. Scaffolds were imaged
immediately following this protocol.

Viability Assay

Cell viability was assessed using a live/dead assay composing of calcein-AM and ethidium
homodimer-1 (Thermo Fisher Scientific, UK). These were diluted by adding 20 µl calcein-
AM and 5 µl ethidium homodimer-1 to 5 ml PBS and mixing with a vortex, giving a working
solution of 8 µM of each reagent. The mixture was covered in foil to protect from light
exposure and stored at room temperature until used. Samples were then transferred to 24-well
cell culture plates and 800 µl viability assay was added to each well. The scaffolds were
gently squeezed with the side of the pipette repeatedly to mix the reagent thoroughly. The
well plates were then covered with a lid, wrapped in foil to prevent light contamination,
and incubated at room temperature for 45 minutes. Samples were then imaged immediately
following this time.
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Fluorescence Microscopy

Subsequent to fluorophore assay treatment scaffolds were sectioned using a curved scalpel
halfway along the scaffold height, and each half was sectioned in half once more to produce
four sections per scaffold. These scaffolds were then imaged using the Zeiss Axio Observer
Z1 (Zeiss, Germany) fluorescence microscope. Two sections were transferred to a glass slide
at a time, next to each other with the imaged side representing the top of each section, and
the sections were further saturated with PBS using a pipette. An additional glass slide was
compressed against the sections using a holder on each end of the slide, taking care not to
introduce any air bubbles to the layer between the slides. Hoechst 33342 dye was imaged at
495 nm and Hypoxia Image-ITT M reagent at 520 nm for the characterisation of hypoxia. To
characterise cell viability calcein-AM was imaged at 517 nm and ethidium homodimer-1 at
617 nm. Within each study, the fluorophores were imaged in sequence for any given image,
with the exposure and focus adapted to each section prior to imaging. Each section was
imaged using an array of images at 5 X magnification that consisted of 108 images taken at
each wavelength, imaging a square area approximately 15 mm in each dimension. These
image arrays were subsequently stitched together using the in-built algorithm in the Zeiss
Zen software used for imaging.

Image Analysis

Images obtained by fluorescence microscopy were assessed using ImageJ® and quantified to
compare the various conditions used over time. All images were processed by cropping the
area of the image to remove extraneous cells imaged outside of the scaffold volume, that had
detached and moved in the surrounding fluid during sample preparation. Images were then
processed using the following procedure:

1. Sharpen.

2. Convert to 8-bit image.

3. Subtract background (rolling, 100 pixel radius, sliding paraboloid).

4. Threshold (Otsu).

5. Watershed.

6. Despeckle.
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At this point the images had been processed to eliminate background fluorescence, remove
colours from the image and separate overlapping cells. The subsequent stage depended
on the type of fluorophore used as to the parameters used as those staining in the nucleus,
namely Hoechst 33342, hypoxia reagent and ethidium homodimer-1, required a smaller area
per particle compared to calcein-AM, as this stains the cell membrane instead. Cells were
counted and analysed using the Analyze Particles function in ImageJ®, using a particle size of
400–2000 µm2 for calcein-AM analysis and 50–400 µm2 for the other analyses. Circularity of
0.2–1.0 was assessed to mitigate fluorescence from collagen fibres, which typically exhibited
low circularity below this threshold. Hypoxia was determined by the hypoxia particle count as
a percentage of the overall population, given by the Hoechst 33342 count. Cell viability was
determined as a percentage by the calcein-AM count as a percentage of the total population,
given by the sum of the calcein-AM count and the ethidium homodimer-1 count. Images
were produced using the same protocol prior to particle analysis, followed by a greyscale
inversion macro (Appendix I).

The distribution of cells was determined using the coordinates provided by particle analysis.
By estimating the scaffold perimeter positions using the range of X- and Y-coordinates
recorded, the mid-points of the X-coordinate range and the Y-coordinate range were used as
the centre. The Euclidean distance of each measured particle from the centre was calculated
by Pythagoras’ theorem. These Euclidean distances were then recorded as binned data
using Excel’s in-built histogram algorithm. Data were binned at intervals of 1 mm for
hypoxia calculations, up to 8 mm, and intervals equalling 500 µm for viability analysis up to
7,500 µm, which was the radius of each scaffold. This was performed using Excel’s VBA
batch processing method (Appendix II). The viability ratios were determined at each binned
position through the same calculations as earlier. This process was automated using Python
3 (Appendix III).

7.2.6 Scanning Electron Microscopy

HT1080 cells were imaged using the Nova Nano SEM (FEI, USA) to identify any structural
differences between sonicated samples (10 minutes exposure) with oxygen-loaded microbub-
bles compared to those under standard cell culture conditions. Samples were prepared by
a careful drying protocol. This involved washing with increasing concentration of ethanol,
allowing to wash for 5 minutes at each concentration step at a 20% increase in ethanol volume
concentration per wash. This was followed by applying a gradually increasing concentration
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of the drying agent HMDS, also by 20% volume for each step, leaving the sample to wash
for 10 minutes at each step until 100% w/v HDMS was added, at which point the sample was
left overnight to dry. Samples were then sectioned at the midpoint of the scaffold’s length,
followed by sputter coating and imaging using the protocol outlined in Section 4.2.6.

7.3 Results

7.3.1 Oversized Scaffold Fabrication

MicroCT was used to characterise pore size distributions in the collagen scaffolds. The mean
pore diameter in these scaffolds, measured over three samples for a reliable mean, was 158 ±
7.1 µm. The pore size distributed was illustrated by Figure 7.2. The pore size differed at
the different heights measured, with the top of the scaffold showing 204 ± 9.6 µm average
pore size, the middle showed 143 ± 3.3 µm, and the base of the scaffold had an average of
119 ± 4.7 µm. No observable difference was noticed as a function of radial position at any
given height. These results indicated that cross-sections perpendicular to the scaffold height
should be used for cell distribution analysis, due to a reduced pore size variability in this
plane. Scaffolds were trimmed at either end of the scaffold to reduce the pore size variability,
particularly at the top.
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Figure 7.2 Histogram illustrating the mean pore size distribution of cylindrical scaffolds produced
using 15 mm height x 15 mm diameter dimensions in a bespoke polycarbonate mould. Frequency is
indicative of the percentage of total scaffolds at a given 6 µm interval.

7.3.2 Microbubble Oxygen Loading and Release Rate

Oxygen loading and release were measured with oxygen-loaded microbubbles and a PBS
control sample, before and after 60 seconds ultrasound exposure. This was repeated three
times for each condition, with reasonably consistent results achieved each time. The re-
sults of this measurement is illustrated in Figure 7.3 below. Oxygen-loaded phospholipid
microbubbles exhibited higher oxygen readings than the control sample on each condition,
and an increase in oxygen was measured after ultrasound for each condition and the increase
in the microbubble suspension produced a significantly higher mean result compared to
the control. Statistical significance was measured using ANOVA means comparison, and
statistical significance of different means was found at p ≤ 0.01. This result clearly demon-
strated the increase in oxygen concentrations provided by both the application of ultrasound,
and to a greater extent by the inclusion of oxygen-loaded microbubbles at 0.25 mg ml−1

concentration.
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Figure 7.3 Bar chart illustrating the mean measured dissolved oxygen concentration in 0.25 mg ml−1

oxygen-loaded phospholipid microbubble samples and PBS control samples before and after ultra-
sound exposure (1 minute).

7.3.3 Cell Characterisation

Metabolism Assay

Cell metabolism was measured using PrestoBlue assay analysis. Initially this was performed
to give an indication of the most effective method of delivering oxygen with microbubbles,
including injection to the scaffold core for a concentrated approach (PL-IN) compared
to microbubbles delivered to the medium surrounding the scaffold (PL-OUT). This was
conducted using HT1080 cells and for a 10 minute ultrasound exposure, while the control
conditions included ultrasound without microbubbles, and microbubbles without ultrasound.
The results of this investigation are given in Figure 7.4, which clearly indicates that from
Day 7 of cell culture the injection method demonstrated the greatest cell metabolism in
HT1080 cells and after 14 days this resulted in a significantly greater metabolism compared
to both control conditions at p ≤ 0.05. The control conditions demonstrated considerable
inconsistency of metabolism throughout the timeframe. PL-IN demonstrated consistently
high metabolism, although this diminished from Days 7 to 14 slightly. PL-OUT demonstrated
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consistent metabolism, peaking at Day 11 slightly. On all days measured, PL-IN metabolism
exceeded that of PL-OUT, although this was not statistically significant at any stage.

Figure 7.4 Metabolism results for HT1080 cells under different oxygen loading conditions, applied
and measured between Days 4 and 14 of cell culture in collagen scaffolds. p ≤ 0.05 (*); 0.01 (**).
PL-IN = Phospholipids injected in to scaffold core; PL-OUT = Phospholipids included in surrounding
culture medium; US ONLY = Control condition using only ultrasound and no phospholipids; PHOS-
PHOLIPID ONLY = Control condition with phospholipids but no ultrasound.

From the previous results it was determined that PL-IN would be the default method of
oxygen delivery and metabolism was measured between 10-minute ultrasound application,
30-second ultrasound application and standard cell culture. This was performed with HT1080
cells and HDF cells over 14 days, taking readings on the same time points as done previously.
The HT1080 readings are given in Figure 7.5 below, demonstrating once again the increased
cell metabolism exhibited with 10 minutes of ultrasound application, however this sharply
declined on Day 14 on this occasion, relative to 30 seconds and control conditions. Ultrasound
applied for 10 minutes produced a peak metabolism at Day 7 of cell culture and 30 seconds of
ultrasound produced a consistent increase from Day 7 onwards, demonstrating greater long-
term benefit to these cells. After 14 days, 30 seconds ultrasound application demonstrated
the highest metabolism by a significant margin over each of the other conditions. These
results indicated that 10 minutes of ultrasound-mediated oxygen delivery for 10 consecutive
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days was highly effective at limiting cancerous tissue growth, while 30 seconds of ultrasound
produced a stimulatory effect on HT1080 proliferation throughout the final week of treatment.

Figure 7.5 Metabolism results for HT1080 cells under different oxygen loading conditions, applied
and measured between Days 4 and 14 of cell culture in collagen scaffolds. p ≤ 0.05 (*); 0.01 (**);
0.001 (***). HT1080-10M = 10 minutes of ultrasound exposure each day; HT1080-30S = 30 seconds
of ultrasound exposure each day; HT1080 Control = Control, no ultrasound applied.

HDF cells were assessed in the same way, with the results being particularly different to those
in HT1080, as illustrated by Figure 7.6. HDF cells demonstrated no change in proliferation
between Days 4 and 7 of cell culture, followed by a considerable relative increase measured
at Day 11. Both of the ultrasound-stimulated, oxygenated conditions demonstrated no
significant change in proliferation between Days 11 and 14, however this was contrasted by
the standard cell culture control condition, which exhibited a further increase in proliferation.
At Day 14 a significant reduction in metabolism was observed in ultrasound conditions
compared to the control samples. These results indicated that proliferation is limited between
Days 11 and 14 using ultrasound and oxygen-loaded microbubbles under these conditions.
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Figure 7.6 Metabolism results for HDF cells under different oxygen loading conditions, applied and
measured between Days 4 and 14 of cell culture in collagen scaffolds. p ≤ 0.05 (*); 0.001 (***).
HDF-10M = 10 minutes of ultrasound exposure each day; HDF-30S = 30 seconds of ultrasound
exposure each day; HDF Control = Control, no ultrasound applied.

Hypoxia Assay

Hypoxia was assessed in the HT1080 cells exposed to 10 minutes of ultrasound and in
standard cell culture as a control condition. This hypoxia impact is illustrated by the
representative images in Figure 7.7. These images suggest there was less hypoxia at Day
4, but this was not reflected in the numerical data. Furthermore, these images demonstrate
the lack of detail achieved using this particular assay, as background fluorescence was a
particular issue in this analysis.
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Figure 7.7 Hypoxia assay imaging results over 14 days of cell culture for HT1080 cells subjected to
10 minutes of ultrasound with oxygen each day from Day 4 to 14, compared to standard cell culture
control samples. Green fluorescence indicates hypoxia. Scale bar = 1 mm.

Quantification of hypoxia distribution along the radial distance at intervals of 1 mm provided
deeper insight into the impact of oxygen delivery on the hypoxic response exhibited by the
HT1080 cells. This analysis was represented by Figure 7.8, which demonstrated the change
in the proportion of cell population exhibiting hypoxia at each time point, when compared
to the control condition. A positive change indicates an increase in hypoxia with oxygen
delivery, which is the predominant response observed throughout this timescale. This is
particularly notable at Day 11, where increased hypoxia is observed in all regions of the
scaffold. These results must be examined in conjunction with viability data for a conclusive
insight.
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Figure 7.8 Mean quantified results of hypoxia assay microscopy based on the difference in hypoxia
percentage between oxygenated samples and control samples. Positive change indicates greater
hypoxia in oxygenated samples for a given day and interval. Distances given as radial distance from
cross-sectional centre.

Viability Assay

Cell viability was assessed using calcein-AM in conjunction with ethidium homodimer-1.
This was assessed in both HT1080 cells and HDF cells for ultrasound at both timescales (10
minutes and 30 seconds) as well as a standard cell culture control for each. Representative
images for HT1080 and HDF cell treatment with oxygen are demonstrated in Figures 7.9
and 7.10 respectively. For HT1080 cell culture these images clearly indicated the increased
cell death experienced as a result of ultrasound-mediated oxygen delivery, which was ex-
acerbated with the increased timespan of 10 minutes relative to 30 seconds. By the end of
the 14 day timescale the remaining cell population that was viable was negligible relative to
the dead cell population. HDF culture responded in a contrary manner. Fluorescent images
of HDF cell culture revealed that 10 minutes of ultrasound reduced the heterogeneity of
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cell distribution towards the scaffold perimeter, which was particularly evident at Day 7 in
Figure 7.10. There was no observable difference in overall cell viability between the different
conditions, based on this qualitative analysis.
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Figure 7.9 Micrographs demonstrating the cell viability of HT1080 cells at different stages of oxygen
treatment. Green fluorescence indicates live cells; red fluorescence indicates dead cells. Scale bar =
1 mm.
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Figure 7.10 Micrographs demonstrating the cell viability of HDF cells at different stages of oxygen
treatment. Green fluorescence indicates live cells; red fluorescence indicates dead cells. Scale bar =
1 mm.
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Viability was quantified using the total counts available from image analysis. The counts
used were averaged over each imaged slice per sample to mitigate for inconsistencies in pore
size along the scaffold length. The mean value between these three samples was then taken
for a reliable measurement. This was performed for HT1080 and HDF cell cultures, under
both ultrasound conditions and a standard cell culture control condition. The results for these
are given in Figures 7.11 and 7.12.

Figure 7.11 shows that HT1080 cell viability was diminished over the course of the 14-day
culture period with increased ultrasound-mediated oxygen delivery. This observation was
most prominent with 10 minutes ultrasound exposure, which exhibited significantly lower cell
viability than both other experimental conditions after 14 days. Cell viability also diminished
with 30 seconds ultrasound treatment, however this occurred only after maintaining high
viability at Day 7, significantly greater than either other condition. The control sample
restored most of its overall viability after considerable reduction at Day 7.

Figure 7.11 Mean viability of HT1080 cells between Days 4 and 14 of culture under different oxygen
delivery conditions. Viability given as percentage of total cell population. p ≤ 0.05 (*); 0.01 (**).
HT1080-10M = 10 minutes of ultrasound exposure each day; HT1080-30S = 30 seconds of ultrasound
exposure each day; HT1080 Control = Control, no ultrasound applied.

Figure 7.12 shows the trend of HDF cell viability under the same conditions as described
previously. Contrary to the results seen for HT1080 cells, this figure demonstrates an increase
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in cell viability for HDF cells exposed to ultrasound, particularly during the early stages
of the study. After 7 days of culture, 10 minutes of ultrasound-mediated oxygen delivery
exhibited a significantly increased population viability relative to the control samples. Both
ultrasound conditions exhibited a significantly enhanced viability after 11 days as well,
however by Day 14 the differences observed between samples was not significant.

Figure 7.12 Mean viability of HDF cells between Days 4 and 14 of culture under different oxygen
delivery conditions. Viability given as percentage of total cell population. p ≤ 0.05 (*); 0.01 (**).
HDF-10M = 10 minutes of ultrasound exposure each day; HDF-30S = 30 seconds of ultrasound
exposure each day; HDF Control = Control, no ultrasound applied.

7.3.4 Viability Distribution Analysis

HT1080 Viability Distribution

More in-depth analysis of the viability allowed the distribution of cell viability to be assessed,
which was a more relevant metric of the onset of necrotic cores within a scaffold volume,
and its overall impact. The Euclidean distance of each analysed cell was measured from the
centre point of the circular cross-section. These data were arranged into binned data, with
each data point representing the proportion of cell population within areas at 500 µm intervals
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along the radius away from the centre. This data illustrates the change in cell viability over
distance from the scaffold core.

Figures 7.13, 7.14 and 7.15 illustrate the distribution of HT1080 viability under 10 minutes of
ultrasound, 30 seconds ultrasound, and standard control conditions respectively. Figure 7.13
demonstrates that 10 minutes of oxygen delivery with ultrasound caused a decrease in
HT1080 viability throughout the study time frame, to a point where at Day 14 cell viability
was negligible in almost all regions of the scaffold, except the innermost region and the
scaffold perimeter. Viability after 14 days at the scaffold edge was still lower than in other
conditions, however, as exhibited by Figures 7.14 and 7.15. Ultrasound for 30 seconds and
the control condition both demonstrated a reduction in overall viability in most regions of
the scaffold over time, however neither of these conditions exhibited the levels as low as 10
minutes of ultrasound after 14 days.

Figure 7.13 Mean cell viability, averaged over 3 repeats, of HT1080 cells at different intervals of
distance from the scaffold centre based on numerical data from fluorescence microscopy. Cells were
subjected to 10 minutes of ultrasound on Days 4-14. Cell viability is given as percentage of total cells
that demonstrate green fluorescence. D4 = Day 4 of cell culture; D7 = Day 7; D11 = Day 11; D14 =
Day 14.
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Figure 7.14 Mean cell viability, averaged over 3 repeats, of HT1080 cells at different intervals of
distance from the scaffold centre based on numerical data from fluorescence microscopy. Cells were
subjected to 30 seconds of ultrasound on Days 4-14. Cell viability is given as percentage of total cells
that demonstrate green fluorescence. D4 = Day 4 of cell culture; D7 = Day 7; D11 = Day 11; D14 =
Day 14.
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Figure 7.15 Mean cell viability, averaged over 3 repeats, of HT1080 cells at different intervals of
distance from the scaffold centre based on numerical data from fluorescence microscopy. Cells were
cultured under standard conditions as a control group. Cell viability is given as percentage of total
cells that demonstrate green fluorescence. D4 = Day 4 of cell culture; D7 = Day 7; D11 = Day 11;
D14 = Day 14.

Viability distribution was better represented in Figure 7.16, which illustrated the change
in viability over the duration of the study in each condition at each scaffold region. These
data demonstrated that even 30 seconds of ultrasound was shown to improve cell viability
observed at the scaffold perimeter, while for the innermost 6 mm of the scaffold centre, 10
minutes of ultrasound consistently produced a greater reduction in cell viability than the
standard cell culture control.
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Figure 7.16 Total change in viability of HT1080 cells between Days 4 and 14 of culture under
different oxygen delivery conditions over different intervals in radial distance from scaffold centre
based on numerical data from fluorescence microscopy. HT1080-10M = 10 minutes of ultrasound
exposure each day; HT1080-30S = 30 seconds of ultrasound exposure each day; HT1080 Control =
Control, no ultrasound applied.

HDF Viability Distribution

HDF cells were analysed in the same way as the HT1080 viability analysis shown previously.
Figures 7.17, 7.18 and 7.19 illustrate the distribution of cell viability in HDF cells under
10 minutes ultrasound, 30 seconds ultrasound and standard cell culture control conditions
respectively. Figure 7.17 demonstrates that cell viability was improved in all regions of the
scaffold leading to Day 7, and returned to a less improved viability in most regions at Days 7
and 14. Viability was low throughout the duration of the study at the scaffold periphery under
this condition. Figure 7.18 exhibits a similar trend with HDF cells exposed to 30 seconds of
ultrasound, indicating a peak of viability on Day 7 in all scaffold regions and returning to a
less improved state at Day 11 and again on Day 14. Figure 7.19 illustrates no such trend for
the control condition, however, with most regions of the scaffold having experienced reduced
viability over time, particularly the innermost regions. On Day 7 improved viability was
exhibited, particularly in the outer regions, however this increase was not sustained nor was
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it as large an increase as for the oxygen-treated conditions.

Figure 7.17 Mean cell viability, averaged over 3 repeats, of HDF cells at different intervals of distance
from the scaffold centre based on numerical data from fluorescence microscopy. Cells were subjected
to 10 minutes of ultrasound on Days 4-14. Cell viability is given as percentage of total cells that
demonstrate green fluorescence. D4 = Day 4 of cell culture; D7 = Day 7; D11 = Day 11; D14 = Day
14.
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Figure 7.18 Mean cell viability, averaged over 3 repeats, of HDF cells at different intervals of distance
from the scaffold centre based on numerical data from fluorescence microscopy. Cells were subjected
to 30 seconds of ultrasound on Days 4-14. Cell viability is given as percentage of total cells that
demonstrate green fluorescence. D4 = Day 4 of cell culture; D7 = Day 7; D11 = Day 11; D14 = Day
14.
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Figure 7.19 Mean cell viability, averaged over 3 repeats, of HDF cells at different intervals of distance
from the scaffold centre based on numerical data from fluorescence microscopy. Cells were cultured
under standard conditions as a control group. Cell viability is given as percentage of total cells that
demonstrate green fluorescence. D4 = Day 4 of cell culture; D7 = Day 7; D11 = Day 11; D14 = Day
14.

Figure 7.20 illustrates the change in viability over the duration of the time measured at each
region of the scaffold relative to the cross-sectional centre. This figure clearly illustrates
the increased viability of cell populations after ultrasound-mediated oxygen delivery, using
both 30 seconds and 10 minutes of ultrasound exposure. Conversely, control cell culture
experienced a decrease or negligible gain in viability in almost all cross-sectional regions,
with the decreased viability most prominent in the scaffold core. Interestingly, 30 seconds of
ultrasound exhibited slightly favourable viability increases in most regions of the scaffold.
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Figure 7.20 Total change in viability of HDF cells between Days 4 and 14 of culture under different
oxygen delivery conditions over different intervals in radial distance from scaffold centre based on
numerical data from fluorescence microscopy. HDF-10M = 10 minutes of ultrasound exposure each
day; HDF-30S = 30 seconds of ultrasound exposure each day; HDF Control = Control, no ultrasound
applied.

7.3.5 Scanning Electron Microscopy

SEM imaging revealed some of the impact of 10 minutes of ultrasound on HT1080 cell
culture and scaffold structure, compared to standard cell culture control samples. The samples
used were the same samples used for hypoxia analysis, allowing for direct comparison with
this data. Figure 7.21 indicates the development of the scaffold over time under ultrasonic
conditions and standard cell culture. On Day 4 cells were only exposed to ultrasound once,
with cells found to be sparsely distributed in each condition. In each condition cells were
found to exhibit cell spreading to a similar extent. On Day 7 cells exhibited less cell spreading
and the morphology could be seen to be more rounded instead. Cells were not observed
under the standard cell culture conditions at Day 7, and darker regions were observed at
the collagen fringes in these samples. After 11 days large apertures were observed in the
collagen structure exposed to ultrasound, whereas fibrous regions indicative of cell spreading
and a large collagen surface area were observed under control conditions. By Day 14 no cells
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were visible under ultrasonic conditions, whereas under control conditions cell spreading
was observed.

Figure 7.21 Scanning electron microscopy images of scaffolds with HT1080 cells at Days 4, 7, 11 and
14 after ultrasound exposure each day for 10 minutes from Day 4 compared to those under standard
cell culture (control). Images taken at different magnification, scale bar lengths given in each image
accordingly.
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7.4 Discussion

7.4.1 Oversized Scaffold Fabrication

The scaffolds that were produced were designed to reproduce the pore qualities that are
regularly produced by standard freeze-drying protocols of 1% collagen slurry in a larger
volume. Having previously investigated the commonly used dimensions 10 mm height x
10 mm diameter, it was opted to use 15 mm for each dimension, as this produces a significant
increase in volume at a factor of 3.375. These dimensions allowed for straightforward
fabrication of custom polycarbonate moulds, while allowing a much larger volume to be
investigated without excessively impacting the demands for increased fabrication time, cell
population requirements at seeding and imaging time. These dimensions have been shown to
exceed the typical tissue bridging threshold [104], but provided dimensions that are clinically
relevant to a wide range of tissue defects.

The pore sizes were found to increase in size towards the top of the scaffold, therefore
this gradient was normalised by using the average of measurements at each plane of the
scaffold for imaging, and measurements from the whole scaffold for fluorescent plate-reader
measurements. Scaffolds were also trimmed at either end of the scaffolds to reduce this
variability, which produced a pore size distribution better suited for fibroblast cell culture. The
range of pore sizes was largely within the previously described suitable range for fibroblast
cell culture, however this was not the case for HT1080 cells as they are smaller and typically
exhibit less cell spreading, therefore requiring smaller pores on average.

Heterogeneous nucleation is known to take longer to occur in larger fluid volumes due to a
reduced surface area to volume ratio, particularly as the collagen-polycarbonate interface
provides a likely site for nucleation to take place, as it is highly hydrophilic. Scaffolds
fabricated at -20 °C freezing temperature were used for analysis, in order to provide direct
comparison with smaller scaffolds fabricated with the same protocol. Longer drying times
were required, however this step has not been found to significantly alter the scaffold
architecture, and therefore it was concluded that this had no impact on empirical data. Further
advantages of using cross-sections perpendicular to the scaffold height included the analysis
of cell distribution, as this could be determined as a Euclidean distance more easily in a
circular cross-section, as opposed to a rectangular one, whereby the axes would need to be
accounted for. Furthermore, the orientation of the scaffold cross-section was not required in
this analysis either, which removed a potential source of measurement error.
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7.4.2 Microbubble Oxygen Loading and Release Rate

Oxygen-containing DSPC microbubbles were fabricated using an adapted method based on
previous literature [74], which demonstrated the efficacy of DSPC for increasing the solubility
of oxygen in solution and its preferable stabilisation of oxygen relative to the commonly used
DPPC. The oxygen loading capacity and release were measured using an oxygen probe, and
this characterisation was a vital step in ensuring the microbubbles were capable of entrapping
the gas bubbles as designed to, and for measuring the total oxygen release with ultrasound.
An additional advantage of utilising phospholipids as microbubbles was the ability to release
the delivery agent through both stable cavitation and inertial cavitation, as established in
previous literature [160]. This observation is outlined in Figure 7.22 below.

During stable cavitation the phospholipid barrier becomes disrupted, temporarily allowing
gaps between the phospholipid molecules through which gas may escape into the surrounding
fluid, before the hydrophobic interactions are restored when ultrasound is stopped. This
method enhances the diffusion that would naturally be observed in most microbubbles, in a
location targeted by ultrasound. During inertial cavitation the bubble collapse and subsequent
jet streams cause the phospholipid layer to be fully dismantled, releasing all the entrapped
gas.

The difference between these approaches suggests that repeatable and sustainable oxygen
delivery may be better suited to stable cavitation, whereas inertial cavitation will produce the
greatest volume release but is non-repeatable for any cavitated microbubble. This weakly
bound phospholipid microbubble surface does not typically exhibit the same stabilisation as
covalently bound shells or those stabilised with PFCs, however they do allow for convenient
oxygen release with oxygen at mild ultrasound intensities. Through enabling release of
oxygen during stable cavitation in addition to inertial cavitation, this allows lower, less
harmful pressures to be produced during targeted oxygen delivery than may potentially be
introduced with HIFU, for example.
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Figure 7.22 Figure reproduced from Khan et al. [160]. This figure illustrates the ways in which
ultrasound can cause the release of oxygen from a phospholipid microbubble. A) Inertial cavitation
causes bubble collapse and the phospholipid layer is destroyed, physically dispersing the contained
oxygen; B) stable cavitation causes increased agitation of the phospholipid layers, allowing gaps
between molecules and enhancing natural diffusion rates.

The results indicated by Figure 7.3 demonstrate clear evidence that supports the usefulness
of these microbubbles. Before and after ultrasound application the dissolved oxygen con-
centration was shown to be greater in the samples containing DSPC microbubbles. Prior to
ultrasound release there was 3.6 mg L−1 greater oxygen concentration with phospholipids,
and this difference was increased to a 5.0 mg L−1 increase after 1 minute ultrasound exposure,
which was a significant difference (p ≤ 0.01) using ANOVA means comparisons. The in-
crease in dissolved oxygen was greater for samples containing microbubbles, which indicated
that a significant volume of oxygen was released by the DSPC microbubbles. Furthermore,
the increase of dissolved oxygen with ultrasound was exceeded by the increase of dissolved
oxygen in the phospholipid samples compared to PBS control samples, indicating that the
oxygen-loading capacity was the more significant variable in producing an oxygen-rich cell
culture environment.

These results supported the theory of delivering oxygen with microbubbles according to
ultrasound-mediated stimulation as seen in previous literature. The increase in oxygen
concentrations observed in this study indicated that a timed burst of oxygen in solution was
achieved by this method, which increased the oxygen concentration in cell culture using a
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minimally-invasive approach.

7.4.3 Cell Characterisation

Metabolism Assay

Cell metabolism was characterised by its proliferative rate, measured by the use of PrestoBlue
metabolic assay reagent. This assay was used to determine the overall health of the viable
cell population and used the reducing ability within viable cell cytosol to quantitatively
measure cell proliferation. PrestoBlue is a resazurin-based solution, which turns from
blue to red in colour and becomes highly fluorescent when the reagent is modified by the
reducing environment. The intensity of this red fluorescence was measured in this study
using absorbance fluorescence plate readings. PrestoBlue was selected due to its improved
accuracy and relative ease of use compared to alternative reagents.

The methods investigated for oxygen delivery were based on two different possible ap-
proaches, one being as targeted as possible by injecting the microbubbles in situ and another
being a more holistic approach with a homogeneous microbubble concentration throughout
the scaffold. The purpose of investigating these two approaches was to establish any adverse
effect of maximising the microbubble concentration at the affected area, being the scaffold
core. The free radical oxidant species that are produced in conditions of hyperoxia can be as
damaging, or more so, to the local tissue, and therefore this should be avoided where tissue
regeneration is desired. Conversely, cancerous tissues are particularly sensitive to increased
oxygen levels and therefore may be treated with oxygen to limit their growth.

HT1080 proliferation was found to be significantly increased by injecting the microbubbles
to the scaffold core, instead of in the surrounding media, as seen in Figure 7.4. A diminishing
increase of proliferation showed that the impact of this was primarily brought on in the
early stages of application. This approach was utilised in further experiments and as seen
in Figure 7.5 this increased proliferation was not sustainable and suffered a sharp decline
when exceeded, which occurred by Day 14 in this repeated instance. These cells thrive
in particularly confluent conditions, therefore it may be that 10 minutes of ultrasound was
successful in reducing the density of cell culture, inhibiting the proliferative response of
HT1080 cells. It can be concluded that for long-term deterrent of cancer tissue development
targeted oxygen delivery is beneficial.

Conversely, the control condition could be seen to increase in proliferation from Day 7



194 Ultrasound-Mediated Oxygen Delivery for Regenerative Medicine

onwards, which typically correlates to the onset of hypoxia and the increase of cell density at
the periphery. This trend was enhanced with 30 seconds of ultrasound, so this suggested that
oxygen release was not detrimental and in fact increased cell proliferation, while 10 minutes
of ultrasound was ultimately detrimental to HT1080 development.

HDF proliferation was measured in the same way, as exhibited by Figure 7.6. These results
indicated that while ultrasound produced slightly greater proliferation during the early stages
of cell culture, this increase was not significant at any stage, whereas on Day 14 the trend was
reversed and the difference was statistically significant. These results were contrary to the
initial hypothesis of increased cell culture viability with increased oxygen delivery, however
this reduced proliferation did not discount the possibility that the impact had a positive effect.
Fibroblasts were less proliferative under ultrasonic conditions, therefore it is feasible that
they were instead more migratory or that an overpopulation of the scaffold periphery had
been prevented. These effects would have allowed for greater homogeneity of viable cell
culture throughout the scaffold, limiting the onset of scaffold core necrosis. Through further
analysis and imaging of cell viability, this effect was assessed in further detail, as is discussed
below.

Hypoxia Assay

Hypoxia imaging provided a novel approach to examining the issue of hypoxia within
collagen tissue scaffolds, allowing for qualitative and quantitative analysis. This assay was
used to indicate regions of a tissue scaffold that had experienced oxygen levels below 2%,
which is considered to be pathologically hypoxic [130]. This was conducted using HT1080
culture to assess the usefulness of this analysis. This approach was taken because at the
time of use the reagent had little previous use in the literature, particularly with respect to
tissue engineering in tissue scaffolds, as it had been tested primarily in 3D spheroids [161].
Due to this lack of prior knowledge on application, the hypoxia reagent was used only to
compare 10 minutes of ultrasound to the control condition of HT1080 cells, as these were
the more extreme variables and HT1080 cells typically exhibit high density, therefore it was
hypothesised that hypoxia and a necrotic core may develop at a faster rate than HDF cells.
Furthermore, spheroid hypoxia research investigated previously with regards to hypoxia has
been conducted using cancer cell lines, which therefore allowed HT1080 cells to be used
with greater confidence in the established protocol [161].

The results illustrated by Figure 7.7 demonstrated that on Day 4 hypoxia was clearly at a
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lower level in the samples treated with oxygen, however beyond this point there was little
observable difference between the samples in the qualitative data. The quantitative data
provided in Figure 7.8 gave greater insight into the issue of hypoxia, and while no particular
trend was observed for most of the days it was clear that hypoxia was increased in the case
of oxygen delivery at Day 11. At first glance this result was somewhat self-contradictory,
given that increased presence of oxygen should naturally have resulted in a reduced instance
of hypoxia. However, given that the result was indicative of the cellular response, this result
may have developed due to the HT1080 sensitivity to oxidant radicals, which over time
had produced a more hypoxic environment when accumulated in the scaffold core. These
ROS molecules cause a similar effect to low oxygen levels in that they lead to increased
oxidative stress experienced by the cells. This was supported by the observation on Day 14,
which suggested that hypoxia is primarily increased in the central 3 mm diameter of the
scaffold. Further work in this area may look to investigate the role that oxidant radicals play
in influencing this reagent’s measurements during imaging.

The images in this study demonstrated high levels background fluorescence due to the
autofluorescence of collagen fibres, which has an emission spectrum of 400-510 nm [162],
and therefore interfered with the low intensity of the hypoxia reagent signal fluorescence.
For imaging of hypoxia in collagen scaffolds in the future, it would be best to adapt this
method further either to produce signals with greater intensity to overcome the background
noise signals, or to utilise a fluorophore with a higher wavelength. Due to the limited
conclusiveness of results in this study, it was determined that the protocol would not be
repeated with HDF cells going forward, and that a viability assay may produce a reliable
insight into the biological effects of ultrasound-mediated oxygen delivery.

Viability Assay

Cell viability was assessed using a live/dead fluorescent staining protocol, as has been widely
used in many cell culture techniques. Contrary to the experience using the novel hypoxia
staining approach, this method had considerable precedent in the literature, even in the
context of tissue engineering with collagen scaffolds. The fluorophore signals are particularly
strong with calcein-AM and ethidium homodimer-1, therefore these reagents were utilised
in order to image the cell viability and distribution of viable cell culture within collagen
scaffolds, without excessive background fluorescence. Some background fluorescence was
observed, particularly when imaging calcein-AM due to the similar wavelengths involved,
however the fluorophore signal was sufficiently strong that background fluorescence could
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easily be removed during processing after imaging had taken place. This enabled a clear
contrast and strong confidence in the results obtained.

Imaging of HT1080 cells represented a clear drop in viability with an increase in ultrasound
exposure. Figure 7.9 demonstrates this trend and the formation of a necrotic core in the control
samples, which was particularly obvious at Day 14 in these images. Ultimately, imaging
made it evident that no condition provided an environment where HT1080 culture was
sustained in a particularly viable state. This conclusion was supported by the quantification
of all images, as exhibited in Figure 7.11, which gives clear insight into how increased
ultrasound and oxygen application reduced the viability of cell culture, suppressing it to
significantly lower levels of viability relative to the overall population. This was consistently
observed with 10 minutes of ultrasound exposure, with viability at a negligible level after
14 days. Conversely, the control condition demonstrated an initial setback in viability at
Day 7, which was gradually recovered as the cell population reorganised itself into more
favourable, densely concentrated regions for increased proliferation. These results indicated
that oxygen and ultrasound delivered in combination may be an effective method of mitigating
fibrosarcoma tissue growth.

Imaging of HDF culture represented a different trend, in that each condition demonstrated
strong viability, particularly when compared to the performance of HT1080 in this respect.
Illustrated in Figure 7.10, the only condition not to develop a dense outer layer of cell
culture on the scaffold was when exposed to 10 minutes of ultrasound with oxygen, however
30 seconds ultrasound did also maintain good viability throughout the structure. These
different results suggested that ultrasound and oxygen provide a strong combination of
treatment, as more extensive ultrasound application was responsible for preventing cells from
becoming too densely populated, while oxygen delivery assisted in maintaining viability in
the centre, providing a dual benefit for the overall health of the tissue culture. Quantification
of these images allowed greater insight into these observations, with the results in Figure 7.12
illustrating trends in these data.

At Days 7 and 11 of culture there was clearly a boost in viability achieved using ultrasound
with oxygen at differing levels of statistical significance, with both measurements for 10
minutes ultrasound being significantly higher than the control sample and 30 seconds ul-
trasound on Day 11 as well. This difference in viability was diminished by Day 14, where
negligible differences were observed between the conditions. Days 7 to 11 of cell culture
have previously been shown to be a crucial period in which scaffold core necrosis develops,
so these data suggested that ultrasound-mediated oxygen delivery may have mitigated the
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issue at a crucial stage of tissue development.

7.4.4 Viability Distribution Analysis

Assessing the distribution of viable cell culture allowed the issue of core necrosis to be
characterised, as the ratio of cells at the centre relative to those on the scaffold edge is the
more pertinent issue when it comes to this localised defect. These data were represented by
numerous graphs, as the additional variable of radial distance was introduced when compared
to previous analyses, and therefore this maintained simplicity and allowed for a clearer
comparison between conditions.

Assessing the distribution of viable cell culture in HT1080 cells quantified some observations
made in the qualitative image data regarding the homogeneity of cell viability as well as
any dense regions that were produced. Figure 7.13 demonstrates that with 10 minutes of
ultrasound exposure the cell culture did not form a dense outer layer on the same scale as the
other conditions. This lack of concentrated cell culture was likely a contributing factor to the
reduced cell viability that was observed, as HT1080 cells are generally more proliferative in
confluent regions.

In the other conditions, as exhibited by Figures 7.14 and 7.15, the outer regions of the
scaffold were densely populated with cells, however this was not consistently sustained,
particularly in the latter stages of the study. At Day 4 of cell culture the HT1080 viability was
consistently at around 20%, which showed that the first round of ultrasound exposure, which
occurred on Day 4 prior to characterisation, had little effect on the viability on its own. The
control condition demonstrated the greatest fluctuations in results, which may be expected in
cancerous cell lines due to fluctuating hypoxia levels in the disorganised, dense tissue that
develops and drives cell replication. Replication rates are particularly high in cancer cell
lines, therefore the viability could quickly be restored after suffering minor setbacks under
standard culture conditions.

The results in Figure 7.16 further demonstrate the adverse impact of 10 minutes of ultrasound
oxygen delivery had on HT1080 viability, particularly as after 14 days viability was at
levels close to 0% within the innermost 6 mm radius, dropping viability by up to 15% in
this region and only cells at the edge maintained viability. Ultrasound-mediated oxygen
delivery in this way may be a suitable method of suspending tumour development at an early
stage and therefore should be investigated further with tumours, particularly as increased
oxygen levels have previously demonstrated an increased efficacy of therapeutic agents on
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cancer cells [128]. For tissue engineering this finding is also valuable, as the data provides
confidence that the delivery of oxygen to regenerate tissue defects, particularly those caused
by tumours and their removal, may be administered without risk of stimulating a recovery of
the tumour tissue.

Analysis of HDF distribution paints a different picture to that observed with HT1080 cells,
highlighting key differences in behaviour between these two fibroblastic cell lines, as well
as their response to increased oxygen levels. The key difference to note is that the data
demonstrated that HDF culture was supported and enhanced with increased oxygen and with
ultrasound application.

Figures 7.13 and 7.14 exhibit with 10 minutes and 30 seconds of ultrasound respectively
that there was a peak in viability at Day 7, which was more pronounced with increased
ultrasound application, however this was accompanied by a peak in viability at the edge of
the scaffold. The timing of this peak was significant, due to previous findings that after Day
7 in collagen scaffolds the onset of hypoxia usually leads to necrosis in the scaffold core,
showing that cells were benefitting at a crucial timepoint throughout the scaffold. This peak
was not demonstrated to the same extent in the control samples.

These figures also demonstrate that with 30 seconds of ultrasound the viability was lower
on Day 4 of culture, thereby giving greater relative increase in viability throughout the
experiment, whereas the absolute values of viability for each timepoint were greater after
10 minutes of ultrasound, showing an improved overall quality of cell culture. At Day
14 of cell culture, 30 seconds of ultrasound only demonstrated an improved cell viability
population compared to the control sample within the innermost 2 mm, whereas with 10
minutes of ultrasound this was extended to 5 mm. These findings must be taken into account
when interpreting the results of Figure 7.20, as although the viability development of both
ultrasound conditions were clearly positive compared to standard cell culture throughout
the scaffold, there remained key differences in the data. Both of the ultrasound conditions
benefitted from HDF culture at the scaffold core, mitigating issues of core hypoxia and core
necrosis. This finding shows that both ultrasound conditions have comparable benefits on the
innermost 5.5 mm within the scaffolds, the overall trend would favour the use of 30 seconds
of ultrasound in this data as the viability increase was greater for the bulk of the scaffold and
lower at the scaffold edge, which would suggest a greater balance of viability.

The overall conclusion, using all the viability distribution data, favoured 10 minutes ultra-
sound because given that the viability change was at a comparable level over 14 days, the
viability values for 10 minutes ultrasound were generally considerably higher and therefore
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represent greater regenerative potential. Alternatively, it may have been the case that 10
minutes ultrasound has cleared the dead, unattached cells from the scaffold volume more
effectively, thereby increasing the proportion of live cells in the overall population, however
this would also have been beneficial as it would have provided more space for viable cell
culture to develop.

7.4.5 Scanning Electron Microscopy

SEM analysis allowed for qualitative analysis of HT1080 cells in situ, subsequent to the
14 days of cell culture with 10 minutes ultrasound and under standard cell culture control
conditions. Some key observations provided further insight into the effects of repeated
treatment with ultrasound and oxygen on HT1080 culture in collagen scaffolds. These
samples were the exact same samples that were assessed in hypoxia assay analysis, therefore
these analyses were directly comparable.

On Day 4 the cell spreading was clearly different between the two conditions, indicating
that ultrasound had reduced the cell spreading. HT1080 cells would typically exhibit less
spreading than HDF, but they are still fibroblastic and the lack of cell spreading was indicative
of low attachment to the collagen surface. Furthermore, this limited the extent of any cell-cell
interactions that could take place due to lesser contact surface area, which typically contribute
to the proliferative behaviour of HT1080 cells in dense regions.

By Day 11 large apertures appeared in the sonicated samples, demonstrating the impact of
the high local pressures caused by cavitation on the pore architecture. This may have also
assisted in oxygen transport through the creation of additional transport channels, however
this would negate the scaffold design and homogeneity, and therefore would require a suitable
rate of collagen remodelling from the cells to account for the changes in structural support.
The impact of repeated cavitation on scaffold mechanical performance is an area for further
research, as the pressures may cause adverse effects in this way.

By Day 14 there remained cell spreading in HT1080 cells under control conditions, whereas
cells were not identified in sonicated samples, which was assumed to be due to limited cell
spreading. Identification of cells in collagen was a particular challenge due to the low contrast
between the two sample types, meaning structural differences between cells and collagen
were relied upon here. This difference was pronounced when cell spreading was exhibited,
while more rounded, smaller cell phenotypes were considerably harder to identify. The SEM
results provided a further perspective into how the HT1080 cells responded to oxygen and
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ultrasound, while also providing valuable insight into the structural impact on the interior
pore architecture.

7.5 Conclusions

The scaffolds produced a distribution of pore sizes along the z-axis, in that average pore
diameters were larger at the top of the scaffold than at the bottom. This pore size gradient
was accounted for by trimming the scaffold at the top and bottom, which reduced pore size
variability. The gradient was also accounted for by imaging scaffolds using cross-sections
in the plane perpendicular to the scaffold height and averaging over the values in each
cross-section to normalise for gradients in the z-axis.

Microbubbles were fabricated and loaded with oxygen, which was characterised using a
dissolved oxygen probe. Inclusion of phospholipids at 0.25 mg ml−1 allowed oxygen to be
retained well in the culture medium, which was released to produce a significantly higher
oxygen concentration than PBS without phospholipids, after ultrasound-stimulated cavitation.
This showed that DSPC/PEG-40 stearate microbubbles stabilised and release oxygen with
ultrasound as desired, enhancing the local oxygen concentration.

Cell proliferation analysis revealed that in order to maximise proliferation, injection of
oxygen-loaded microbubbles in to the scaffold core produced considerably more pronounced
impact when compared to a homogeneous distribution of microbubbles throughout the
scaffold, which demonstrated that a more targeted concentration of oxygen release was
favourable. HT1080 proliferation diminished quickly between 11 and 14 days of cell
culture when exposed to 10 minutes of ultrasound each day from Day 4. This demonstrated
that 10 minutes of ultrasound-mediated oxygen release per day is detrimental to HT1080
tissue development. Viability analysis demonstrated that by Day 14 there was negligible
cell viability except in the outer 1-1.5 mm of the scaffold. Ultimately this approach has
shown potential in limiting adverse cancer cell culture development. These conclusions are
summarised by Figure 7.23 below.
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Figure 7.23 A schematic illustrating: A) The development of necrotic cores in tissue scaffolds during
static cell culture; B) The inhibition of HT1080 cell culture development in scaffold cores with
oxygen released from DSPC/PEG-40 stearate microbubbles, cavitated with ultrasound; and C) The
promotion of viable cell culture and improved viable cell distribution in HDF cell culture with targeted,
ultrasound-stimulated oxygen release. Schematic not to scale.

HDF proliferation showed little difference between the conditions, however ultimately stan-
dard cell culture was significantly more proliferative than sonicated samples after 14 days.
Treatment with oxygen was shown to boost viability, particularly in the scaffold centre. Treat-
ment with 10 minutes of ultrasound per day demonstrated the highest proportional viability
of cell populations. This approach demonstrated significant benefits towards enhancing
viability of HDF culture, particularly in limiting the onset of core necrosis that was observed
in standard cell culture conditions.

SEM analysis supported the observation of reduced HT1080 proliferation and viability,
as less cell spreading was evident with this imaging method. Exposure to 10 minutes of
ultrasound per day began to produce visibly expanded pores, suggesting that cavitation and
the resulting pressures had deformed the collagen pore structure.





Chapter 8

Conclusions

The primary aim of this work was to investigate the feasibility of using ultrasound to improve
current tissue engineering approaches for improved tissue development and reduced necrosis
in collagen scaffolds. Scaffold fabrication was explored due to the direct impact of scaffold
architecture on tissue development. The results in this thesis demonstrate that by improving
the level of control of the ice nucleation temperature in collagen freeze-drying, a strong
correlation of nucleation temperature with the resulting scaffold pore size was found. In
addition, fibroblast migration through collagen tissue scaffolds was enhanced using HIFU,
while the targeted delivery of oxygen was facilitated with low-intensity ultrasound, which
improved HDF viability and reduced HT1080 viability.

8.1 Ultrasound-Assisted Fabrication of Collagen Scaffolds

Thermal parameters allow considerable control over the architecture of collagen scaffolds
produced using collagen freeze-drying. These thermal parameters include the freezing
temperature, cooling rate, thermal properties of the mould material and the collagen filling
height. Despite these variables all demonstrating clear influence on the pore size and
anisotropy, the temperature at which ice nucleates is subject to stochastic occurrence. This
causes variation in nucleation temperatures between samples, even when subjected to the
same thermal parameters. This thesis demonstrates that ultrasound is effective in stimulating
ice nucleation in supercooled aqueous collagen suspensions, with near-instant effect.

Ultrasound was used to nucleate supercooled collagen slurries by application for 3 seconds
when in contact with the base of the sample. Nucleation was characterised by a sharp peak
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in temperature to the equilibrium freezing temperature. This approach was highly effective
at triggering nucleation at temperatures below approximately -4 °C in 1% w/v collagen
suspensions, when measured at the slurry top. Structures produced above this temperature
either produced plate-like ice crystal structures, or did not nucleate in response to ultrasound.

The nucleation temperature measured at the top of the collagen slurry was found to have a
strong exponential correlation with mean pore diameter. Warmer nucleation temperatures
were found to produce larger pore diameters, while the addition of microbubble cavitation
agents significantly reduced the mean pore diameter.

The use of ultrasound and cavitation agents to influence the nucleation temperature and
the resulting scaffold pore size in freeze-dried collagen scaffolds has contributed another
impactful approach towards the wider tool-kit available to design scaffold architecture. This
approach has resolved an existing challenge, which is the degree of variation in nucleation
temperatures, and therefore this work has improved upon prior fabrication protocols.

8.2 High-Intensity Focused Ultrasound Influence on 3D
HDF Culture

In recent years, HIFU has demonstrated strong potential for clinical procedures, particularly
due to the fine area of focus and the elevated acoustic pressure that can be achieved. This
technology was utilised in order to stimulate the migration of HDF cells through a tissue
scaffold in situ, which was enhanced due to oscillating acoustic pressures exerted on cell
culture (as well as pressures from cavitation). This was further enhanced by the addition of
polystyrene nanocup cavitation agents prior to sonication.

Scaffolds were fabricated through standard freeze-drying protocols and trimmed to produce
pore dimensions with reduced variability. HIFU was applied for 1, 3 or 5 consecutive days.
It was found that mean fibroblast positioning was further from the ultrasound source with
increased ultrasound application. This then caused overall cell count to diminish with the first
exposure and once again after five consecutive days of exposure. This finding demonstrated
the impact of HIFU in stimulating directional migration of developing HDF culture through
tissue scaffolds. This provides a useful basis for stimulating directional tissue regeneration in
a non-invasive manner. LDH analysis revealed that the use of nanocups and HIFU did not
have any cytotoxic impact on HDF cells.
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This work demonstrates the direct impact that HIFU and cavitation have on their physical
distribution over time. An advantage to this approach was the low invasiveness of stimulation,
as no physical or chemical intervention was required during the treatment period. This
approach improved cell distributions, encouraging tissue development in the scaffold centre
and directing their migration. This influence has allowed for a greater control of tissue
regeneration while it is in progress.

8.3 Ultrasound-Mediated Oxygen Delivery for Regenera-
tive Medicine

Further to previous approaches to remedying the onset of necrosis with a scaffold core,
ultrasound was also utilised to deliver oxygen through the cavitation of DSPC/PEG-40
stearate phospholipid microbubbles. This approach was taken to supply developing tissue
in the scaffold centre with the oxygen required for aerobic respiration and ATP production.
In order to maintain viability for an extended period, this approach may allow time for new
vasculature to adequately mature, when utilised in vivo.

Scaffolds were fabricated using using standard freeze-drying protocols, and trimmed to
15 mm height, 15 mm diameter cylindrical dimensions. This oxygen delivery approach
was applied to HT1080 cells and HDF cells in the collagen scaffolds, resulting in different
outcomes dependent on the cell type. HT1080 cells experienced reduced proliferation and
reduced viability, particularly in the scaffold core as a result of increased oxygen delivery
and ultrasound. HDF culture experienced some reduction in proliferation, while viability was
enhanced, demonstrating increased viability in the scaffold centre and reduced concentration
of cells at the scaffold periphery.

Less cell spreading was evident in HT1080 cell culture with targeted oxygen delivery. Expo-
sure to 10 minutes of ultrasound per day began to produce visibly expanded pores, suggesting
that cavitation and the resulting pressures had deformed the collagen pore structure.

This minimally invasive, impactful and novel approach supported the development of im-
mature HDF culture in 3D, whereas HT1080 development was limited by the same method.
This demonstrates a desirable impact of this oxygen-releasing biomaterial solution, as it
enhanced fibroblast tissue development without enhancing fibrosarcoma tissue development.
This approach also maintained tissue viability for a period of two weeks, which is a critical
period in the regenerative process.





Chapter 9

Future Work

9.1 Ultrasound-Assisted Fabrication of Collagen Scaffolds

Fabrication of collagen scaffolds by ultrasound-assisted ice nucleation is a novel technique
in tissue engineering and shows strong potential in refining pore architecture in freeze-dried
scaffolds. This work demonstrates a strong correlation between nucleation temperature and
collagen scaffold pore size in the conditions tested. Therefore, a further variable that should
be tested is frequency. This is because a possible conclusion from this work is that the
frequency used, which determined the resonant bubble size, was a determining factor in
the resulting pore size when cavitation agents were used. This impact should also be tested
with greater amplitudes, as to ensure higher cavitation probability and therefore enhance any
potential impact on pore size from cavitation.

The use of standing waves is another possible way in which to develop this research, as
this has precedent in freeze-casting to produce patterned solids, and with a finely tuned
approach this may allow an additional dimension to scaffold customisation. Finally, the
scaffolds fabricated with ultrasound should be tested for their mechanical properties and
their biological performance with cell culture, as a measure of the impact of finely tuned
architecture.
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9.2 High-Intensity Focused Ultrasound Influence on 3D
HDF Culture

Future work to further explore the use of using HIFU to stimulate the migration and homo-
geneous distribution of 3D HDF culture should expand on the work conducted here. This
innovative approach in tissue engineering provides exciting potential for a wide range of ap-
plications. A key approach to progress this research would be to investigate, in greater detail,
the impact on HDF cell culture and on tissue scaffolds caused by the high local pressures
induced by HIFU. This study demonstrates improved migration and cell distribution, and the
extent of any damage should be better understood as to optimise the process further. This
should be assessed by characterisation of sustained viability after ultrasound treatment, for
example by fluorescence microscopy or flow cytometry.

A minority of nanocups utilised in this study exhibited clustering with increased HIFU
exposure. This is an aspect that may require optimisation in future studies in order to
maintain efficacy in the nanocups with repeated HIFU application. A deeper understanding
of why this has taken place should be developed, which may include investigating the impact
of collagen surface charge on nanocup zeta potential, or possibly the pressures and local heat
produced during cavitation. This clustering effect is illustrated in Figure 9.1 below.
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Figure 9.1 SEM image of nanocups clustered in the centre of a collagen scaffold cross-section, after
being exposed to HIFU for one exposure (X1). Nanocups presented some clustering in a small
proportion of the total nanocup population used.

The longer-term impact of HIFU should also be assessed, following on from this study. This
should be assessed through extending the treatment of HIFU on the HDF cells. Given that
five consecutive days produced the most favourable results, it should be understood whether
further treatment would keep improving on this. The impact should also be characterised
in terms of the recovery, following on from the treatment during a period of the next few
weeks, as this stage is critical to understanding the regenerative benefit more comprehensively.
Similarly, the impact of HIFU on collagen scaffold pore architecture should be established, as
this has a direct impact on its biological performance. This may be characterised by MicroCT
analysis, in order to quantitatively determine any changes in pore architecture. This study
investigates an emerging approach to tissue engineering, therefore there are many ways that
this can be expanded upon, beyond what has been suggested here.
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9.3 Ultrasound-Mediated Oxygen Delivery for Regenera-
tive Medicine

Oxygen delivery to cell culture via ultrasound-mediated cavitation of microbubbles is an
approach to tissue engineering that has been inspired by emerging drug delivery techniques,
and addresses a key limitation in the current regenerative capacity of freeze-dried collagen
tissue scaffolds. This study demonstrates the difference in results when applied to different
cell types, and some clear trends in oxygen and ultrasound response. The methods could be
optimised further after these initial findings. The work in this chapter of the thesis requires
validation through experimental repeats, to account for technical and biological variation.
Parameters that should be optimised include the oxygen concentrations, microbubble concen-
trations, ultrasound frequency, ultrasound duration and ultrasound amplitude. All of these
variables have an impact on the oxygen delivery, cavitation and overall pressures produced
on the cells, which will likely impact the overall benefit of oxygen delivery.

Viability assessment has provided a suitable means of determining the overall impact of
oxygen delivery on cells, but the characterisation of hypoxia must also be optimised from this
study. The imaging of hypoxic cells remains an insightful method in principle, however it did
not provide suitably conclusive results in this study. The issues of collagen autofluorescence
impeded the clarity of image data that was collected, and therefore the assay concentration
should be optimised, and the autofluorescence should be prevented or excluded where
possible. The use of blocking buffers may be suitable for this, as they are regularly used to
reduce background fluorescence.

Based on the qualitative findings from SEM imaging, the impact of cavitation on the scaffold
architecture should be examined in future studies. The pore architecture remained largely
intact in this study, but it was distorted in regions and the impact of this on mechanical
performance must be examined to assess any potentially adverse effects.

Ultimately this approach provides a promising new method to increasing tissue viability,
and may increase the scaffold volumes capable of adequately facilitating tissue regeneration.
Ultrasound-mediated oxygen delivery may be explored for its adverse effects on cancer
cell proliferation, while the positive impact on HDF proliferation should be expanded on
or explored with other cell types. In this thesis different cell types have exhibited varying
sensitivity to oxygen concentrations.

The work in this thesis has demonstrated three distinct approaches that have benefitted
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collagen-based tissue engineering with ultrasound. This work has highlighted the useful
attributes of ultrasound in stimulating local pressures, which can impact tissue engineering
in various ways. This work has established a foundation for these concepts in the aim of
improving tissue engineering practices in future work, and can therefore be expanded upon
and tested, to develop these ultrasound-based strategies further.
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I: ImageJ Macro Scripts

Cell Counting and Plotting

Batch Macro:
setBatchMode(true);
run("Set Scale...", "distance=1 known=0.908 unit= µm");
run("Sharpen");
run("8-bit");
run("Subtract Background...", "rolling=100 sliding");
run("Auto Threshold", "method=Otsu white");
run("Watershed");
run("Despeckle");
run("Analyze Particles...", "size=50-400 circularity=0.20-1.00 display summarize");
dir = File.directory;
name = File.nameWithoutExtension;
selectWindow("Results");
run("Measure");
IJ.deleteRows( nResults-1, nResults-1 );
saveAs("results", dir + name + ".csv");
run("Clear Results");
close("*");



228 I: ImageJ Macro Scripts

Invert Black and White for Printing

setBatchMode(true);
a="ori";
run("Duplicate...", "title=ori");
b="inverted_for_printing";
run("Duplicate...", "title="+b);
selectWindow(b);
run("Set...", "value=255");
selectWindow(a);
run("RGB Stack");
setSlice(1); // just in case
selectWindow(b);
run("RGB Stack");
setSlice(2);
imageCalculator("Subtract",b,a); //G
selectWindow(b);
setSlice(3);
imageCalculator("Subtract", b,a); //B
selectWindow(a);
setSlice(2);
imageCalculator("Subtract", b,a); //B
selectWindow(b);
setSlice(1);
imageCalculator("Subtract", b,a); //R
selectWindow(a);
setSlice(3);
imageCalculator("Subtract", b,a);//R
selectWindow(b);
setSlice(2);
imageCalculator("Subtract", b,a);//G
run("RGB Color");
setBatchMode(false);



II: Excel VBA Macro

VBA Excel Macro Script for Cell Image Data Processing

Sub LoopAllFilesInAFolder()

’Loop through all files in a folder
Dim fileName As Variant
fileName = Dir("D:\Oxygenation_Live_Dead\Live\Test\*_1.xlsx")
While fileName <> ""

Columns("H:M").Select
Selection.Insert Shift:=xlToRight, CopyOrigin:=xlFormatFromLeftOrAbove
Range("H2").Select
ActiveCell.FormulaR1C1 = "=AVERAGE(MAX(C[-2]),MIN(C[-2]))"
Range("H2").Select
Selection.AutoFill Destination:=Range("H2:I2"), Type:=xlFillDefault
Range("H2:I2").Select
Range("J2").Select
ActiveCell.FormulaR1C1 = "=ABS(RC[-4]-R2C[-2])"
Range("J2").Select
Selection.AutoFill Destination:=Range("J2:K2"), Type:=xlFillDefault
Range("J2:K2").Select
Range("L2").Select
ActiveCell.FormulaR1C1 = "=0.908*(SQRT((RC[-2]2̂)+(RC[-1]2̂)))"
Range("M2").Select
ActiveCell.FormulaR1C1 = "500"
Range("M3").Select
ActiveCell.FormulaR1C1 = "1000"
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Range("M4").Select
ActiveCell.FormulaR1C1 = "1500"
Range("M5").Select
ActiveCell.FormulaR1C1 = "2000"
Range("M6").Select
ActiveCell.FormulaR1C1 = "2500"
Range("M7").Select
ActiveCell.FormulaR1C1 = "3000"
Range("M8").Select
ActiveCell.FormulaR1C1 = "3500"
Range("M9").Select
ActiveCell.FormulaR1C1 = "4000"
Range("M10").Select
ActiveCell.FormulaR1C1 = "4500"
Range("M11").Select
ActiveCell.FormulaR1C1 = "5000"
Range("M12").Select
ActiveCell.FormulaR1C1 = "5500"
Range("M13").Select
ActiveCell.FormulaR1C1 = "6000"
Range("M14").Select
ActiveCell.FormulaR1C1 = "6500"
Range("M15").Select ActiveCell.FormulaR1C1 = "7000"
Range("M16").Select
ActiveCell.FormulaR1C1 = "7500"
Range("M17").Select
ActiveCell.FormulaR1C1 = "8000"
lr = Cells.Find("*", Cells(1, 1), xlFormulas, xlPart, xlByRows, xlPrevious, False).Row
Range("J2:L2").Select
Selection.AutoFill Destination:=Range("J2:L" & lr)
Range("J2:L" & lr).Select
Rows(lr).Delete
Application.Run "ATPVBAEN.XLAM!Histogram", ActiveSheet.Range("$L:$L"), "" _
, ActiveSheet.Range("$M$2:$M$17"), False, False, False, False
ActiveWorkbook.Save
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ActiveWorkbook.Close

’Set the fileName to the next file
fileName = Dir

Wend

End Sub
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Python Script for Live Cell Ratio

import pandas as pd
import os
import numpy as np
import csv
from openpyxl import load_workbook
from openpyxl import Workbook
cwd = os.path.abspath(”)
files = os.listdir(cwd)

directory = ’Worksheets’

file_list = []
for file in os.listdir(directory):

file_list.append(os.path.join(directory, file))

Calcein_List = []
Eth_List = []
for x in range(len(file_list)):

wb = load_workbook(filename = file_list[x])
ws = wb.active
temp_list = []
for cell in ws[’B’][1:]:

temp_list.append(cell.value)
if x % 2 == 0:
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Calcein_List.append(temp_list)
else:

Eth_List.append(temp_list)

#This section identifies any errors in calculation. Comment out to test this.
#y=0
#for x in range(len(Calcein_List)):
# if len(Calcein_List[]) > 17:
# y += 1
#print(y)

ratio_list = []
for x in range(len(Calcein_List)):

temp_list = []
for y in range(17):

try:
ratio_val = Calcein_List[x][y] / (Calcein_List[x][y] + Eth_List[x][y])

except ZeroDivisionError:
if Calcein_List[x][y] == 0:

ratio_val = 0
else:

ratio_val = 1
temp_list.append(ratio_val)

ratio_list.append(temp_list)

filename = "live_cell_ratio.csv"

with open(filename, ’w’, newline=”) as csvfile:
csvwriter = csv.writer(csvfile)
for item in file_list:

if "ethidium" in item:
csvwriter.writerow([item])

csvwriter.writerows(ratio_list)
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